











Table 8.2: Touch gesture reference guide for map movement, menu selection, and
joystick control.

Name Location Description

Multi- Move two to four fingers
Finger Ground on the ground to move

Drag camera north and south.
OR

Touch two to four fin-
gers on the ground and

THEN Spread Ground move them apart to
move camera closer to
the ground.

Map Movement

Touch two to four fin-
gers on the ground and

THEN Pinch Ground  bring them closer to-
gether to increase cam-
era altitude.

Press and hold for:
1) Command queue
2) Execute queue
3) Change color

Touch one fist with ei-

) ther hand to deselect all

Fist Anywhere robots and reset all way-
points.

Menu

Menu Anywhere

Touch two fists on the

Double surface to halt all robots,
Anywhere

Command Edit

Fist deselect all robots, and

reset all waypoints.
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executing robot movement. All of the functionality of the interface remained the
same so that the user could select, provide waypoints, and complete commands
for the robots to execute when commanded. Typically, this sequence was repeated
for several robots or several teams of robots. The user pressed and held his or her
finger to reveal the menu once again and selected execute. At that point, all of the
robots were released from their static positions and began executing their assigned

tasks.

8.2.5 Stop and Reset Gestures

While creating a gesture sequence, the user might make a mistake. If a mistake
occurred, the user placed his or her fist on the surface to clear the current gesture
sequence. Programmatically, all of the robots are deselected, all of the waypoints
are cleared, and the state machine is placed in the starting state.

If the user needed to stop all of the robots that were executing commands
and clear the current gesture sequence, the user placed the bottom of both fists
on the surface simultaneously. All robot movement was stopped immediately,
commands cleared, and the state machine was placed in the starting state. An
all-stop signal is commonplace in all fire and rescue operations for safety purposes,
so this important gesture was a necessary functionality for any robots designed for

the search and rescue domain.

8.2.6 DREAM Controller Integration

At any point, the user could instantiate a DREAM Controller for manual operation
or viewing the robot’s camera. If the user placed five fingers from the right hand
on the surface, a DREAM Controller was created, and as in Chapter 6, it was used
to rotate the pan and tilt axis on the camera on the robot. On the panel that
extended from the thumb and index finger, a live view from the robot’s camera was
displayed in a size and orientation appropriate for the user’s hand configuration.

The thumb control was designed to move the pan and tilt mechanism for the

174



Table 8.3: Touch gesture reference guide for map movement, menu selection, and
joystick control.

Name Location Description

Touch five fingers with
the left hand to enable
Left joystick control of the
Anywh
Joystick WWHEES ovement of last se-
lected robot and view
range sensors.

THEN

Touch five fingers with
the right hand to en-
able joystick control of
the camera of the last
selected robot and view
the camera.

Joystick Control

Right

Anywh
Joystick TywRhere

THEN

camera.? The user then had two simultaneous views of the robot’s situation: one
view from the aerial camera above, and one from the semi-transparent DREAM
Controller displaying the robot-eye view. If the overhead view of the robot became
occluded, the user could relocate the DREAM Controller by lifting the thumb and
dragging the index and middle fingers or just by puting his or her hand in another
location

The left hand DREAM Controller was also triggered with five fingers on
the surface. As in Chapter 6, the left hand was associated with robot’s chassis
movement. The thumb controller pad behaved identically to first person shooter
games in which the upward direction moved the robot forward, down moved the
robot backwards, and left and right rotated the robot in the respective direction.
The panel extending from the thumb and index finger displayed the distance
panel (described in Chapter 6). The radar-like view of the laser range finder data
provided information to the user about the location of the robot relative to the

objects around the front of the robot. Since the DREAM Controller functionality

2The pan and tilt camera functionality was not implemented in the virtual robot model at
the time of user testing.
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Figure 8-4: Illustration of the DREAM Controller configured for dynamically
selected robots in this interface. The left hand controller displays the data from
the laser range finder in a radar-like display and allows the user to drive the robot
chassis. The right hand shows the video from the robot’s view and controls the
pan and tilt of the camera.

was integrated for manual intervention, the laser range range data could be used
if the robot became stuck or images if from the camera cannot provide sufficient

situation awareness to the user.

8.3 Gesture State Machine Implementation

As demonstrated in the previous section, the deceptively simple grammar grew to
include many features and and potential paths for execution. The state machine
in Figure 8-2 was modified to use the Microsoft Surface specific event model,
which enabled the events corresponding to finger up, finger down, and contact
changed. These events corresponded to the finger movements for pressing, lifting,
and dragging respectively. The modification of the state machine with Microsoft
events is shown in Figure 8-5.

Symbolic notation of these states and transitions provide an overview of the
events and connecting logic. The implementation details, such as time delays and
data structures, are not discussed in this text, but played an important role for

the responsiveness and “feel” of the interface.
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RT[r] > RDT

CcC >1
CC,#S=0
CC, #C>1
- CC, #C>1
C
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CC-(NR\R),
#3>0 U
CD-R,
CD-G, t >=dt A/CU
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\ CD-G,d>=dD
CuU
CD,#F >0 €
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‘\_/
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€
CC, #C>1

CC, #C>1

CC, #5=0
Transition Key: Grammar Example: Subject Verb Predicate cF;obgt-Cor(ljtact Proximity:
= Groun
Subject - selection(s) > > > R = Robot
— Event Types: General Variables: NR = Near or on Robot
CD = Contact Down #F = # of fists FR = Far from Robot
Verb - waypoint(s) CC = Contact Change |#C = # of contacts NR\R = Near Robot
—_— CU = Contact Up #R = # of visible robots
Associated with proximity. #S = # salected robots
Predicate - execute Example: CD-G for Double Tap Variables: | FR
EEE— Contact Down on Ground | t = time between NRAR
Map Movement * Constants: d = distance between NR
dt = double-tap RT[r] = Time since _the
B time threshold rogcg r reC?'Ved
Other * dD = double-tap atbeven R
- > distance threshold All transitions' include
RDT = robot selection #F=0, #C=1 unless
* Not a navigation double-tap time indicated otherwise.
grammatical unit threshold

DREAM Controllers are created concurrenly with this state machine's execution,
and supersede this logic while they are active.

Figure 8-5: Finite state machine for the gestures in the multi-robot command and
control interface.
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8.4 Simulation Design

The harsh reality of ground robotics today made testing with large numbers of
robots infeasible. Additionally, the logistics of finding a large city-sized area for
the robots to search was non-trivial. Additionally, this experiment was testing
the interface and not the robot design or robot behaviors themselves. We needed
a simulation architecture that would approach the realism and unpredictability
of a real world field test without needing physical robots in large numbers. As
such, we used one of the most advanced modeling and simulation environment
available to the public: the Microsoft Robotics Developer Studio (MRDS). The
MRDS environment is a Windows based architecture that allows for the creation of
virtual robots that use the Microsoft .Net Concurrency and Coordination Runtime
Libraries for communication and message passing. This service based architecture
was more than sufficient for our test and provided all of the functionality required.
The three dimensional, hardware-accelerated physics allowed us to simulate eight
ActivMedia Pioneer 3DX robots in an urban environment which was approximately
2 acres in area. An aerial view of the simulation is shown in Figure 8-6.

To model the interaction between the human, tabletop, and robots as real-
istically as possible, we separated the simulation engine from the user interface.
The simulation engine ran on a dedicated desktop workstation and managed the
creation of robots, the robots’ behaviors, and the associated physics related to the
robots” movements in the environment. The Microsoft Surface was responsible
for interpreting the gestures of the user which were captured through a transpar-
ent overlay on the overhead camera view. As shown in Figure 8-7, the robots
were graphically outlined with a circle on this layer to show their location in the
overhead camera. The small triangle on the outside of the circle represented the
direction that the robot chassis faced. This circle was used programmatically to
show selection of the robot and was never smaller than 2 cm based on our findings
from Chapter 3.

The overhead view was modeled as a virtual camera that can translate on the
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Figure 8-6: An aerial view of the urban simulation environment used to test the
gesture based command and control interface. The three dimentional city was
approximately 2 acres in area and used realistic hardware-accelerated physics for
robot movement and interaction with the environment.
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Figure 8-7: Circles were drawn around the robots on a transparent layer outside
of the simulation. A selected robot (left) is shown with a yellow highlight and
unselected robot (right). In both cases, the blue triangle represents the orientation
of the robot.

three axes. The images from the virtual camera were sent as a stream of images to
the interface using a UDP protocol over Ethernet. By modeling the camera in this
way, as opposed to directly rendering the graphics from the simulation, we more
closely model how images might be captured and sent from an aircraft in non-virtual
environment. It is important to note that the circles and other graphic overlays
were generated independently on the interface and not in the simulation. Since the
interface was updated with information regarding the altitude and position of the
camera, the software only needed to calculate the required on-screen position for
the graphics based on the robots” GPS location and the camera lens characteristics.
A side effect of this interface design was that rapid changes to camera position
could be updated in real-time in the transparent overlay on the interface. From the
user’s perspective, the on-screen overlay provided responsive feedback while the
aerial camera caught up with the requested motion and transmited the updated

imagery.

8.5 Experiment Design

Our intent was to test the gestures and interface in the most realistic scenario,
given the constraints of available personnel, equipment, and scenario scale. Since
we had created a realistic world to test the robots, we gathered domain experts in

search and rescue to test our hypothesis.
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8.5.1 Participants and Procedure

The six participants used for the study were the same six FEMA search and
rescue subject matter experts used in Chapter 6. As such, the demographic and
self-reported computer and gaming experiences are the same as detailed in Section
6.4.3.

The participant was first briefed on the nature of the study and a general de-
scription of the tasks that would be performed. Any questions that the participant
had were answered and then he or she was given an informed consent and video
consent form to read and sign.

The participant was then trained on the gestures used for the interface. The
test administrator demonstrated each of the gestures listed in Table 8.1 through
8.3. The basics of the gesture grammar were discussed to help the participant
understand the nature of the gesture sequences. The participant was encouraged
to try the gestures during the instruction period and assistance was given if the
participant was having problems. The participant was allowed to practice on the
gestures until he or she felt that the control of the robots had been sufficiently
mastered. Training and practice took 17 minutes (SD = 8.8) on average.

At the completion of the training and practice time, the test administrator
verbally described a fictional scenario of a dirty bomb attack in the downtown area
of a city. Since the scenario and timeline were not real, the spoken description
acted as both a summary of the incident and a briefing of where the participant was
in the overall timeline. Much like a real briefing, the participant was encouraged
to ask questions for clarification on any points. The scenario was described as

follows.

As of 8:46 am, the Department of Homeland Security has received
a request for federal assistance from Loop City, Nevada. A radiological
dispersion event has occurred near the downtown area that has required
an evacuation of all buildings and emergency personnel. As of 9:03

am, incident command was been established by the local FBI terrorism
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response unit and DHS has directed your FEMA team to work closely
with FBI and other law enforcement agencies to secure the crime scene
and ensure that there are no live victims still in the downtown area.

Your team’s cache was recently augmented with specialized robotic
equipment designed to deal with low to medium radiation environments.
First, you have a Unmanned Aerial Vehicle capable of hovering at any
altitude or position over the city. FAA has cleared the airspace and
declared it a no-fly zone for any aircraft, so you have full authority to
use it for any visual reconnaissance over the city. Second, you have eight
autonomous Unmanned Ground Vehicles capable of traveling through
urban terrain. They can be told to navigate to a GPS waypoint or
follow a pre-determined path. They have cameras that are capable of
detecting humans and sensors for monitoring the radioactivity in the
area.

You have arrived on scene and coordinated with command. Your
primary goal, as the robot search team leader, is to direct the robots
through the city as defined by the planning manager. You are safe to
assume that the robots will alert you when they have found a human.
In other words, you are directing the robots where to search and not
performing the search task yourself. Your secondary goal is to identify
the source of the radiological event. Reports from people leaving the
scene indicate that the suspects were using a forklift or front-end loader
to elevate and disperse the radiological material. It is unclear at this
time where the dispersion equipment is located and where the suspects
may have placed additional radiological sources. The robots are capable

of alerting you if they find a sufficiently strong source of radiation.

The participant was then given a map of the affected city. The map was specif-
ically illustrated and colored to imitate the USGS topographical maps commonly
used by search and rescue teams. The map is shown in Figure 8-8. The participant

was told to write on the paper map if desired and to make any note that would be
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useful to the immediate operation or the command hierarchy. The annotation of
maps is a standard practice for search and rescue and is especially useful during a
change of personnel.

For the purposes of the scenario, the testing administrator fulfilled the roles
of the planning and safety managers in the command hierarchy. The planning
manager position meant that the test administrator would provide the search grids
and priorities to the participant acting as the robot search team manager. The
safety manager role meant that the testing administrator had the authority to
direct the participant to immediately change or halt operations at any time.

The participant was instructed that they had 25 minutes to complete the sce-
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Figure 8-8: Illustration of the fictional Loop City, Nevada, drawn in the style
of a USGS topographical map showing major features, highways, and common
landmark names. Participants used this map as a reference while directing search
operations with the eight simulated robots.
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nario. A written timeline of events was pre-scripted and the testing administrator
updated the participant on the state of the operations at the times established.

The timing script with events was as follows:

Offset

(min) Event to be read

:00  Planning has divided the city into the four quadrants shown on this
map [show map].

:00  Create a green team consisting of two robots and a blue team consisting
of five robots.

:00  Command the black robot to the center of the Park.

:03  Command the Green Team to search Area A (or C depending on the
start location) outside of the main street loop.

:05  Command the Blue Team to search Area A (or C) inside of the main
street loop.

:10 Command the black robot to do a detailed search of the Park.

:12 The governor of Nevada has contacted your team leader and wants to
know what percentage of the city you have searched at this time.

:15 Use the green and blue teams to search Area D and have them start
their search at the same time.

:20  Perform an all-stop immediately.

:20  Command has alerted planning that there is a report of the suspect
vehicle at the construction site near the monument. Redirect all of
your resources south of the monument for further instruction.

:22  Radiation levels inside the construction site are reported to be high.
When two of the robots arrive at the monument, manually teleoperate
one the robots into the construction site and visually confirm that the

construction vehicle is in the structure.

Each of the events was designed to exercise specific features of the interface

and gesture set. First, at time :00, the division of the city is a common practice
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and allows personnel to generically talk about areas of the city when they are not
familiar with the local names for neighborhoods or districts. In this case, the city
was divided into four equal square quadrants, A, B, C, and D, starting in the lower
left hand corner and moving clockwise around the map. In densely populated
areas, streets are a very common way of dividing search grids. The symmetry of
the virtual urban environment meant that the city was effectively divided into four
equal quarters of the overall map.

The second event simply divides the robots up into groups that can be referred
to collectively. The number of robots in the team was a strategy to mirror the
number of robots in the tasks explored in Chapter 7. This design strategy could
later be used to see if interaction was different when dealing with one, two, or
more than two robots at a time. The next three tasks begin moving the teams of
robots through the environment. First the black robot was sent to the park, which
minimally required the participant to execute single robot selection, destination,
and map movement to see the park area. At :03 and :05, the two groups of robots
were sent to different parts of the map on separate searches. The task exercised
the gestures for group selection, planned movement, and possibly map movement
depending on the view of the aerial camera. To encourage the detailed movement
provided by the drag gesture, the black robot (now pre-positioned in the park)
needed to be commanded to do a very detailed search of the interior of the park
at :10. All of the users relied on the drag gesture for this task and used a variety
of search patterns to canvas the area.

It is extremely typical for the search to be interrupted by requests from political
figures and the press about the status of the search. The interruption event at :12
was a simple way to have the participant self-report on how well the operation
was proceeding and the percentage of the city that had been searched. Updated
intelligence reports from outside the search team can often redirect personnel to
different locations of the search area even when an earlier task is not completed.
The wording of the task at :15 is designed to provide one of these re-tasking of

robots that were, by this point, spread all over locations in the first quadrant.
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Furthermore, the request that the search be started “at the same time” provided
a hint that the command queue functionality of the interface should be used to
synchronize robot starting times.

At :20 the experimenter, acting as the safety manager, requires an immediate
all-stop of the robots. The command was spoken with authority and without
explanation. The intent here was to see if the all-stop gesture was memorable and
could be executed quickly. Further details about the all-stop was then provided to
the participant. The participant needed to re-group all of the available robots in a
location near a construction site so that the participant could manually teleoperate
one of the robots to a specific feature within the structure. The final task forced
the use of the DREAM Controller in the scenario and helped determine if the
reconfiguration of the video and range display panels was useful for inspection

tasks. An example of this task is shown in Figure 8-9.

8.5.2 Data Collection

For the experiment, we provided the participants a clipboard with a paper copy of
Tables 8.1 through 8.3 and a copy of the map in Figure 8-8. They were also given
a pen and highlighter and told that they could mark directly on the sheets. We
preserved the resulting sheets for post-hoc analysis.

As in previous experiments, the participants were asked to “think aloud”
while using the interface and creating their search strategy. In many cases, the
participants became engrossed in the task, and the test administrator would need
to prompt the participants to explain what they were thinking or doing. The test
administrators worked in a team of three. One person managed the computer
console in the event of a program crash or other problem. One person took
handwritten notes as the participants interacted with the surface and performed
the think aloud method. The third person directly interacted with the participants
as the command hierarchy, read any of the descriptive dialog, and answered any
questions related to the interface.

We videotaped the session from three views. The video output from the Surface
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Figure 8-9: Final task of the scenario required the participant to take manual
control of the robot (center) and use the DREAM Controller to view the suspect
construction vehicle. This screenshot shows the activated DREAM Controller and
positions of the fingers are shown lightened circles.
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itself was output to a device that converted high resolution computer video to
standard definition video. This output was then recorded to digital video tape.
The second recording was of the person’s hands on the surface of the screen. A
digital video camera with wide angle lens was mounted approximately six inches
above the Surface near the edge of the screen opposite the participants. This
provided an angled view of the hand to help discern when contact occurred. Finally,
high definition video was recorded from a view over participant’s the shoulder to
capture larger gross motion of the arms and body.

We asked the participants semantic differential questions upon the completion
of the experiment. The experimenter responsible for note taking verbally asked

these questions and recorded responses with handwritten notes.

8.6 Results and Discussion

To provide a cohesive discussion of the results gathered in this user study, we
combined the responses to interview questions, participants comments, video
observations, and distribution analysis to product the following results. Since this
is an exploratory study based on the prototype in Chapter 7, we focused much
of the post-hoc analysis on the variances between the two studies and how these
differences compared to our expectations. The prototype study had a larger sample
population, but the population was taken from the general public. Personnel in
the search and rescue domain may exhibit different expectations and biases when
interacting with this type of device. As discussed below, there were many patterns
that matched, but with gesture based interfaces like our implementation, the

difficult parts are often in subtle details.

8.6.1 Gestures as a function of grammar

We first looked at the distribution of gestures within their classifications in the
grammar since this can provide insight regarding why qualitative comments or

biases were provided in the questionnaire. A graph of the gestures used in this
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study are shown in Figure 8-10.

Several observations can be made of this graph relative to the distribution
seen in Table 7-3 in Chapter 7 (henceforth referred to as the 2009 study). Lasso
was used much less in this study (only 4%) as opposed to 21% in the 2009 study.
Additionally, the tap gesture as used for sequence select increased from 5% in the
2009 study to 43% in this study. While the reason for this change is not entirely
clear and the sample population not sufficiently large enough to draw any strong
conclusions, we can hypothesize several possible reasons. First, the number of
robots in group actions was smaller in this study with eight total robots total
and the largest sub-group containing five robots. In the 2009 study, there were
a total of sixteen robots and eight robots in the largest sub-group. There may
be a subtle threshold for when users switch over to the lasso gesture for group
actions that was not exposed in this study. In the same way that users omit the
subject when there are fewer than three robots on the screen, we may see an effect
where lasso becomes the primary gesture for grouping when there are somewhere
between eight and sixteen robots on the screen.

Second, an extension of the hypothesis above for the change in the percentage
of lasso and sequence select may be further enhanced due to bias introduced by
the sentence grammar structure. While planning the next set of operations, the
participants may have thought in terms of a sentence with multiple subjects. For
example, they might think, “Robot 1, Robot, 2, Robot 3, Robot 4, and Robot
5, follow this path and terminate at this point.” In this sentence, the individual
representation of the robots may not seem awkward for five names. While acting
out the gesture, performing a sequence select may seem natural since the user can
tap each of the robots while recalling the name. When the number of robots in the
subject list is increased, the beginning of the sentence becomes long and hard to
remember. We hypothesize that this situation is when the lasso gesture becomes
useful, since each of the individual robots is not as well defined. In an extension
of the grammar, lasso becomes the plural pronoun “you.” Placed in our example

sentence above, the large collection of robots to perform the task is substituted
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Figure 8-10: Percentages of gestures used, grouped by their position in the grammar
discussed in Section 8.2.2.

2

as follows: “You (group of robots), follow this path and terminate at this point.
Further studies and sample populations would be needed to determine if these
hypothesis is correct. A parametric experiment is needed to determine the number
of robots that trigger this change in behavior from sequence select to lasso.

A second observation from this data is the dominant use of double tap in the
predicate (92%) and the relative lack of double tap in the selection stage (1%). Like
the unused on-screen controls described in Chapter 6, we spent a significant amount
of time ensuring that the interface software was able to correctly interpret single
and double taps for the selection portion of the grammar. We were surprised that
this double tap for selection feature was used less than 1% of the time compared
to the 7% usage in Chapter 7. Given the dominant use of double click in desktop

applications, we expected to see users biased to this double tap selection gesture.
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Overall, it should be noted that while this data provided important insights
into the gestures used by our target population, the scenario was designed to elicit
specific responses from the participants. As such, the distribution of gestures is
biased by the scenario itself. For example, special gestures such as double fist,
and press and hold, were actions pressed upon the user during the timed scenario.
To refine the accuracy of these gesture distributions, longer exercises need to
be performed that allow for a wider response of gestures from participants over
time. However, in this scripted 25 minute exercise, the data provides a wealth of
insight and clarifications about the assumptions and mental models used by the

participants.

8.6.2 Gestures as a Function of Assumptions

As mentioned in Chapter 7, the level of tasking will vary based on the user’s
individual assumptions about the robot’s autonomy and capabilities. Although
the frequency and depth of discussion varied widely between participants, we
did note several data points and themes that may point to the assumptions that
participants used while interacting with the interface.

Four of the participants made specific comments about the autonomy of the
robots. One participant directly stated that the robots were more autonomous
than expected. With respect to both the primary search task and secondary
radiation detection tasks, two of the participants made statements related to the
robots having obstacle avoidance. One participant volunteered that she felt that
the robots would not hurt anyone in the environment. Additionally, she added
that the robots were smart enough for this task and, if needed, the robots could
plan and navigate around buildings.

Trust in the sensors was a recurring theme during the experiment and in the
post-experiment questionnaire. Five of the six participants stated comments related
to the sensing capabilities of the robots. Four participants simply stated that
they believed the robots would identify the victims or radiation sources with the

installed sensors. Since this ability was in the original description, this comment
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indicated that the robots behaved in a manner that supported this statement of
identification. One participant mentioned that the sensors for victim detection
should work without getting really close to the victims, and another participant
stated that the radiation sensors needed to be close to the radiation source and
would therefore need to stay nearer to structures. One participant mentioned that
she assumed the robots had all of the same sensors.

These comments provide an interesting insight to the level of tasking that the
participant felt that he or she needed to provide for the robot. In Chapter 7, we
discussed that the perceived level of autonomy or trust in the robot’s ability to
navigate could change the natural interaction method used by the participants.
We hypothesized that the participants’ trust toward the robots may factor into
the similar percentages between the use of drag (for a path) and waypoint. In
this data set, drag represented 55% of the gestures and waypoint was 45% of the
gestures. This gesture distribution indicated that approximately half of the time
the participants believed the robot had sufficient autonomy such that the robot
could be given simple waypoints for navigation to a destination.

Interestingly, one participant was observed using waypoints in all but the case
of the black robot searching the park in detail. (In the case of the detailed park
search, all of the participants used a drag gesture to provide a specific path.) This
participant used waypoints for the majority of the navigation gestures and was one
of the participants that immediately tasked the robots individually instead of in
groups. Interestingly, this participant was one of the most experienced in wide-area
search and had the most experience commanding these operations. When asked
later why he used waypoints for navigation, he replied that “this is how I would
have commanded people or dogs.” While providing directions to another human,
most people would not give extremely fine-grained information specific to the path
that the person should follow. Rather, most people would provide landmarks or
waypoints to achieve along the way to the goal.

The experience of this particular participant is important because the difference

in his style of interaction may point to a difference between the assumptions
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made with extensive command experience versus those with limited command
experience. In the case of human searchers, providing explicit paths to follow
would be considered micro-managing the process at an unnecessarily low level. An
exception to this might be when command has specific information that will help
the searchers such as a specific path through an area that is difficult to navigate.
This participant demonstrates that experienced search team leaders may make
assumptions that cause them to use a different distribution of gestures than less
experienced leaders. These differences are important, since a command and control
interface like this will need to be user by both experienced and unexperienced

leaders.

8.6.3 Motivation for Further Improvement

Based on the comments from participants, there is room for improvement in the
interface. Many of the comments centered around the zoom functionality. Four
of the six participants mentioned that performing the zoom function was difficult
to use. As a result of this, suggestions were made regarding how the participants
would rather see the functionality expressed. One participant noted that the
zoom was not distinct from the pan gesture, indicating that the mix of the two
may have been problematic. The same participant suggested a zoom button that
would automatically zoom all the way out to quickly give a high level view of the
operation. One participant wanted a gesture similar to a scroll mouse instead of
the pinch and spread gestures. A final participant found that the time zooming in
and out was too time consuming, stating that a simple on-screen control would
suffice.

Admittedly, the coordination of the aerial view and the zoom gesture had some
bugs that were realized only just prior to testing. Depending on the speed and
persistence of the finger spread or pinch, the detection routine could cause the
camera to move erratically for a moment before assuming the correct altitude and
position. All of the suggestions by the participants are useful and seem to refer

to examples that they have seen work well in the past. Further testing with a
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more robust implementation of our zoom functions will need to occur before we
are able to determine if this problem is with the gesture itself or a problem with
the implementation.

Other interface element problems were noted with less frequency. One partici-
pant mentioned having a problem while providing a path for the robot to follow.
As a result, he resorted to only providing shorter paths. Another participant
mentioned that it was “weird” providing paths around buildings. We believe that
the last comment was due to the perspective provided by the aerial camera view.
Since the camera was modeled with real lens characteristics, buildings on the edges
of the display appear to lean outward due to perspective. Buildings in the middle
appear to stand straight up toward the camera. This disparity can be problematic
when drawing paths on the ground plane. A solution to this problem is not entirely
clear, but this will be a common characteristic of aerial and satellite imagery.

A final point for improvement is the need to manage the situation where the
robots are all in very close proximity to each other and the bounding circles overlap.
This overlap is due to the 2 ¢cm lower bound for contact established in Chapter
3. This problem reliably expressed itself during the last part of the dirty bomb
scenario when the participants were asked to redirect all of their resources to a
location south of the monument. All of the users selected the robots using lasso
or group select and eventually terminated the grammar with a single destination.
Unfortunately, this action caused all of the robots to arrive in the same place.
Depending on the frequency of the arrivals, the participant quickly found that it
was difficult to select a single robot from the group if the camera was sufficiently
zoomed out to cause overlapping circles.

Since we cannot regulate the size of robots or expect to force a lower camera
altitude before selection, an alternative must be found that permits selection when
the density of robots is high. There are numerous techniques that can be borrowed
from the visualization communities related to high density cluster mapping and
similar graphics representations. Some example solutions to this problem have been

demonstrated by Google Earth and other GIS products. Further investigation will
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need to determine if these solutions are natural and compatible with multi-touch

interaction.

8.6.4 Information Fusion and Decision Support

A common theme among the comments was the need for more status information
in future implementations. Many of the participants made comments about losing
track of the waypoints or paths that the robot was following, or had already
followed. Note that the interface did show the waypoints or path that the robot
was going to follow as the finger was dragged, but this path was erased from the
screen to reduce clutter once the predicate was given. Normally, the search team
leaders would keep track of this information using pen and paper. In this case, the
ease of tasking the robots and the temporary nature of the path visualization may
have given a false sense of recorded planning data. One participant commented at
the end of his run that “I didn’t use paper at all, and I didn’t feel like I needed it.”

The need for past and future goals is important when earlier decisions have been
forgotten and new plans need to be made that may affect or overlap those earlier
plans. A simple visualization to remedy this problem may be for the interface
to remember the path or waypoints and show them again if the robot is selected
while executing the task. In addition, past waypoints can be shown in a different
color or shape then the future waypoints.

While only four participants directly commented about the zoom function, we
observed that all six used it frequently. This change in perspective may suggest a
need to maintain a high level operations view and a lower task level view. It is a
common technique in many first person shooter and real-time strategy games to
provide a small map of the entire operational area that is coordinated with the
information displayed in the main window. The ability to see the map and assets
in this broader scope was specifically suggested by one of the participants who had
experience with video games.

This type of high level map could be implemented easily in a way similar to the

map generated by the single robot in Chapter 6. This smaller map could provide
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all of the known area in the scope of operation and be moved or adjusted in size
on demand. Additionally, the user could provide a gesture such as a double tap
on this operation-level view to swap the two displays much like the ADR mode

discussed in Chapter 6.

8.6.5 Questionnaire Results

We asked 11 semantic differential scale questions anchored by opposite phrases
such as “helps” or “hinders.” In each question, the participants were asked to
respond to a number between 1 and 6 relating to how strongly they felt on that
subject. These questions and the results are shown in Table 8.4. In general the
results are positive and the participants believe that the interface would bring
value to a search operation. We believe that the lowest value for the question “The
interface was uncomfortable/comfortable to use” was mostly due to the shape of
the Surface since the participants were sitting down and could not place their feet
under the table despite it being raised to 27 inches. This inconvenience caused the
participants to need to lean from a seated position to interact with the surface
of the screen. Future plasma or liquid crystal display multi-touch surfaces would

have not exhibited this problem and are already available.

8.6.6 User Expectations and Need for Intervention

All six participants mentioned that the robot did what they expected. While it
is not 100% clear what those individual expectations may have been, the robot
behaviors appeared to meet a minimum level of approval. When asked if they
trusted the robots, all six responded that they did trust the robot, with only one
user further qualifying that he trusted the robots to navigate, but not necessarily
for sensing.

One of our original design requirements was the ability to directly intervene if
a robot should be stuck or become disabled. This experiment verified this need

since five out of the six participants mentioned a robot getting stuck. Three of
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Table 8.4: List of the semantic differential scale questions and the results from the
post experiment interview.

Question Average SD

The interface helped/hindered in performing my primary task

hindered | 1| 2|3 |4 |5 |6 | helped 417 0.75

The interface helped/hindered in performing my secondary task

hindered | 1 | 2|3 | 4|5 |6 | helped 433 0.75

The interface was difficult/easy to learn

difficult | 1 |2 |3 |4 |56 | easy 425  0.84

The interface was difficult/easy to use

difficult | 1 |23 |4 ][5 |6 | casy 4.08 110

The interface was irritating/pleasant to use

irritating | 1 | 2|3 | 4| 5| 6 | pleasant 4.00  0.41

The interface was uncomfortable/comfortable to use

uncomfortable ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ comfortable 3.92 0.75

The interface was inefficient /efficient to use

inefficient ‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ efficient 4.33 0.63

The interface has no/much useful functionality

none |12 |3[4|5]|6 | much 4.67  0.52

The interface was no help/helpful in maintaining safety

nohelp | 1[2]3|4]5]6 | helpful 4.50  0.52

The interface was hard/easy to understand

hard | 123 |4|5]6 | casy 442 1.03

The interface would require more/less time than my
current system to maintain awareness of the situation

more | 1|2 |3 [4]5]|6 | less 450  0.55
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the participants reported robots that flipped over, rolled on their side, or rolled
onto their backs (looking at the sky) during the run. Another two participants
mentioned that at least one of their robots became disabled or hung up on objects
in the environment. In one case, the robot’s behavior caused the robot to begin
rotating in circles regardless of the waypoint position.

As a testimony to the need for manual operator interaction, two of the par-
ticipants were able to take manual control of the robots and remove them from
the failure state. These rescued robots were then given a task and continued
throughout the remainder of the testing period. In all other cases, the robot
was not able to be rescued or the participant did not attempt a rescue with the
DREAM Controller.

It should be noted that the robots were not designed to fail intermittently
and were programmed to use obstacle avoidance with the popular and publicly
available vector-field histogram behavior (Borenstein and Koren, 1991) from the
Player robot architecture (Gerkey et al., 2003). This algorithm was ported directly
from Player to MRDS with no change to the underlying logic. It was hoped that
this well tested behavior combined with the simulation environment would provide
sufficient robot autonomy to avoid any failures of the robots while they navigated
through the environment.

The realism of the simulation and low ground clearance of the Pioneer robots
modeled in this simulation performed much like one would expect in the real world.
The robots would occasionally not sense an object in the environment and crash
into it. In some cases, these objects were bushes or a ramp that was below the laser
rangefinder’s view. While these instances of errors in sensing and judgement are
particular to this virtual world, robots in the real world have much more noise in

their sensors and their algorithms need to deal with much more difficult situations.
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8.7 Impacts and Implications

This test of our implementation of a command and control interface for multiple
robots brought a wealth of information. As discussed above, there is still room for
improvement. The responses from our participants was unanimously supportive
and encouraging. Comments included “That is a cool interface,” “My strategy
improved as it went along,” and “That is it? Can I keep playing?” From a
qualitative standpoint this response indicates that the interface was a positive
experience and the responders recognized the potential.

Our earlier goal stated that we had created a gesture set will maximize learn-
ability and therefore lessen the amount of training time required for proficient
control of the robot or robot teams. While it is difficult to directly measure this
goal without a benchmark for comparison, we do have several points that indirectly
support this goal. First, the responders were trained on the interface and then
given any amount of time to practice before beginning the timed scenario. They
were specifically told that there was no time restrictions and that they could prac-
tice until they felt that they understood all of the functionality. Participants on
average took 17 minutes (SD = 8.8) to feel confident and proficient in the interface,
including the scripted training time. Also, the scenario itself was designed to run
for approximately 25 minutes in length. Our participants were able to command
the robots through the search scenario and manually teleoperate one of the robots
to a specific point in 27 minutes on average (SD = 2.8).

The timing benchmarks above indirectly support our goal since 15 minutes for
training seems reasonable for an interface that will presumably allow for better
situation awareness and increased operational efficiency. On average the operation
ended within two minutes of the expected time, indicating that the interface did
not have a large variability in expected versus measured task completion.

We believe that this gesture set and interface design establishes a benchmark
and provides an existence proof that robot command and control can be achieved

in a gesture-based interface.
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Chapter 9

Conclusions and Future Work

Ideally, the next step in this line of research would be to simply place this
new interface and control mechanism in the field and let the end users and
other developers further iterate on the design. However, technology adoption
in application domains such as search and rescue does not happen as quickly
as technologists would like. Fortunately, when all of the enabling technologies
described in Chapter 1 are mature and field-ready, this research has provided a
strong existence proof that multi-touch technology is not only compatible with
varying levels of robot control, but may significantly improve the performance of
robot operators.

This dissertation has provided several key components of command and control.
It has provided a multi-touch interface for teleoperation in the field and a command
and control interface for high-level coordination of robot teams. The simultaneous
use of these components can be described in a realistic, but fictional scenario based
in the application domain of military explosive ordinance disposal (EOD).

When bomb squad technicians are called to the location of a suspicious package
or automobile, their goal is to remove or disable the explosive device. The state
of the practice involves controlling a robots through large operator control units,
weighing twenty to fifty pounds. For example, the iRobot Packbot EOD and
Foster Miller Talon operator control units can be seen in Chapter 5 in Figure 5-1.

Quickly setting up and using these operator control units while in possible contact
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Figure 9-1: Multi-touch technology will be making its way into the field in the
very near future. The UAV (above) provides real-time imagery to the command
staff back at the base of operation while the robot control unit (below) allows the
field technicians to comfortably control the UGV robot and neutralize the threat.
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with enemy forces can be daunting and stressful at best.

In our fictional scenario, imagine that instead of the large and heavy controller,
the bomb technician has a device that looks like a thin and wide laptop where
the keyboard is replaced with a multi-touch surface large enough to accommodate
two adult hands. (An artist’s interpretation of this fictional scenario is shown in
Figure 9-1.) The technician is able to place this device on the tailgate or hood
of the vehicle. When it is opened, it shows a display of the EOD robot cameras,
manipulator positions, and the state of the robot sensors on the front screen. The
technician places both hands on the multi-touch screen and two virtual joysticks
are immediately drawn beneath the fingers. Without having to adjust posture
for manual switches and dials, the fingers simply glide to the desired positions
and chording actions are performed within the comfort and ergonomics of that
particular user’s bio-mechanics. When the technician needs to relinquish control
to a second operator, the system automatically recreates the joysticks for the
ergonomics of this new user and the mission can continue without the new operator
needing to inspect and recall the positions of the switches and dials.

If the safety of the situation degrades and these technicians radio back to their
command and request further assets, the commanders look at the multi-touch
table in the command post and identify the assets that are immediately available
in the area. After several selection and destination gestures by the commander,
the requested resources are en route to the scene and arrival estimations are
automatically relayed to the team on the ground via radio. Since the situation
may be escalating outside of the view of the field EOD technicians, the commander
selects a nearby aerial asset and then puts five fingers down on the display surface.
A joystick controller with video display appears underneath the fingers, and a quick
movement of the thumb servos the pan and tilt camera on the belly of the aircraft
to the location of the operation. Recognizing further complications several blocks
away and outside of the view of the EOD technicians, the commander quickly
releases control of the camera by simply lifting the hand from the screen, makes a

lasso gesture around the remaining human force protection resources, and redirects
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them on a path that will provide protection to the evolving incident.

Even five years ago, this narrative story would be safely in the realm of
hollywood science fiction. Today, with the enabling technologies described in
Chapter 1 and the multi-touch interfaces designed and tested in this dissertation,

this scenario can quickly become a reality.

9.1 Contributions

This line of research has provided the following contributions to the field of human

robot interaction:

e Performance model of tabletop touch interfaces based on Fitts’s
Law: After a literature and background search, we had no indication when
we began working with tabletop devices that they would have performance
comparable to traditional mouse interfaces. In Chapter 3 we were able to
create a performance model and experimentally show that mean error rate
was comparable to the mouse interface for targets of 30 mm and 40 mm, but
substantially higher for target diameters of 20 mm and smaller. Additionally,
efficient task completion can be expected only when target elements in the

user interface are larger than approximately 30 mm in size.

e Validation of multi-touch human-robot interaction compared to a
traditional joystick-based single robot interface: An interface was
designed for robot control that demonstrated comparable performance to
traditional joystick-based robot control using a well studied interface design.
To our knowledge, our study in Chapter 4 represents the first use of a multi-
touch table with a physical agent. We experimentally showed that there
was no significant difference for the constructive or destructive performance

metrics established for this study.

e Algorithm for five-point hand identification and finger registration:

In Chapter 5, we created an algorithm that with 97% accuracy can identify
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a hand, label the fingers as a thumb, index, middle, ring, or little finger,
and label it as a right or left hand. The algorithm can accomplish this
identification using only the computationally optimized arctan2 function and
basic arithmetic functions. While the algorithm was a means to an end for
the DREAM Controller, we believe that the contribution from this algorithm

will be useful for design spaces beyond this application.

Interface using the dynamically resizing, ergonomic, and multi-
touch (DREAM) controller for joystick emulation: This controller
provides the user with four degrees of freedom of control on the thumbs
and two buttons on the index and middle finger used for tracking in this
implementation. Based on the metrics presented in Chapter 6, we have
demonstrated increased performance over a well studied joystick controller

implementation for robot control.

Taxonomy and coding rule set for multi-touch multi-robot inter-
action on tabletop surfaces: In Chapter 7, extensive coding of over 3000
gestures required the creation of a taxonomy and coding rule set for the user
generated gesture set. This taxonomy can be used in future research to help
codify and identify the gestures from users performing command and control

tasks on table top surfaces.

A user generated multi-touch gesture set tailored for ease of learn-
ing: Using the distribution of gestures from Chapter 7, we were able to
adapt the the most popular gestures into a grammar that permitted the user
to command a robot, or groups of robots, to perform navigation tasks using

only their fingers and hands.

Integrated interface designed specifically for multi-touch interac-
tion that combines high level command and control of robot teams
and individual control of single robots: The interface described in

Chapter 8 leveraged the gesture grammar in Chapter 7 to provide high level
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control of groups of robots and used an adaptation of the DREAM Controller
described in Chapters 5 and 6 to control individual robots and view their

SEensors.

Of these contributions, the algorithm for five-point hand identification repre-
sents the most significant contribution due to the changes that this can enable in
general user interface design. The identification of individual fingers and handed-
ness can permit much more rich and generalizable interactions. For instance, if the
fingers are identified and labeled, they can represent the “asdf and jkl;” home-row
on a computer keyboard or the ivory keys on a piano. Combined with heuristics for
hand movement, the identification of the hands and fingers can provide ergonomic
emulation of these devices without the need for direct tactile feedback to the
user. This algorithm provides a method for a level of interaction not achieved by

multi-touch interfaces designed today.

9.2 Future Work

There is some future work that will immediately benefit this line of research.

e Refinement of the hand detection algorithm: In Chapter 5, we
discuss some of the limitations of the hand and finger detection algorithm.
By exploring some of the techniques suggested in Section 5.8, the performance
of the algorithm can be improved and should allow the algorithm to achieve

nearly 100% accuracy for all hand configurations and angles.

e Direct comparison of the DREAM Controller and a Playstation
or XBox controller: Chapter 4 and Chapter 6 base their comparisons on
a joystick modeled after aircraft flight-controller designs. The inspiration for
the DREAM Controller design is based on console gaming-style joysticks that
use different muscle groups and ergonomics. It would be useful to perform a
direct comparison between the DREAM controller design and the Playstation

or XBox controller.
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e Further exploration of gestures as a function of grammar: As an
explorative study, Chapter 8 provided as many questions as it answered.
Section 8.6.1 suggested that the higher use of sequence select may indicate
a subtle adaptation of the underlying grammar. Additionally, experiments
exploring the removal of double tap in the selection stage may reduce mistakes
and confusion for the users. Both of these behaviors should be studied to

adjust the grammar gesture models.

e Further exploration of gestures as a function of assumptions: Sec-
tion 8.6.2 provided a unique data point that may indicate that responders
with different levels of experience may wish to provide different gestures to
the robots being controlled. Specifically, the more experienced participant
felt that he should provide only high level instructions to the robots and
not specific paths. The other participants that largely used drag gestures to
direct robots along specific paths. Testing with larger populations may show
that behavior is a trend and allow the interface to leverage this information

to adjust gesture parameters.

9.3 Limitations of Research

It is important to note the aspects not yet addressed in this line of research. While
they are limitations of this research, they also represent long-term future work
that will hopefully be continued by future studies and researchers.

First, the hand detection algorithm has only been designed and tested for
the two-dimensional case over the surface of a tabletop. This research does not
address interaction in the third dimension, often referred to as “above the tabletop”
interaction in the literature (Wilson, 2007; Grossman and Wigdor, 2007; Grossman
and Balakrishnan, 2008). For all of the richness that can be argued in the case of
gestures directly on the tabletop, there is another entire dimension to the gesture

interaction that can occur over the table surface. This research has not addressed

this dimension.

206



Second, this research does not address multi-person interaction. In Chapter 1,
we framed the motivation for this research in the context of a response in which
multiple people would be standing and interacting around a large touch-table that
provided many of the affordances of traditional paper maps. The experiments
and results presented in this thesis are limited to the single person case, in part,
due to the size of the devices used. The literature in this area shows that adding
multiple people to the table-top interaction introduce confounders and interesting
effects for the interface designer (Scott et al., 2004; Scott and Carpendale, 2006;
Tuddenham and Robinson, 2007; Hancock et al., 2006). As multi-touch tabletops
become larger and algorithms for detection of individual people become more
robust, future investigations can extend the interfaces from this research beyond

single-person interaction.

9.4 Generalizations of Research

There are several aspects of this research that can be generalized through further
study. First, as mentioned in the section on contributions, the hand detection
algorithm can be generalized to allow the emulation of many physical devices
that require multi-finger and multi-hand control. We have demonstrated joystick
emulation in this dissertation, but conceivably keyboards, mice, and even musical
instruments could be emulated using the unique identification of the finger tips.
As mentioned at the end of Chapter 6, the ability to dynamically adapt to the
users configurations that gives multi-touch interaction a significant advantage over
traditional mechanical device design.

It is exciting to think that the generalization of this algorithm can open entirely
new types of interactions for multi-touch tabletop interfaces. It is our hope that
this algorithm and our demonstration of its use in the DREAM controller will
cause the multi-touch community at large to re-evaluate the way that we design
interfaces for these devices and seek out other physical devices that may be adapted

to multi-touch devices now that fingers and hands can be uniquely identified.
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Other generalizations can occur with the DREAM Controller design in demon-
strated in Chapters 6 and 8. In our studies, we have limited the design of the
DREAM Controller to emulate the dual-gimbal design from Playstation and XBox
controllers in an effort to increase ease of learning for users that have experience
playing console video games.

A departure from the Playstation and XBox joystick design may provide
ergonomic or performance improvements beyond the simple emulation of these
physical devices. There is no research in the scientific literature that states that
dual-gimbal thumb interaction is the provably correct and most efficient use of the
human hand for first-person robot or character movement. This joystick design
provides four degrees of freedom through the movement of the thumbs, but this
movement may be better served in some way other than proportional control on
two axes. There is also a high degree of two-dimensional movement in the index
and ring finger that may provide additional input other than the tracking in our
implementation.

Finally, in the case of the command and control portion of this research, the
work presented can be generalized for heterogeneous teams of robots and humans.
We have framed this problem in the context of unmanned ground robots, but
one can see this research extended to general command and control for humans,
vehicles, and robots of all types. Given an aerial view of the affected area and
the geo-location of the resource to be tracked, we can circle the location on the
interface and provide all of the functionality demonstrated in the interface from
Chapter 8. One can imagine, instead of the location being sent to the robot, that a
text-to-speech device can radio to the human agents where they need to rendezvous
for their next mission objective.

When dealing with large scale disasters where street signs and landmarks
may be destroyed, this top-down view provided by our interface not only helps
those in the command structure but those on the ground. Given sufficient reach-
back ability, one can imagine the case where the human is provided navigation

directions through a handheld device. This generalization of our research would
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provide significant value to operations in these heavily destroyed and confusing

environments.

9.5 Closing Thoughts

This research was intended to enhance human-robot interaction by carefully
studying the biomechanics of the human hand and leveraging the natural responses
of users to multi-touch displays. Through this research, we sought to to maximize
learnability and therefore lessen the amount of training time required for proficient
control of the robot or robot teams. Through six user studies and many years
of iterative improvements to our interface designs, we have achieved a volume of
results and contributions that previously did not exist in the cross section of these
research domains.

It is our sincere hope that, as the enabling technologies of robotics, network
centric operation, and multi-touch tabletop devices begin to proliferate in all of
the emergency response and military command and control domains, this research
can help provide a bridge between the technology and the users that will rely on it

for future mission successes.
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Appendix A

Coding Classifications for

Multi-Touch Robot Control

A.1 Timed Event Coding Guidelines

Proportional Velocity: The participant expects speed to vary based on how far
from the origin his/her finger is on the control surface. This finger contact
creates a continuous (but not necessarily straight) line as the person drags
his/her finger across the touch surface. Discrete events are scored when the
finger hovers in an area less than the size of their finger width for more than
500ms. If the person switches fingers, these are coded as separate events.
Note that there may be overlap between this movement and the Trackpad

movement. The key difference the non-repetitive nature of the movement.

Discrete Velocity: The participant clicks on an area on the control and expects
the interface to move in that exact direction with no variance in speed or
mixing of degrees of freedom. In many cases, this movement is just a simple
button press. Any dragging of the finger on the touch surface greater than
the width of his/her finger disqualifies the event as a discrete velocity event.
Discrete events are scored when the person touches a button and then lifts

his/her finger from the button after holding for more than 500ms.
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On Axis: The participant artificially limits himself/herself to a control area of
translate and rotate axis, but only one component at a time. This event
will occur in conjunction with a proportional or discrete event. The control
surface has the effect of shaping a control area like a “+”. The participant
cannot deviate from the axis by more than the width of their finger for this
event to be scored. Discrete events are counted when participant hovers for

more than 500ms or lifts finger from board.

Off Axis: The participant provides both translation and rotation in a single
gesture on the drive control or video display. This event will occur in
conjunction with a proportional or discrete event and is the inverse of the On
Axis event. Axis crossings are allowed and are not scored as a separate event
unless the participant stops on the axis and generates a new event based
on the above velocity criteria. Discrete events are counted when participant

hovers for more than 500ms or lifts finger from board.

Trackpad: The participant puts his/her finger down and moves it with a relatively
constant speed, but in short bursts in the direction of motion. The finger is
lifted between subsequent pushes and placed back in the starting position of
the last movement. Discrete events are scored if the participant performs
two or more of these motions within two second period and has a one second

pause before next maneuver.

Ring: The participant’s fingers enter the the outer ring of the drive control.
Discrete events are scored when the person has more than half of his/her
finger in the wheel and then lifts the finger or moves away from the outer ring
or wheel. This action should be combined with the proportional or discrete

velocity events.
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A.2 Notes that may be of interest:

Artificial limiting of speed: The participant artificially bounds the motion of
his/her finger due to visual elements in the participant interface. For instance,
the inner buttons bound the participant from placing his/her fingers on the
outer edge of the ring, giving 100% rotation or translation. Discrete events
are scored when the person stalls at the artificial boundary for more than

500ms.

Page movement model (only applies to camera): The participant wants to
drag image directly, like a physical or PDF document. This event occurs in
the “grab document” model where the image is “pulled to center” as opposed

to “move window” model where the window is panned to center.
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