
This shows the sensor head of 
the unit flown on sounding 
rockets. The sensor head 
contains an F/0.95 lens and a 
board-level CCD camera. It is 
connected to the ST5000 
controller using cables as 
long as 5 meters, allowing the 
controller to be conveniently  
placed somewhere else in the 
payload.
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The NASA-funded Progressive Image Transmission (PIT) System 
(Percival & White, ADASS II, p. 321; NAG5-2694; Patent 
#5,991,816) offers a number of features that make it especially 
appropriate for supporting low-bandwidth digital imaging from 
spacecraft. First, it uses a state-of-the-art wavelet transform (White & 
Percival, SPIE v. 2199, p. 703) to achieve very high compression. 
Second, it implements this as a fast, exactly-reversible in-place integer 

transform that can be easily ported to older, slower 
memory-challenged flight processors. Finally, it formats and transmits 
the compressed data bytes in a way that allows progressive  
visualization: the image appears very quickly, immediately showing 
full-frame detail at all spatial scales and intensities, and as more bytes 
are received, the image keeps improving, asymptotically converging 
to losslessness (if time allows).

This figure demonstrates the fidelity of a PIT progressive visualization (in this case, using a digitized 
photograph of the Coma cluster of galaxies). The left image is the original, and the center image 
shows the received image after only 10% of the image bytes have been transmitted. Note that the 10% 
version (in the middle) shows all the major features in the original, including both bright and faint 
luminosity, and both diffuse and point-like structures. At right is the difference between these two 
images. The lack of any discernible structure shows the degree to which PIT preserves the essence of 
the original in the presence of lossy compression.

In-Flight Performance

These two images compare normal sequential transmission with 
Progressive Image Transmission. The left image shows a line-by-line 
transmission over a 2400 baud link after 60 seconds. Note the tiny bit 
of received image at the bottom. The right image shows the same 
amount of data, over the same 2400 baud link, also after 60 seconds. 
Progressive Image Transmission has delivered information at all spatial 
and intensity scales, allowing a rapid assessment of the image content.

The ST5000 has flown on 9 sounding rocket flights, during the 
last 3 of which it was actively controlling the rocket. Shown here 
are flight data from the 12-Aug-2007 sounding rocket flight 
(36.220) of a far-ultraviolet spectrograph investigating the 
scattering and extinction properties of dust and gas.
The first figure shows the tracking errors over the whole 
360-second science portion of the flight. The X-axis is plotted in 
10-Hz frames. The widely spaced vertical dots at frame 6500 
represent the slew from the blind, gyro-based initial pointing to 
the experimenter’s target, a slew controlled by the ST5000’s 
inertial attitude determination. The step-like changes reflect 
real-time offset requests uplinked by the experimentor to move the 
target around in the experiment’s focal plane.

The University of Wisconsin-Madison Dept. of Astronomy’s Space 
Astronomy Laboratory has built and flown an imaging device that 
provides autonomous (”Lost in Space”) inertial attitude 
determination, 10 Hz star tracking, and digital imaging with 
embedded compression (Percival & Nordsieck, ADASS X, v. 238, p. 
463, Percival et al., Proc. SPIE Vol. 4013, p. 394-400.) The attitude 
determination subsystem uses a 30-square-degree field of view and 
an embedded star catalog to determine the Right Ascension and 
Declination of its line of sight to about 1 arcsecond.  The star 
tracking subsystem generates inertial attitude quaternions at 10 Hz. 
The digital imaging subsystem uses a scheme of "progressive image 
transmission" in which the image is sent out over a 
very-low-bandwidth channel, such as a spacecraft telemetry 
downlink, in such a way that it can be reconstructed "on the fly" and 
updated as more data arrive. Large (> 1 Mb) useful images can be 
obtained over a 4-kbit downlink in as little as 10 seconds.

The ST5000 can determine its attitude with respect to an 
absolute coordinate system (say, FK5 Equatorial) by 
analyzing the star patterns in a single frame.  It can do so 
without any a-priori knowledge of attitude or image 
orientation.  The determination is insensitive to stray 
objects in the field such as glints, hot pixels, airplanes, 
satellites, or asteroids.  It does not depend on star 
brightnesses, colors, or any knowledge of the sensor's 
spectral sensitivity.

The algorithm comprises two major steps.  First, the 
stars in the field must be identified.  We use the "star 
triangles" technique of Valdes et al. (PASP 107, 1119).  
We form all possible triangles in a given frame (see 
Figure), and plot each one as a single point in a 
triangle-shape space.  We compare this frame's shape 
space to an all-sky shape space catalog embedded inside 
the unit.  This allows us to associate stars in the frame 
with specific entries in an all-sky catalog.

Second, given the association between frame and catalog 
stars, the attitude must be derived.  We use the 
"q-method" of Wertz ("Spacecraft Attitude 
Determination and Control", Kluwer) to determine the 

attitude in the form of a quaternion.  This method is 
suitable for a CCD image, which produces many 
simultaneous vector measurements.

The principal challenges in doing this attitude 
determination in an embedded system are making it fast 
and implementing it with modest computing resources.  
Space-qualified processors typically lag the consumer 
marker in both speed and available memory, both of 
which are important in this application.  The all-sky 
triangle catalog, for example, contains 43.7 million 
triangles with sides no longer than 6 degrees and 
member stars no fainter than 8th magnitude.  We prune 
this catalog by keeping a much smaller number of 
"good" triangles, and we emphasize a fast catalog search 
during the star identification phase.

This figure shows a ST5000 image of the night sky taken 
from a rooftop in Madison, Wisconsin. The 44 detected 
stars generated 8072 acceptable triangles (not too skinny, 
not too small) that we compared to an all-sky reference 
catalog.  The algorithm identifies stars by the way in 
which they participate in many triangles of different 
shapes.

This chart 
shows the 
i m a g e 
q u a l i t y 
(measured 

as the mean squared error) as a function of the percentage of 
the image that has been received. The dotted line shows the 
performance of the DCT, while the cluster of lines to the left 
represent a family of related wavelet transforms.

In progressive transmission, the image can be truncated at 
any point (say, due to fixed-length downlink windows or the 
unexpected arrival of a new imaging event), and the 
currently received bytes always allow the wavelet transform 
to be reversed and the image reconstructed.
As an example, consider an interactive target acquisition 
during a sounding rocket flight. For a typical CCD size of 
768x474 pixels sampled to 8 bits telemetered over a 19,200 
baud downlink, the uncompressed digital image would take 

an unacceptable 152 seconds. With PIT, a usable version of 
the image could be transmitted in 3-4 seconds, and would be 
suitable for an interactive acquisition. The image would 
continue to improve with time, without any pre-chosen 
compression cutoff, allowing the user to select the target as 
soon as the required fidelity has been achieved.
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This figure shows a closeup of 
the 10 Hz tracking errors just 
after an offset request, and a 
1-second boxcar average of the 
errors, representing the vehical 
attitude jitter. The ST5000 
RMS error is 0.54 arcseconds 
for Yaw and Pitch, and 17 
arcseconds for Roll. The 
estimated vehicle RMS jitter is 
0.5 arcseconds in yaw and 
Pitch, and 10 arcseconds for 
Roll.
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