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Global Exploration Roadmap (2013)

Human-Robotic Partnership (p. 22)

Tele-Presence

Tele-presence can be defined as tele-operation of a robotic
asset on a planetary surface by a person who is relatively
close to the planetary surface, perhaps orbiting in a space-
craft or positioned at a suitable Lagrange point. Tele-presence
1s a capability which could significantly enhance the ability
of humans and robots to explore together, where the specific
exploration tasks would benefit from this capability. These
tasks could be characterized by: ‘.‘O}
» High-speed mobility ISECG

. . . International Space Exploration
e Short mission durations Coordination Group

* Focused or dexterous tasks with short-time decision-making
* Reduced autonomy or redundancy on the surface asset

* Contingency modes/failure analysis through crew interaction

The Surface Telerobotics project tested the key underlying
assumptions and collected engineering data using the ISS ...
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Surface Telerobotics Project

Key Points

* Demo crew-control surface telerobotics
(planetary rover) from ISS

* Test human-robot conops for
future exploration mission

» Obtain baseline engineering data
(robot, crew, data comm, task, etc)

SURVEY

DEPLOY

Implementation
» Lunar libration mission simulation

- Astronaut on ISS (in USOS) &

* K10 rover in NASA Ames Roverscape e
Z

ISS Testing (Expedition 36)
June 17, 2013 — C. Cassidy, survey « Human-robot mission sim: site survey,
_ . telescope deployment, and inspection
JU|y 26,2013 - L. Parmltan_o’ deploy » Telescope proxy: Kapton polyimide film roll
Aug 20, 2013 — K. Nyberg, inspect (no antenna traces, electronics, or receiver)

* 3.5 hr per crew session (“just in time” training,
system checkout, ops, & debrief)

* Robot ops: manual control (discrete commands)
and supervisory control (task sequence)
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From Testing to Missions

Develop teleroboitic Obtain baseline Eriable “off-board” Enable crew to explore
systems (autonorny, engineering and autonomy (use flight surface using robot as
data comm, interfaces) operations data velhicle computing as an “avatar”

: part of robot system)
Implement and | Validate prior ground I Enable “off-board”
test multiple condps simulations via high- Uée cis-lunar autonomy and data

: fidelity ops sims environment to storage (use flight
Simulate future h:uman pr:epare for human vehicle computing as
mission concepts Reduce risk for future Mars missions. part of robot system)

exploration systems
(test assumptions)

TRL 5 Surface Telerobotics




"Fastnet” Lunar Libration Point Mission

Orion MPCV at Earth-Moon L2 (EM-L2)
» 60,000 km beyond lunar farside
 Allows station keeping with minimal fuel
» Crew remotely operates robot
* Does not require human-rated lander

Human-robot conops

» Crew remotely operates surface robot
from inside flight vehicle

* Crew works in shirt-sleeve environment

R Moon’s
Depart Free-Return = Orbit
Earth / Trajectory ,1 \
- LI . 4 /L?

Credit: (Lockheed Martin / LUNAR)

Surface

- \i\fion Start

/"\ N
Orion Orbit )
Insertion -
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Surface Telerobotics
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“Fastnet” Mission Simulation with ISS

| Planning I | Phase 1 I | Phase 2 I | Phase 3 I
4 4 4 4

Pre-Mission
Planning

¢
4

; \v
1

Ground teams
plan out telescope
deployment and
initial rover
traverses.

Spring 2013

Surveying

Telescope
Deployment

2RO * 3

Crew monitors the
rover as it deploys
each arm of the
telescope array.

Crew gathers
information needed
to finalize the
telescope

deployment plan.

Telescope
Inspection

Crew inspects and
documents the
deployed telescope

for possible
damage.

| Crew Session 1 I | Crew Session 2 I | Crew Session 3 I

June 17, 2013 July 26, 2013
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ISS Test Configuration

ive” Rover
Sensor and
Instrument

Data
(telemetry)

Rover/
Science
Data (e.g.
imagery)

~~1ajsueld] a|i4 }S9)-}S0d 1§

Interface
Instrumentation &
Evaluation Data

493888068

Rover Plan

(command sequence) :
K10 rover at NASA Ames
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Robot Interface (Supervisory Control)

Suiface Telerobotics Workbench

Ede Help Alert Bar

Rover Status
Rower Status

Nod?!Apn! 21:30:03.328 Netice: Crowmaember@@SSC2 now controls robot

Tip Press skip 1o skip a task: press play 1o resume Task Sequence. Tlp Bar

Run Task Sequence . Teleoperate

Load Task Sognco '

Name TosFim
Descripson

EstDuroson 000230
Elapsed Time 000009

Swte Pouted
-] n | -
| Duresion | Command |5
s = 000123 DOrvo
Swnoa 00
000001  Deployer
Task 000010  Orve
Sequence Run Task
Sequence -
—
Controls
Wl INIEUCI0N
000001 Pauso -
000010 Ome
000001 Inspocson
000001 Pauso
000010 Orve ~

| 2240013 21:31:36 3o command PAUSE_OUEUE

Tab Panel

Status Bar

Connacson Connocted
Commendoble Yes
Bosery 547%

=] | Ak 2 | ONevigoson (O Hozerd
Q Tesk Runnor O Panoreme
QO Fim Q Inspacson

Bird’s Eye
3D View

GPS 23Apn1320 3144
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Robot Interface (Manual Control)

Motion
controls

—

Camera
controls

[

Surface Telerobotics Workbench
Elle Help

trols robot

Alerd 11Apr13 00:26:00.875 Notice: Cre ber@SSC2 now ~| | Ak 6

Tip Send individual commands to the rover,

Run Task Sequence Teleoperate

OImmEmn

Rover path

& X
Rover Status
O Nevigation (U Hazerd Connection Connocted
Q TaskRunner O P C dable Yos GPS 10Ap323:30:29
O Film Q Inspection Bamery 615%

Panorama I
Inspection |

Controls |Overlay

Stop Rover '

Forward 7
 Dem im 4 2m
Backward

Sem g im J 2m )
Rotate Left

15° 2 L Lo
Rotate Right
Ol | s ) w )
Panorama Inspection

Stant P | Snapshot

R

| Telooperate History | Time |

Restore I

| 11Apr1300:25 58 Ground override disengaged

Terrain hazards
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Crew Session #1 — K10 performing surface survy (2013-06-17)
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Chris Cassidy uses the “Surface Telerobotics Workbench”
@ to remotely operate K10 from the ISS
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Crew Session #2 — K10 deploying simulated polymide antenna (2013-07-26)
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View of robot interface and K10 at ARC
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Surface Telerobotics

ubs 26, 2013
N 36 Flight Engineer
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Deployed simulated polymide antenna (three “arms”)
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Crew Session #3 — Karen Nyberg remotely operates K10 (2013-08-20)
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K10 documenting simulated polymide antenna
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Assessment Approach

Metrics

« Mission Success: % task sequences: completed normally, ended abnormally
or not attempted; % task sequences scheduled vs. unscheduled

* Robot Utilization: % time robot spent on different types of tasks; comparison
of actual to expected time on; did rover drive expected distance

* Task Success: % task sequences per session and per task sequence:
completed normally, ended abnormally or not attempted; % that ended
abnormally vs. unscheduled task sequences

» Contingencies: Mean Time To Intervene, Mean Time Between Interventions
* Robot Performance: expected vs. actual execution time on tasks

Data Collection

— « Data Communication: direction (up/down), message type, total volume, etc.

* Robot Telemetry: position, orientation, power, health, instrument state, etc.

» User Interfaces: mode changes, data input, access to reference data, etc.

__+ Robot Operations: start, end, duration of planning, monitoring, and analysis

« Crew Questionnaires: workload (Bedford Scale), situation awareness (SAGAT)

automatic

M. Bualat, D. Schreckenghost, et al. (2014) “Results from testing crew-controlled surface
telerobotics on the International Space Station”. Proc. of 12t [-SAIRAS (Montreal, Canada)
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Data Communications

1000 — | — — = 800 kpb
A~y . . pbs
: uplink
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Activities Performed by Phase

45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00 B —
5.00 - S B | — — —
0.00 I H . | ewelll |

Plan Prep Auto Task Plan Pause |Questionnaire Teleops  [Setup for Plans LOS

Activity
W S1Phl S1Ph2 MS2Ph2 S2 Ph3 M S3Ph2 S3 Ph3

Percent of Total Phase Time

23% - 34% of phase time spent in autonomous task execution
Questionnaires took 15% - 38% of total phase operations
Teleoperations time ranged from 6% - 24% of phase time
LOS ranged from 0% to 35% of phase time
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Human-Robot Teaming

Productivity

« Productive Time (PT) = astronaut and robot performing tasks
contributing to mission objectives

Overhead Time (OT) = astronaut and robot are waiting
%PT = percentage productive time

%QOT = percentage overhead time

Work Efficiency Index (WEI) = PT /OT

Productivity Total Phase Time PT oT %PT %0OT  WEI
Survey 0:50:01 0:34:58 | 0:15:03 | 69.90 | 30.10 § 2.32
Deploy 0:46:19 0:28:00 | 0:18:19 | 60.45 | 39.55 | 1.53

Highly productive

@Crew-controlled surface telerobotics from the ISS 22




Rover Utilization

Rover Utilization

Rover Waiting ™ Rover Working

100.00
90.00
80.00

70.00
60.00
50.00
40.00
30.00
20.00 +—
10.00 +—
0.00 . . ; ; . .

S1Ph1 S1 Ph2 S2 Ph2 S2 Ph3 S3 Ph2 S3 Ph3
Session-Phase

%Phase in Simulation

« Rover spent 65% to 80% of in-sim time working on tasks
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Crew Workload

Bedford Workload Scale (BWS)

* 10-point interval rating scale
* Focus on “spare capacity”

» Subjective rating during task
performance

Results

 All crew members reported
consistently low workload

« Session 1: BWS between
2 (low) and 3 (spare capacity
for all additional tasks)

« Session 2: BWS 2 (low)

» Session 3: BWS between 1
(insignificant) to 2 (low)

@Crew—contro//ed surface telerobotics from the ISS

Decision Tree

Was workload satisfactory
without reduction?

vy

Workload Description  Rating
Workload insignificant WL1
Workload low WL2
Enough spare capacity for all WL3

desirable additional tasks

Insufficient spare capacity for easy
attention to additional tasks

WL4

Was workload tolerable for
the task?

Reduced spare capacity: additional
tasks cannot be given the desired
amount of attention

WLS

vy oy

Little spare capacity: Level of effort
allows little attention to additional
tasks

WL6

Very little spare capacity, but
maintenance of effort in the
primary tasks not in question

WL7

Was 1t possible to complete
the task?

NO

Very high workload with almost
no spare capacity. Difficulty in
maintaining level of effort

WLS

vy

Extremely high workload. No
spare capacity. Serious doubts as
to maimntan level of effort

WL9

Y

f

Task abandoned. Pilot unable to
apply sufficient effort

WLI10
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Future Work: Spacecraft Constraints

Objectives
» Study integration impacts to spacecraft

» Assess viability of off-loading rover
processing to spacecraft for certain tasks

» Test crew real-time decision making

Approach

* Repeat prior mission sim with mods
= More crew training on robot operations
= Crew operates with little ground support
= Human-in-the-loop contingency handling

SQricor and

* Give crew low-level control of rover B — -

(telemetry)
 Off-board some rover functions (hazard = ——

detection, localization, etc) to spacecraft AR K (vl ok S :Ii'i?'(‘:';). L 3
magery,

" interface |

Instrumentation &
Evaluation Data

18)suel) o|x‘3 )so;-iséd

Metrics

« Crew: Work Efficiency Index, Situation
Awareness, Bedford Workload Scale

* Robot: Mean time between/to intervention (command sacmncd)
@  CPU load, RAM/disk, bandwidth

K10 rover at NASA Ames
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Future Work: Different Surface Tasks

Objectives

 Examine surface tasks that are more
unstructured, complex and unpredictable

» Assess system capability to support
increased SA and control mode changes

« Enhance operational knowledge of
crew-controlled surface telerobotics

Approach

* Run new mission sim with:
= Assembly/cabling of a functional instrument
= Planetary fieldwork

* Enhance user interface for science ops

Metrics

« Crew: Work Efficiency Index, Situation
Awareness, Bedford Workload Scale

* Robot: Mean time between/to intervention

e Task: Time on Task, Idle Time, Success
rate, % Incomplete
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Conclusion

Successfully completed 3 test sessions in Summer 2013
« 3 ISS astronauts remotely operated K10 rover (approx. 10.5 hr)

Astronauts used combination of supervisory control (task
sequencing) and manual control (discrete commanding)

500-750 msec comm latency and intermittent LOS periods
Crew consistently had low workload and high SA level
Robot utilization was consistently high (> 50% time in operation)

Telerobotics technologies

* Rover autonomy enhances operational efficiency and robot utilization
(particularly hazard detection and safeguarding)

* Interactive 3-D visualization of robot state and activity
supports low operator workload and good situation awareness

« Supervisory control with interactive monitoring is a highly
effective strategy for crew-centric surface telerobotics

@Crew-controlled surface telerobotics from the ISS
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