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Experience gained with International Space Station has demonstrated the need for both
planned and contingency external operations to maintain system functions. As the focus
shifts to operations beyond low Earth orbit such as the Deep Space Gateway and eventually
Mars transit vehicles, the need for external operations will not decrease, but the remoteness,
communications limitations, and implications of an EVA accident will change the approach
taken. One factor would be the proposed space exploration vehicle (SEV), currently envisioned
as a two-person vehicle capable of supporting EVA via suitports and designed for extended
duration sorties. However, the current SEV concepts are spacecraft of a scale comparable in
mass to Dragon or Starliner vehicles, and therefore unlikely to be affordable in a cost- and
mass-constrained exploration architecture. In addition to a simple mass-based cost estimate,
some of the more recognizable features of the current concepts, such as multiple large windows,
will further amplify the development and production costs of the system.
As an outgrowth of ongoing research into single-person space utility vehicles, the University
of Maryland has performed a number of studies of the potential roles of small vehicles to support
external operations in microgravity. In this paper, we consider how direct “eyes-on” vision
compares to various forms of video in the control of dexterous robotics. Tests to date have
demonstrated that direct vision is generally inferior to multiple high-resolution video views,
calling into question the need for large and/or multiple windows.
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I. Introduction
he concept of a single-person spacecraft for on-obit operations has been around since Wernher von Braun and his
“bottle suit” concept in the 1950’s.[1] In the intervening decades, the idea has resurfaced from time to time in concept
studies, but has never received a truly close examination; it has never been tested for efficacy in space operations tasks,
or been studied to determine the most effective form of the design.
In recent years, a new resurgence of interest in this category of spacecraft has emerged. In the process, two very
different versions of a single-person spacecraft have emerged. The first is the direct descendant of von Braun’s bottle suit,
with the user in a shirtsleeve environment interacting with the exterior worksite through dexterous manipulators (Figure
1).[2–4] The essential element for this work is to bring the human operator to the worksite to ensure maximum visual
feedback and minimum latency in the control loop. Implicitly, the robotic manipulators are assumed to be adequate for
all necessary tasks.
The other approach to this concept also has robotic manipulators, but incorporates elements of a spacesuit to allow
the operator to use their hands directly on workplace objects which are within reach, in conjunction with the robot
arms (Figure 2). The underlying concept in this case is that human arms and hands, even in a spacesuit, are still far
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more dexterous and generically capable than manipulators.[5–7] Direct vision in this case is primarily provided by a
spacesuit-style helmet giving the same visual environment as in a spacesuit for manual activities. Visual access for
robot monitoring and control may be accomplished via the same helmet, or by video cameras driving internal displays.

Fig. 1 Mockup of robotics-only single person spacecraft (D. Keim photo via Genesis Engineering Solutions)

Fig. 2 Concept of single person spacecraft with integrated spacesuit elements (University of Maryland)

In summary, then, the differences between these two concepts can be boiled down to three issues:
1) What is the difference in productivity and adaptability between a manipulator-only system and a single-person
spacecraft with spacesuit elements?
2) If the best solution for (1) is for manipulators only, does direct vision make enough of a difference to justify
having the operator onsite?
3) Is it possible to get a low-latency command/data link between a nearby control site that is comparable to that
achievable with a co-located operator?
The answer to (3) is a function of the communications architecture chosen, distance between a nearby spacecraft or
habitat housing the control station and the teleoperator onsite, and details of the worksite relating to radio-frequency
issues such as multipath interference. As such, it is more of an implementation issue than a hard decision criteria,
and will be deferred to the future. A separate investigation is underway at the University of Maryland trying to find
data applicable to issue (1).[7] This study directly addresses issue (2): what is the role of human vision in the control
of space teleoperators, and how does performance with direct vision compare to modern electronic vision systems
including stereo vision feeding a virtual reality/augmented reality display system?
One input to this study comes from the experience of the undersea research community in operating both crewed
submersibles and remotely operated vehicles (ROVs). The trend over the last two decades has been towards more
widespread use of ROVs instead of crewed submersibles, primarily because of superior visual capabilities from modern
high dynamic range cameras. Scientists have found that they get a much better image and situational awareness from
camera systems. While this is an interesting input for this research, the argument for the applicability of the value of
undersea exploration as an analogue to space operations breaks down somewhat when looking at the details of human
vision underwater.
In a crewed submersible, the humans are typically crowded into a small pressure hull, looking through thick acrylic
windows with small diameters. Differing media densities creates diffraction through the windows, distorting sizes and
distances. The field of view is highly restrictive, and imaging is dependent on the amount and orientation of lighting. In
this environment, a high resolution, high dynamic range camera with remote pan-tilt-zoom controls would be a clearly
superior imaging system. This is amplified by the difference between an operator viewing the scene in a cold, crowded
pressure hull under extreme pressure as compared to operating in a comfortable control station on board the support
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ship, probably with a number of colleagues observing and carrying on discussions in real time. Despite the reasons that
the analogy is suspect, there is still a meaningful question as to how human vision compares to video imaging systems
in the space environment; it is this issue we examine in this paper.

II. Volume Definitions
Prior work in the University of Maryland (UMd) Space Systems Laboratory (SSL) has focused on the required
design elements of a single-person spacecraft for in-space operations. While this has focused on the concept of a “Space
Utility Vehicle” (SUV) with spacesuit elements, the concepts of the spacecraft pressure hull itself is not strongly driven
by those elements.
The baseline design for a manipulator-only single person spacecraft is shown in Figure 3. This is designed to be the
smallest possible size for such a spacecraft, and is designed to accommodate the neutral body posture of the operator.
This allows the lower section of the pressure hull to be reduced in size to minimize system mass. A single docking
interface on the bottom of the vehicle provides shirt-sleeve access into the interior. A telling feature of this design is the
large hemispherical bubble over the head and torso of the crew, providing a wide field of view and excellent situational
awareness.[2]
In comparison, Figure 4 is a computer graphics image of an SUV design from a sizing study.[6] This design, while
larger, is driven by two requirements based on safety considerations: two independent docking fixtures (top and bottom)
to provide redundant means of shirtsleeve egress, and a large enough interior diameter (1.05m) to accommodate two
crew in the event of an emergency. This system adopts a concept of operations wherein two SUVs will participate
in EVA operations. In the event of a critical failure in one, the crew can transfer to the second for return to the host
spacecraft. This system would have a hard torso and helmet assembly molded into the pressure hull to host the spacesuit
arms and visor, but this is not considered part of the nominal operating volume for the vehicle.

Fig. 3 Inboard profile of Flexcraft single person spacecraft (manipulators only)[2]

Fig. 4 Sizing image of space utility vehicle pressure
hull[6]

Following the analysis above, a mock-up was designed and built out of common engineering extrusions. This design
provides an easy means to reconfigure the internal volume to meet mission specific restrictions. It also allows for an
easy transition to underwater operations for neutral buoyancy studies. The unobstructed volume can be seen in Figure 5,
and the completed system is shown in Figure 6. It has an internal width of 1.2m and front-back depth of 1.05m. The
width is larger than the depth to allow for easier ingress through the open space at the rear of the mock-up.
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Fig. 5
rig)

CAD model of the Single Person Spacecraft test
Fig. 6

Single Person Spacecraft test rig in laboratory

III. Laboratory Testing
Windows are a common cost and complexity multiplier on any human spacecraft. Windows offer a direct line of sight
which can be used as a failsafe in cases of electronics or camera failures, but typically can create stress concentrations
and points of failure. As electronics become more efficient and reliable, it is possible that the advantages of windows
begin to diminish. As a result, we wanted to see how current consumer level technology compares to “eyes-on” direct
vision for performing dexterous tasks.
The laboratory testing consisted of controlling the same robotic task with eyes-on, single-point camera, and stereo
vision camera operations vision approaches. The goal was to collect enough data on task performance to evaluate
the operator efficiency and, if possible, derive a learning curve. For this test, a mockup was built, and two three
degree-of-freedom hand controllers were installed for robot operations. These joysticks are identical to those used in
spacecraft flight control stations, and were oriented in the same way with the translational joystick on the left mounted
to the coronal plane and the rotational mounted on the right in the transverse plane. The dexterous manipulator used
for this experiment was NBV, a dexterous 6DOF manipulator at the Space Systems Laboratory’s Advanced Robotics
Development Laboratory. The cameras used for this experiment were a high definition color web-camera for single-point
camera views, and a ZED color Stereo Camera that was used with an Oculus CV1 for stereo-vision testing. Both
cameras were placed at the same height as the test subject’s eyes and at an equal distance from the manipulator. Due to
the display limitations of the Oculus CV1, all camera outputs were limited to 1080p for consistency. This presents an
obvious bias upfront towards the added resolution of the eyes-on case.
The first test series consisted of a Fitt’s tapping test focusing on three degrees-of-freedom, all translational. The
second test was servicing an orbital replacement unit(ORU), which was a six degree-of-freedom task requiring the
alignment and removal of several bolts; this task required both translational and rotational alignment. This second test
was meant to focus more on the learning curve required for a highly dexterous task, as well pushing the capabilities of a
fixed camera as compared to a fixed window.
Evaluation was done based on qualitative and quantitative feedback. Each subject was briefed on Cooper-Harper(C-H)
and NASA Task Load Index(TLX) evaluations, and provided feedback in both forms after each test. Times to complete
each task were also collected and used to evaluate performance. An additional survey was done to obtain any experiences
that may bias the results. All test subjects had experience with gamepads or console game controllers, but none admitted
any significant prior experience with translational and rotational hand controllers. As a qualification requirement for the
test each subject must have 20/20 vision or 20/20 corrected vision.
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A. Three Degree-of-Freedom Fitts’ Tapping Test
The 3DOF Fitts’ test provides a baseline reference for multiple test subjects with varying backgrounds. Due to the
relatively recent commercial popularity, none of the test subjects were familiar with virtual reality systems. With few
exceptions, subjects weren’t familiar with the robotic manipulator either, so there was no preexisting knowledge that
should greatly bias the tests. Each subject was briefed before each test setup, and given five minutes to get accustomed
to how the translational and rotational controls moved the manipulator. Fig. 7 shows a participant in the eyes-on
configuration, which is approximately 2m from the Fitts’ board. Fig. 8 shows the participant in the single point camera
configuration, which is identical to the stereo-vision setup except the user will be using the Oculus CV1 instead of a
monitor.

Fig. 7

Eyes-on Setup

Fig. 8

Single Camera Setup

For Fitts’ Law testing, the index of difficulty was used to characterize the separate tasks. As seen in Equation 1, the
distance (D) to the target from the intial point of the robotic end effector and width (W) of the target are the only factors
in determining ID. With that in mind, the Fitts’ board was constructed to provide a large span of index of difficulties,
and can be seen in Fig. 9. Each test session consisted of 3 trials for each letter set. Each trial was a left to right button
pressing of the respective letter. When the button was engaged, an LED would illuminate alerting the subject. Each
button press triggered a controller that logged the time. To avoid bias in the data, half of the subjects did single point
cameras with a monitor before stereo-vision with the Oculus CV1, and the other half did the opposite. To characterize a
learning curve/trend, each subject started by running through each trial with eyes-on; after they completed the camera
views, they performed another series of eyes-on trials.
I D = log2 (2D/W)

(1)

Of the thirteen participants that went through the initial testing, the only common complaint was due to the
decoupling of the head motion to their view when using the Oculus stereo display. Since the stereo camera was rigidly
fixed to the vehicle, it did not move when the test subject moved, so if a test subject moved their head around excessively
they would begin to show signs of motion sickness. Despite this effect, the task load index (TLX) results showed that
stereo-vision was more widely accepted and approved of over a single-point camera. However, no subjects showed via
TLX results that stereo vision was on par with eyes-on testing. The average results across all thirteen subjects can be
seen in Fig. 11. Although a learning curve/trend is hard to accurately extrapolate from small data pools, on average
subjects preferred their second eyes-on trials, giving it the best score in the TLX. That being said, the Fitts’ Tapping Test
times didn’t always correspond with TLX ratings. The appendix shows plots of index of difficulty compared to averaged
task times.
Almost every subject shows the expected improvement from the initial eyes-on to the final eyes-on case performed
after testing the two camera views. Six of the thirteen subjects had stereo-vision times that were comparable or better
than their initial eyes-on trials (Fig. 14, 17, 21, 22, 23, 26. A seventh subject can be added to that list if the outlier at the
higher ID level is removed (Fig. 19). All of this supports the idea that current consumer off the shelf stereo-vision
systems are capable of providing eyes-on level of vision without any prerequisite experience, in the case of the 3DOF
task environment.
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Task
A-A
B-B
C-C
D-D
E-E
F-F
Fig. 9

Fig. 10
9)

Fitts’ Law Tapping Test Board

Fig. 11

ID
3
2
1.6
4.9
3.8
4

Index of Difficulty for Fitts’ Law Board (Fig.

13 Person Average TLX

Two additional comparisons can be made, at least in terms of trends, from this preliminary data. Comparing
single-camera times to stereo vision, in 10 of the 13 cases the stereo display is superior to the single-camera view across
all indexes of difficulty. The other three cases produced cross-overs; in two cases stereo vision was better at high ID
values, and in the other the single-camera view showed higher performance at high IDs.
The second is to compare the second eyes-on test (which is the superior performance case for all subject) to the
closest camera-based performance. In three cases, performance was essentially identical between the second eyes-on
trials and the stereo vision at all ID levels. In eight other cases the times for stereo are either a constant offset from the
second eyes-on case, or diverging at higher IDs. In only two cases are the stereo times converging as IDs increase, and
in both of those the effect is small.
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B. Six Degree-of-Freedom Orbital Replacement Unit Task
The 3DOF Fitts’ Law test was a good baseline to work from, with easily quantified performance metrics, but lacked
the complexity or difficulty of a true space operations task. An actual spacecraft servicing task would provide realistic
fidelity, but would be difficult to train for and challenging to obtain meaningful quantitative measures of performance.
An intermediate solution would be to expand the Fitts’ Law tests by increasing the degrees of constraint on the task.
The classic tapping test required accuracy in two degrees of freedom to hit the target: horizontally and vertically. Any
particular pose in roll, pitch, or yaw is irrelevant to the success of the task. The same sort of task can be performed with
increased constraint degrees of freedom; for example, a peg-in-hole task requires four degrees of freedom (horizontal
and vertical positions, pitch and yaw rotations). A task requiring correct roll orientation in addition would take the
original Fitts’ tapping protocol from two degrees of freedom to five. The third/sixth degree of freedom is motion into
and away from the task board; this is implicit in the overall degrees of freedom of the task.) One example of this would
be placing a socket on a hex-head bolt. Many EVA tasks involve removing and reinstalling bolts. By choosing a realistic
servicing task that is primarily rotating bolt heads, we can get both a technically repeatable generic task as elements of a
realistic repair scenario.
As a result, our second test rig was designed to simulate the removal of a Hubble Space Telescope Electronic
Controller Unit (ECU) orbital replacement unit(ORU). This task also has a much smaller test subject pool due to the
complexity and time requirements. Just as with the 3DOF testing, each participant is briefed before the test on the
general task and capabilities of the robotic manipulator. A five minute period is allotted for the subject to familiarize
themselves with the robot and its controls. Each participant is asked to perform the ORU removal task for an hour per
session and perform five or more sessions over a 30 day span.

Fig. 12

ORU orientation for four keyhole-bolt release

Fig. 13

ORU orientation for lead screw actuation

The actual ORU has two steps for disassembly. Four keyhole bolts secure the unit to its fixture plate as seen in Fig.
12 with two on each side. The operator has to engage the socket-head end effector on each bolt and turn it a specified
number of turns to unlock the place. The hex bolts are captive, and are not removed all the way.
The second step only has one bolt, which is captured in the fixture plate. It is used to drive the connectors apart
without any unnecessary torques; it can be seen at the top of Fig. 12 and in Fig. 13. In the actual Hubble installation,
the lead screw is actuated with a right-angle adapter on the robotic end effector. A second manipulator is required to
secure the ORU upon removal. Since this is being performed in the laboratory, the test sequence will be reduced to
loosening the four keyhole bolts by a specified number of turns, then tightening them again. This is analogous to the
Fitts’ test in that there will be eight repetitions of a sequence of task primitives, consisting on translating to the next bolt
head, aligning and placing the bolt driver over the head, turning it a set number of rotations, and removing the socket
from the bolt head. At this point the sequence repeats to the next bolt head in a specified order. Video data will be
collected from each side of the ORU to allow the analysis of times required for each task primitive, as well as overall
completion times for loosening and tightening all four bolts. As before, test subjects will complete Cooper-Harper and
NASA TLX assessments for each data run.
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IV. Conclusions
Results to date indicate that commercial off-the-shelf vision and display systems are comparable to direct eyes-on
vision, at least for the simple robot control tasks performed to date. While test subjects still clearly prefer direct vision,
stereo cameras and head-mounted stereo displays are approaching similar capabilities for telerobotics.In terms of the
manipulator-only single-person spacecraft concepts, it appears that there may be some valid questions about the degree
of superiority of direct human vision. This will become a larger issue as technology advances and stereo resolution in
both cameras and displays increase.
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Appendix
Scatter plots with trend lines for the collected 3DOF Fitts’ Tapping test for all thirteen participants. The
times in the Y-axis are the averaged results for that trial.

Fig. 14

Subject 167

Fig. 15

Subject 210

Fig. 16

Subject 409

Fig. 17

Subject 456
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Fig. 18

Subject 469

Fig. 19

Subject 544

Fig. 20

Subject 699

Fig. 21

Subject 739

Fig. 22

Subject 742

Fig. 23

Subject 752
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Fig. 24

Subject 821

Fig. 26

Subject 972

Fig. 25

11

Subject 933

