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ABSTRACT

Hyperspectral images are useful for remote sensing appli-
cations due to the fine spectral resolution relative to regular
RGB- and multi-spectral images. The images can be used to
study what is observed, rather than just that a given feature
is observed. The high spectral resolution comes with a chal-
lenge for both small and big satellites: the data volume per
observation. For a small earth observation satellite, the time
and energy to downlink data is one of the main driving factors
behind data latency and imaging capacity.

Effective use of satellite time calls for a smart imaging
pipeline, both when it comes to planning, execution, and pro-
cessing of data from observations. The imaging and process-
ing pipeline needs to utilize both on-board and on-ground pro-
cessing tools and steps. In this paper, a set of the first ob-
servations from the HYPSO-1 satellite is analyzed to evaluate
how quickly and effectively the compression ratio can be used
to identify observations that should be prioritized for down-
linking, and which data sets seem to be of less value due to
over/under exposure or cloud coverage.

Index Terms— HYPSO-1, CubeSat, CCSDS-123, Oper-
ations

1. INTRODUCTION

Hyperspectral cameras are an invaluable tool for resource
and environmental monitoring since they can reveal the phys-
ical properties of the observed targets in addition to their
spatial features. The hyperspectral data is used to study the
land cover composition at a level of spectral detail. Example
systems and instruments are HICO, HyperScout, PRISMA,
EnMAP, PACE. Small satellites, such as CubeSats, are unique
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platforms for carrying such cameras for countries and insti-
tutions that wish to monitor their surroundings but do not
have the capital to invest in larger satellites. The well-
established new-space industry can offer mission-tailored
and cost-effective satellite platforms. Equipped with suitable
imaging payloads, the satellites can be pointed to locations of
interest. In addition, mission-specific satellites can provide
more frequent target passes and more agile mission planning,
such as choosing/prioritizing targets depending on weather
conditions, end user demands or guiding from other sensor
systems.

CubeSats, which are small satellites with a standardized
form factor [1], have revolutionized the access to space for
new actors as universities, research organizations, startups,
and even private groups are building and launching their own
satellites. Many CubeSat mission groups use an agile ap-
proach to adapt operations during a mission. Planning for
a software architecture that enables over-the-air updates al-
lows for adding new functionality to the mission throughout
its lifetime [2], so it is possible to adjust the payload behav-
ior during the mission. More flexible operations allow oper-
ators to “order” observations on-the-fly with a low lead-time
(down to less than an hour), depending on the time of day and
the weather conditions. Several hyperspectral CubeSats have
been launched to date, like HYPerspectral Smallsat for Ocean
observation (HYPSO)-1 [3], Aalto-1 and Hyperscout [4, 5].

Because of the detailed spectral information hyperspectral
images contain, they are large and lead to significant demands
on the downlink capacity of many small satellites, even when
compressed. Therefore, there are choices about how images
should be prioritized in the downlink queue and which images
could be discarded. Selection and prioritization of images to
downlink are important when there are many areas-of-interest
to monitor compared to the storage available on the satellite.

In this proceeding, we investigate whether the compres-
sion ratio of the hyperspectral images can be used as a metric
for assessing the gquality of an image. We discuss the first
in-flight experiences of the small HYPSO-1 satellite, particu-



larly how its operations can be made more autonomous during
its operational phase. We compare datasets collected by the
HYPSO-1 CubeSat’s hyperspectral imager over the course of
the two first months in orbit (early February to early April
2022), the payload commissioning phase.

2. BACKGROUND

2.1. Hyperspectral image quality

The ocean surface is dark compared to nearby land and
clouds. Thus, when the camera settings are tuned to capture
ocean color with a high signal-to-noise ratio, many pixels
that contain clouds become saturated unless the pixels have a
very high dynamic range. When one band of a pixel becomes
saturated, the spectral information in that pixel becomes un-
usable.

Saturated pixels constitute the main limit on image quality
assessed in this proceeding. Similarly, if the satellite points
away from the earth, many pixels will collect no photons, a
similar detriment to image quality. During the study, addi-
tional assessments of image quality, such as virtual dimen-
sionality, were also tested [6]. However, at the level of op-
erations, the virtual dimensionality did not provide additional
insight into whether an or not an image should be downlinked.

2.2. Image Compression

Consultative Committee for Space Data System 123 (CCSDS123)

is a lossless compression algorithm for multi- and hyperspec-
tral imagery [7] that relies on a simple, predictive encoding.
On HYPSO-1, the hyperspectral processing pipeline includes
both software and FPGA implementations [8] of the CCSDS-
123 Issue 1 algorithm. The FPGA IP core supports the
Band-Interleaving-by-Pixel (BIP) ordering and the major-
ity of user-defined compression parameters defined by the
standard. In HSI remote sensing, it is common for no loss of
information in the experiments to be accepted, so that lossless
compression is preferable. The CCSDS-123 Issue 1 standard
[9, 7], targeting multispectral and hyperspectral images, is
characterized by low complexity and a high compression
ratio that reduces demand for down-link time and thus also
saves onboard energy. In this way, the satellite can perform
more observations.

Saturated pixels affect the compression ratio when they
are in close spatial or spectral proximity. In that case, the
predictive compression algorithm does not need to include
as much information because the pixels are identical. While
a similar low compression ration could be expected by rela-
tively uniform scenes shot noise does not appear in saturated
pixels and thus a lower compression ratio is expected for them
even relative to the open ocean.
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Fig. 1. HYPSO-1 operational concept.

2.3. HYPSO-1 mission

The HYPSO-1 satellite is the first scientific CubeSat de-
veloped at a Norwegian university [3]. The satellite bus
is procured commercially from the Lithuanian company
NanoAvionics, the payload consisting of an push-broom
imager and the on-board-processing system is designed and
made by Norwegian University of Science and Technology
(NTNU) researchers and students [10]. HYPSO-1 records
956 lines in one observation for the normal imaging mode.
Exposure and frame rate can be adjusted. Early tests were
performed with fewer lines.

The operational concept is shown in figure Fig. 1. Imag-
ing parameters such as start time, pointing, exposure, and du-
ration are uploaded prior to a pass over an area of interest.
Following the observation, the image is downloaded to the
mission control center.
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Fig. 2. The sizes of the data captured by the HYPSO-1 satel-
lite during the first two months of imaging.

2.4. Operational constraints

CubeSats are powerful assets despite their small size, but with
small size there are several constraints which impact its oper-
ations. The two most important constraints are available en-



ergy and downlink capacity, especially for Earth Observation
(EO)-missions which generate a lot of data.

Academic projects often encounter other resource con-
straints as well, including limited funding and human re-
sources. Because operational tasks are often distributed
amongst team members, a high degree of automation is
needed, as well as confidence in the automated processes,
to ensure the best utilization of a satellite. Thus, aca-
demic projects in particular stand to benefit from automated
dataflows and pre-processing of observations.

2.4.1. Downlink capacity

For HYPSO-1, the nominal imaging mode produces an hyper-
spectral imager (HSI)-cube of 153 MB. Even with a high-rate
S-band downlink of more than 1 Mbps datarate, downlinking
a full cube will take more than 20 minutes. The radio link is
shared with satellite operations such as telemetry downlink-
ing and command uploading. The NTNU ground station sees
the satellite for an average of ten passes a day, with a total
theoretical duration of 100 minutes. Of this, approximately
60 minutes could be available for downlinking hyperspectral
data if the operation is streamlined and error-free. This cor-
responds to ~450 MB of data per day, which in turn corre-
sponds to three uncompressed HSI cubes. When a target lo-
cation is near the ground station, about 10 minutes of possible
downlink time is lost to imaging.

In HYPSO-1, lossless CCSDS123 compression reduces
the size of the data to be downlinked to 80 MB or less, de-
pending on the contents of the image cube. Still, it will re-
quire two or even three ground station passes to complete the
downlink of one cube. Operationally, it is therefore impor-
tant to ensure that the data downlinked is valid and valuable.
Compared to downlinking uncompressed cubes, the ideal op-
eration of the ground station can then allow for downlinking
between four to six compressed HSI cubes.

2.4.2. Planning and scheduling

HYPSO-1 is commanded to make observations over selected
target areas. An imaging schedule must be uploaded to the
satellite before the time that the satellite will pass a target. In
practice, the delay between the upload and the imaging can be
as little as a few minutes (if a ground station is near the target
area) but can also be set up several days in advance.

During the first period of operation of HYPSO-1, the
weather forecasts were not used deciding the imaging sched-
ule for most targets because the scheduling involved a great
deal of manual work prior to the development of better plan-
ning tools. Later, daily imaging over a selected target was set
up, also ignoring the potential cloud coverage. In addition,
imaging was set up over targets-of-opportunity every day to
collect a variety of datasets, also ignoring any cloud coverage.
Due to this, several of the captured scenes contained a high
number of saturated pixels.

As operational procedures become more refined, two
things are expected to change. First, when the manual work
of selecting a target and defining the image schedule is less
demanding, we expect to reduce the minimum delay between
making an image request and the imaging itself. Once that
delay is reduced, assessments of the weather forecast, cloud
coverage, in particular, will become an essential parameter
for imaging planning. With image planning immediately
prior to the imaging, the confidence in weather predictions is
higher, so there will be a lower risk of cloud coverage ruining
the image quality compared to the first weeks of operations
when weather forecasts was given less attention.

Second, for agile and “short-timed” operations combined
with the desire to make as many observations per day, it will
be increasingly important to quickly assess if a data-set is
worth downlinking or not. One possible parameter to assess
is the compression ratio of the HSI-cube may give a strong in-
dication of whether an observation should be downlinked or
not.

2.4.3. Energy budget considerations

All satellites have limited energy storage onboard and a fi-
nite capacity of energy harvesting. The most energy-intensive
operations for HYPSO-1 are connected to data management.
While the imaging operation itself is a short duration opera-
tion, preparing the data for downlink and downlinking it are
more energy demanding tasks. Ultimately, satellites such as
HYPSO-1 are energy limited by the mentioned factors, thus
driving the possible imaging duration and the number of ob-
servations per day. It is possible to extend the downlink time
by adding more ground stations to the system. However, at
some point, the energy budget would become negative. Oper-
ating HYPSO-1 with one ground station pass per orbit keeps
the power budget positive with a margin.

3. ANALYSIS AND RESULTS

In this section, we compare a set of the 59 first captures per-
formed by HYPSO-1 during the first weeks of operation. The
images are captured over different areas of the world, at dif-
ferent local times, and some with different exposure settings.

3.1. Method

For all datasets, which may contain a varying number of ex-
posed frames we calculated the compression ratio, r, whic is
defined as the compressed file size divided by the original size
of the image.

A low-res RGB composite was generated, and a visual
assessment of those RGB images was carried out to classify
them into usable or not usable images, based on the amount
of saturated/white pixels in the scene. The visual assessment



was then linked to the calculated compression ratio to investi-
gate if there is a threshold to determine the quality of a hyper-
spectral image. In addition, the portion of saturated pixels in
each scene was calculated, and compared with the compres-
sion ration.

3.2. Results

Figure 3 shows an example of a scene with primarily saturated
pixels, with a low r, whereas Figure 4 shows a scene over the
ocean with only a few clouds and with more visible ocean.

Fig. 3. Low resolution RGB-render of scene with mostly
white pixels, » = 0.289. A border has been added to the
image for clarity. Capture date 2022-02-06.

Fig. 4. Low resolution RGB-render of scene of ocean with
scattered clouds. r = 0.498. Capture date 2022-03-30.

The compression ratio and saturated pixels for all images
are compared and plotted in Figure 5.

There are other possible causes for low compression ratios
in addition to cloud coverage. Sometimes images can also
be negatively affected by pointing errors. Figure 6 shows an
image where the pointing did not align with the target area.
This also reduces the value of an observation.

4. DISCUSSION

We observe that compression rations lower than 0.35 are not
worthwhile for in-depth analysis from the assessed dataset.
Ratios up to 0.42 may contain a lot of clouds, but small por-
tions of the image may show the ocean. Ratios over 0.45
contain more diverse information. Therefore, moving for-
ward, we are planning to automatically discard data-sets with
a compression ratio of less than 0.35. Note, however, that
above 0.4 the compression ratio does not seem to correlate
strongly with image quality.

Beyond satellites, these results could assist in other situa-
tions where there is limited connectivity between the imaging
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Fig. 5. The proportion of pixels which are saturated, as a
function of compression ratio. The two images with few sat-
urated pixels and a low compression ratio either had a very
low signal or pointed in the wrong direction, imaging space
rather than the earth. The dashed line indicates the proposed
downlink limit.

Fig. 6. Low resolution RGB-render of a capture meant to be
off the coast of Norway, but suffered from a pointing error.
r = 0.303. Capture date 2022-04-25.

platform and the operator. For example, hyperspectral imag-
ing from high-altitude drones and underwater vehicles. The
advantages of looking at a compression ratio rather than di-
rectly counting saturated pixels include the re-use of code and
limiting different tasks to be completed on board. The results
presented here pertain to the CCSDS-123 algorithm because
it had been developed for processing on-board HYPSO-1.
However, it could also be worth studying different compres-
sion algorithms as well, perhaps including lossy compression.

There are two ways of incorporating this information into
in the processing pipeline. Either the metadata about a cap-
ture can be downlinked for analysis on ground, or the satellite
can make its own decision utilizing the on-board processing
capabilities. If an operator analyzes metadata before decid-
ing whether to downlink the data, the latency will increase.
There will be one pass for downlinking the metadata, then
time for analyzing it, before uploading the decision (delete or
keep) on the following pass. The extra pass adds at least 1.5
hours of latency (time between two passes). Then, the satellite
must prepare the data for downlinking before the data may be
downlinked on the next pass, at least three hours prior to the
observation. On the other hand, if the satellite itself decides



to keep the observation, it can be prepared for downlinking
immediately and downlinked on the next possible pass.

As shown in this paper, the compression ratio is a parame-
ter that gives insight into the quality of the capture, but it does
not address why the quality is of that level. Most likely, a low
compression rate is caused by a cloud cover, but as Figure 6
shows, it can also be caused by pointing errors. Thus, relying
entirely on a measure that only measures the quality and not
why the quality is as it is might hide underlying issues.

A more extensive alternative will be to let the satellite
downlink an RGB composite of the hyperspectral observa-
tion if the first assessment is discard. Then an operator can
decide to downlink the observation depending on a visual as-
sessment, as shown for Figures 3 and 4. To ensure that the
operator will still be informed about possible underlying is-
sues, the RGB composite could always be downloaded, while
the full hyperspectral observation is discarded. This would
use the compression rate parameters strength, which is to de-
termine the quality of the capture, while handling its weak-
ness by letting a human determine why the capture was of bad
quality.

5. CONCLUSIONS

In this paper we show that using the simple metric of the
compression ratio of a hyperspectral image as an indicator
of whether an image should be downlinked or not can save
time and energy for the satellite. As much as 20 minutes of
downlink time and about 3.6 Wh energy could be saved per
occasion. Letting the satellite decide whether or not to down-
link an observation could also reduce latency, typically 2 to 3
hours for the good images.
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