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ABSTRACT
The Synchronized Position Hold Engage Reorient Experimental Satellites (SPHERES) are an experimental
testbed for guidance, navigation and control algorithms
that has been operated, by astronauts, inside the crew
volume of the International Space Station (ISS) since
2006. In October 2012, the MIT Space Systems Laboratory and Aurora Flight Sciences launched a vision based
navigation upgrade to the SPHERES satellites, known as
the Goggles, as part of the Visual Estimation and Relative Tracking for Inspection of Generic Objects (VERTIGO) Program. The VERTIGO Goggles successfully
performed a number of vision-based navigation research
experiments onboard the ISS. This included camera calibration, visual-inertial circumnavigation and stereo visual simultaneous localization and mapping (SLAM) for
spinning and tumbling objects. To the best of the author’s
knowledge, these tests are the first time a SLAM algorithm has been run onboard a platform in space. This
paper summarizes a few of the key research highlights of
the VERTIGO program.

1.

INTRODUCTION

The ability for a spacecraft to navigate relative to noncooperative targets, such as disabled satellites or space
debris, is particularly useful because it allows the target
object to be either repaired or removed. In many cases
these target objects may be in a configuration that is unknown and unexpected. This means that a priori models
of appearance and geometry may not be valid. To further
compound the problem, the target object may be tumbling
or spinning at an unknown, and possibly variable, rate.
The Synchronized Position Hold Engage Reorient Experimental Satellites (SPHERES) are an experimental
testbed for guidance, navigation and control algorithms
that has been operated, by astronauts, inside the crew
volume of the International Space Station (ISS) since
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2006[4, 5]. In October 2012, the MIT Space Systems
Laboratory and Aurora Flight Sciences launched a vision based navigation upgrade to the SPHERES satellites,
known as the VERTIGO Goggles [7], shown in Figure
1. The ability to perform vision-based navigation experiments in a micro-gravity environment allows the evaluation of complex, three-dimensional motions of the tumbling target to be evaluated. For example, spinning about
an unstable, intermediate axis of inertia is very difficult
to replicate on earth, but simple within the micro-gravity
environment of the International Space Station. Between
March 2013 and January 2014, 6 test sessions were performed by Astronauts Tom Marshburn, Kevin Ford and
Rick Mastracchio.
The first objective of these test sessions was to evaluate
that the newly launched experimental hardware and supporting software systems functioned correctly. This included a verification of the calibration parameters and a
crew-interactive procedure to recalibrate the stereo cameras when necessary (see Figure 2). The first research
problem that was evaluated is a new algorithm for visualinertial inspections that is robust to spinning and tumbling motions of the target object [2]. Next a dataset was
gathered of a target object spinning about different axes
of inertia, which was used to develop a Simultaneous Localization and Mapping algorithm that can estimate linear
and angular velocities as well as the center of mass, principal axes of inertia and ratio of inertia [7, 6].

2.

RESULTS OF CHECKOUT ON THE INTERNATIONAL SPACE STATION

Four VERTIGO Goggles were built and tested at Aurora
Flight Sciences and MIT Space Systems Laboratory. The
best two were selected to go to space and given the designation Goggles A and Goggles B. On August 1, 2012,
both Goggles, and the associated hardware, were delivered to NASA and shipped to Houston, Texas. There,
they were repackaged and shipped by air and train to
Baikonur Cosmodrome, where they were packaged into
Soyuz TMA-06M and were launched along with Astro-

nauts Kevin Ford, Oleg Novitskiy and Evgeny Tarelkin
on October 23, 2012. On February 26, 2013, Astronaut
Thomas Marshburn performed the first checkout of Goggles B. Photos from this checkout are shown in Figure
1.

and launched. The second script recorded the “software
status” by checking a number of linux system configurations (i.e. running processes, hard disk mountings, network configurations, USB devices, etc.). Both of these
scripts ran successfully and recorded the required data.
The third script was the camera checkout and calibration.
Using the procedures Thomas Marshburn correctly concluded that a new calibration needed to be performed,
since the Goggles were slightly out of calibration. The
images in Figure 2 show the screens that lead to a failing
evaluation. After recalibration, the images in Figure 3
show the results. The differences in parameters are summarized in Table 1 (note that the rotation is a change in rotation between Delivery and ISS Recalibration specified
using axis angle parameters). Note that the main difference appears to be the translation parameters (mainly X
and Z axis) which moved less than half a millimeter. This
indicates that the camera lens had moved slightly during
shipping, but had not rotated, which is likely due to the
fact that the optics mount is manufactured with screws
and not press fits.

Figure 1. First Goggles B Checkout by Astronaut Thomas
Marshburn on February 26, 2013
The checkout on February 26, 2013 involved running a
set of scripts and tests that were developed as part of
a SPHERES Program File (SPF) and Goggles Program
File (GPF). In order to do this, the new SPHERES Flight
GUI with the VERTIGO plugin was installed. During
most of the operations, the first author, Brent Tweddle,
was enabled to speak directly with the crew member
Thomas Marshburn on the space-to-ground audio communications link.
The VERTIGO Goggles and SPHERES hardware functioned as it was supposed to. The hardware was able to
be installed correctly, booted when powered on, and the
Goggles Daemon was able to successfully communicate
with the Flight GUI. A few issues due to IP address configuration arose and were handled in real time. A new
SPF and GPF was loaded to the SPHERES satellite and
Goggles respectively.
The checkout began with the running of two ‘maintenance scripts’. The ability to run scripts that can execute any non-interactive linux command was specifically
designed into the software system to allow for operational and research flexibility. The first script set-up a
new directory structure to be compatible with a software
changes that were made after the hardware was shipped

Figure 2. Failed Camera Checkout Results for Test Session 37
The remainder of the checkout session involved running
tests that confirmed that the Goggles could communicate
with the SPHERES satellites. This is required for operational purposes as well as scientific purposes. These
tests proved that the Goggles could indeed provide information to the SPHERES satellites for use in their control algorithm. A VERTIGO “Quick Checkout” similar
to the typical SPHERES “Quick Checkout”, whose main
difference was that the cameras captured videos during
the test. Two tests were preformed to estimate the gyro

Table 1. Parameter Changes Between Delivery and ISS Recalibration on Test Session 37
Parameter
Left Focal Length
Left Optical Center
Right Focal Length
Right Optical Center
Translation
Rotation Change

Delivery
2.8979 mm
[280.8 282.3] pix
2.8778 mm
[302.3 230.8] pix
[-9.0443 -0.1159 -0.0358] cm
N/A

Recalibration
2.8007 mm
[280.7 281.0] pix
2.7923 mm
[301.3 233.5] pix
[-9.0321 -0.1121 -0.0074] cm
0.3791o about [0.3449 0.9372 0.0521]

The second issue was a file corruption during the data
download. NASA required the multiple giga-bytes of
files to be split into 50 MB files in order to be compatible
with the space to ground link. During the first test session, it was found that three of the files were corrupted
(this was confirmed by the MD5 checksum and the Linux
tar program). It was determined that the error occurred
between the ELC and the ground system, and the three
files were re-downloaded successfully a few days later.
The third issue was that the gains on the inertial navigation algorithm were incorrect. While the system worked
well in simulation, the dynamics onboard the ISS were
different enough to cause the algorithm to be underdamped. By lowering the gains, it was possible to get
stable performance.
Other minor operational and procedural questions and
issues arose during the operations that were easily corrected by talking directly with the astronaut. Notes were
taken to further improve the procedures and operations
for future sessions.

Figure 3. Recalibrated and Passed Camera Checkout Results for Test Session 37

biases and determine the new inertia properties with the
Goggles attached[1]. Lastly, a visual-inertial test proved
that vision from the Goggles could be integrated with inertial measurements from the SPHERES to perform a low
computational visual inspection algorithm [3]. Once the
test was complete, 13 GB of data was downloaded from
the Goggles to the ELC where it was transferred down to
the ground over the next few days.
Despite a fully successful test session, three minor issues
occurred that were diagnosed and fixed in the following
test sessions. The first and most significant issue is that it
was discovered that the Goggles were occasionally dropping frames during the image-saving process. This is due
to Linux’s non-real-time nature and the method of interactions with the virtual memory file system. This problem was fixed in later test sessions by adding a buffer for
the images that would not loose data if a there was a delay
in processing the write to disk operation.

A second test session was performed by Kevin Ford on
March 12, 2013, that mainly gathered science data. A
third test session occurred on April 16, 2013, where
Thomas Marshburn performed a checkout on Goggles A.
This session had similar results and required a recalibration for a minor failure of the camera checkout.

3. ISS TEST SESSION: NOVEMBER 10, 2013
Test session 51 (VERTIGO Science 2) was performed
on November 10th, 2013. The test session used two
SPHERES, an inspector and a target. The objectives
were to validate visual circumnavigation of a spinning
target SPHERE, and perform simultaneous localization
and mapping (SLAM) of that same SPHERE. Circumnavigation tests showed that circling a spinning target
solely using a visual blob tracking algorithm is possible
and works well. SLAM tests completed their objective
of creating a rudimentary map of the target SPHERE using 15 stereo images. The details of this algorithm can
be found in Tweddle’s Ph.D. thesis [7]. The SLAM processing was run onboard in space, which is to the authors
knowledge the first instance of SLAM in space, and a
major milestone for the VERTIGO program.

Figure 4 shows an example stereo image from the sequence of images used for map creation. The left image
is annotated with frame-to-frame matches (green circles),
where a green circle indicates a SURF feature matched
in another frame. For a feature matched from the current frame to the next frame, a red line is drawn from
its current position to its corresponding position in the
next frame. The right image is annotated with left-toright matches (green circles). The horizontal purple lines
connect the SURF features in the right frame with their
corresponding position in the left frame.
The map created in this test used 15 stereo images, which
turned out to be insufficient for full coverage of the object model and full observability of the inertial properties. However, the system was able to “close-the-loop”
on the spinning object and determine the correct size of
the SPHERES satellite. In Figure 5 the orange dimension
in the bottom right image is computed to be 0.216 meters (the actual diameter of a SPHERES satellite is 0.213
meters).

4.

CONCLUSIONS

This paper presented a summary of flight test results for
vision based navigation algorithms from the International
Space Station. The details of astronaut-interactive camera calibration were presented and showed the need for
this process as well as the effectiveness of the results. A
summary of initial results of the first visual SLAM attempt was presented, that showed successful loop closure
for a spinning target object, but did not have a sufficiently
long dataset to fully estimate the inertial parameters.
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Figure 4. Features Matched Between Stereo Images and Tracked over Multiple Timesteps

Figure 5. Three-Dimensional SURF Feature Map

