CONSISTENT ALONG TRACK SHARPNESS IN A PUSH-BROOM IMAGING SYSTEM
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ABSTRACT

The along track spatial resolution in push broom imag-
ing systems depends on platform parameters and imaging set-
tings. This paper present a method for achieving a consistent
spatial resolution for varying exposure times. We consider
the geometry of a simplified push broom imaging system to
derive relationships between spatial resolution, platform pa-
rameters (altitude, speed, focal length, slit width) and record-
ing settings (exposure time, frame rate). The method is tested
and verified using data from the HYPerspectral Smallsat for
Ocean observation-1 (HYPSO-1). The spatial resolution is
consistent over the exposure time range of 4.41ms to 49.3ms
for low off-nadir angles when choosing frame rates according
to the method.

Index Terms— Push-broom imaging, mission planning,
spatial resolution, along track field of view.

1. INTRODUCTION

A common intuition is that a decrease in Ground Sample
Distance (GSD) leads to an increase in resolution. In other
words, imaging a scene with more sample points per area
improves spatial resolution. However, during the operation
of and data processing from the HYPerspectral Smallsat for
Ocean observation-1 (HYPSO-1) satellite, [1, 2], it was no-
ticed in two cases that there is a limit to how dense a push
broom imaging system can sample to improve the spatial res-
olution. In the first case, images with varying exposure times
at the same frame rate had varying image sharpness. In the
second case, a slew maneuver implemented to decrease GSD
does not increase spatial resolution.

The main scientific contribution of this paper is 1) to il-
lustrate how the along track field of view of a push broom
imaging system and varying exposure time (which can be set
independent from frame rate) influence along track spatial
resolution, and 2) how a method for choosing the parame-
ters to achieve a desired spatial resolution performs using the
HYPSO-1 satellite.
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Section 2 reviews related work and defines terms. Sec-
tion 3 shows an analysis of a simplified model of the along
track sampling geometry of push-broom imaging systems
to establish relationships between the base parameters listed
in Table 1 and spatial resolution. Section 3 also presents a
method of determining acquisition parameters to achieve a
consistent image sharpness across varying exposure times
and a simple method to estimate image sharpness. Section 4
presents the results of the analysis of data from HYPSO-1
with regards to spatial resolution. Section 5 provides con-
cluding remarks.

2. BACKGROUND

Previous work related to planning operations with a push
broom type imaging system discusses in detail the choice of
parameters to achieve a desired GSD as a proxy for spatial
resolution [3, 4, 5]. GSD is not a direct and complete indica-
tor for spatial resolution [6, 7], especially when considering
the along track field of view of a push-broom imaging system.

Spatial resolution is understood as the minimum distance
between spatial features in the scene such that they can be dis-
tinguished in an image. This is also called the Ground Reso-
Iution Distance (GRD) [6]. The spatial resolution of an image
can be determined by computing the Full Width Half Maxi-
mum (FWHM) of the Edge Spread Function (ESF), which is
a relative spatial resolution metric in image space that quanti-
fies image sharpness. The method used in Section 4 to de-
termine the FWHM of the ESF of HYPSO-1 data follows
a simplified manual procedure as shown in [8]. The GRD
can be estimated by multiplying the FWHM of the ESF with
the GSD [6]. The term image sharpness is used to refer to
FWHM of the ESF and blurriness is the understood as the
reciprocal of sharpness.

Launched in January 2022, the HYPSO-1 satellite is reg-
ularly delivering data from various targets around the earth
with its push broom hyperspectral camera [1, 2]. HYPSO-1 is
an experimental satellite with high configurability of record-
ing settings and off-nadir pointing control.

3. METHOD

To understand along track image sharpness in a push broom
imaging system, we model the nadir looking along track ge-



ometry (See Figure 1) using the physical parameters in Ta-
ble 1. We call Ty = % the frame period. The exposure time
e may be set to any value in the range (T}, Ty), indepen-
dently from frame rate, where T,,;,, is the minimum possible
exposure time value, which may be much less than T or zero.
A pinhole camera model is assumed and f and w determine
the instantaneous along track field of view a. All parame-
ters are assumed constant during an image acquisition, and
the scene is assumed to be flat.

Table 1: List of parameters considered in this paper to model
a Nadir looking push broom imaging system.

Parameter Name Symbol | Note
Platform speed v
Platform height h
Focal length f
Slit width w
Frame rate & Frame period fr Ty =1/f,
Exposure time e e € [Toin, Ty]
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Fig. 1: Along track push-broom scanning geometry. The solid
triangles represent the instantaneous along track field of view
of the camera at the start and at the end of the exposure of a
frame. The dashed triangles represent the same for the fol-
lowing frame.

With nadir pointing, the GSD is the distance the platform
moves in a frame I = v/f, = vTy. Due to non zero along

track field of view, the ground footprint of a single frame or
exposure l,,, is the distance moved during the exposure I,
plus the swath width along track

zm:1g+15:ve+h% (1)
The ground footprint may also be viewed as the area from
which light is collected to form a single pixel column or row
in an image acquisition. The distance that subsequent frames
are overlapping, or the gap size between subsequent frames,
is
wov
lo=lym —1lf=ve+h— — — 2)
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Finally, the overlap factor, the ratio between the overlap dis-
tance and the frame ground footprint is

0= lli =1- Tfhw :
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Depending on how less the exposure time e is compared to the
frame period T, the along track geometry of an acquisition
may fall into one of three cases: 1) gaps between frames, 2)
no gap and no overlap, or 3) overlap between frames. The
three cases corresponding to the three sub-figures in Figure 1.

If along track field of view is neglected, then case 3 is
impossible, and case 2 is only achieved if e = Ts. However,
if along track field of view is not neglected and the frame rate
fr 18 chosen so high such that the GSD is less than the ground
length of the along track field of view, Iy < I, then it is
impossible to choose the exposure time low enough, to avoid
overlap between frames.

Let the time between when a frame has stopped being ex-
posed to when the next frame starts to be exposed be called
the dark time, Ty = Ty — e. Similarly, Let the distance the
platform is moving from between frames when the sensor is
not exposing be called dark distance, l; = vT,. If e is set to

Ty — ’;—’;’ in Equation 3, then the overlap fraction is always 0.

Thus Z—}” is is the dark time such that there is neither overlap

nor gap Ty nogap = 1u = Z—}“ T, is also the time in which
the platform moves a distance equal to the swath width /.

For HYPSO-1 with nadir pointing, having ca. h =
520km, v = 7.615km/s, f = 50mm and w = 50um, [2, 9],
we find that T; is around 0.068 s. Thus, after the end of
a frame exposure, the sensor must wait for around 68 mil-
liseconds until the start of the exposure of the next frame
to achieve no overlap. The dark time is, counter-intuitively,
independent from the frame rate and exposure time setting. If
the frame rate is larger than ca. 1/Ty = 1/0.068 s = 14.7 Hz,
then, no matter the exposure time setting, successive frames
will always overlap.

Overlap o means that there are locations in the scanned
scene of which the reflected light is detected by multiple
frames, causing along track blurriness. If the overlap factor
is larger than 0.5, then there is a point in the scene that is
covered by three frames. If the overlap factor is more than
0.66, then there is a point in the scene covered by four frames.
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In general, the maximum count of frames which a point in

the scene is covered by, can be expressed as Lio—‘ .
Equation 3 can be used to determine parameters for con-
sistent overlap, leading to consistent along track sharpness.
E.g. by choosing the value O for o, we get no gap and no
overlap. Given o = 0, formulas can be derived to determine
frame rate from a desired exposure time or exposure time for

a given frame rate. These are

1 — 1
e:——j“7 = —
3 d fr 6+Td

“

In case of HYPSO-1 for example, if a low exposure of e.g.
10ms is required for a high reflectance target, the correspond-
ing frame rate for no gap and no overlap is 12.82Hz. Simi-
larly, an exposure time of 40ms results in frame rate 9.26Hz.

(a) Selected edge of an image acquisition. The edge response along
the red dashed line is shown in the next subfigure.
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(b) Image edge response and the fitted ideal edge response.
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(c) Plot of the normalized edge response and the FWHM of the LSF.

Fig. 2: Figures illustrating the method to quantify sharpness
of HYPSO-1 images.

To verify the method, the sharpness of acquired data must
be quantified and compared to the predicted overlap based on
the acquisition and platform parameters. The FWHM of the
ESF is estimated using a simplified manual procedure com-
pared to [8] as follows, see also Figure 2.

One of the sharpest edge of an image, found by visual
inspection, is used for FWHM estimation. This is justified by
noting that any variation of edge sharpness across an image is
likely due to changes in the scene and not due to the optical
system, as the optical system does not change across the short
time of an acquisition. Following edge selection, the edge
response is fit to a smooth ideal edge response function
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The fitted edge response function is then normalized into
the range [0, 1] and numerically differentiated to obtain the
Line Spread Function (LSF). The FWHM of the LSF derived
from the ESF is determined, and represents an estimate of
the sharpness of the image. Only the sharpest band out of the
120 bands of the data from HYPSO-1 is considered for the
FWHM estimation.

4. RESULTS

The HYPSO-1 satellite is not capable of recording hyperspec-
tral data continuously. Data collection is grouped into small
acquisitions with constant exposure time and frame rate. The
results presented here are based on the analysis of 34 image
acquisitions with different e and f,. with respect to predicted
overlap and resulting FWHM of the ESF, see Figure 3. Out of
the 34 acquisitions, nine had recording parameters chosen ac-
cording to Equation 4 to achieve close to 0 overlap, see Figure
4 for their FWHM of the ESF.
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Fig. 3: Estimated FWHM of the ESF versus predicted overlap
factor for 34 images from HYPSO-1. Each X represents one
image. The three data points colored in blue are acquisitions
at particularly large off-nadir angles, hence the large FWHM.
The numbers in the figure indicate the off-nadir angle.

Figure 3 shows that there is a tendency for images to be
less sharp with increasing positive overlap. Figure 3 further
shows that image may be less sharp than predicted by over-
lap alone as indicated by the overlap and FWHM of the blue
data points. These are image image acquisitions performed
with large off-nadir angles, the off-nadir angle are indicated.
Figure 4 plots the estimated FWHM of nine images, with f,.
and e chosen for zero overlap, versus their off-nadir angle.
This figure indicates consistent sharpness as desired. It also
shows again a tendency for images to be more blurry with in-
creasing off-nadir angle. Table 2 shows along track spatial



Table 2: The GRD illustrates diminishing returns when cap-
turing data beyond a GSD of around 600m. The last capture
illustrates the influence of large off-nadir angle on GRD.

GSD [m] | overlap FWHM | GRD [m] | Off-Nadir
2362 -2.390 0.856 2021.5 23.59°
1180 -0.695 1.261 1488.3 39.52°
710 -0.071 1.114 791.0 0.42°
645 0.076 1.532 987.8 22.73°
443 0.292 1.836 813.3 13.30°
322 0.513 2.410 776.2 17.41°
710 -0.071 2.499 1773.9 57.52°
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Fig. 4: Estimated FWHM of the ESF versus off-nadir angle
for the nine acquisitions with capture parameters chosen for
an overlap factor of zero. The numbers show the correspond-
ing exposure times in [ms].

resolution figures of interest of an example set of six images
sorted by decreasing GSD. While decreasing GSD does also
decrease GRD, there are diminishing returns beyond a GSD
of ca. 600m, a value close to the along track swath width of
HYPSO-1 of 520m when nadir pointing. The seventh row in
Table 2 shows how large off-nadir angle has a large effect on
along track spatial resolution.

5. CONCLUSIONS

A relationship between overlap factor and FWHM of the ESF
has been shown, verifying the simple geometric model and
that along track field of view is an important aspect of a push
broom imaging system to take into account. The overlap fac-
tor can be used to predict the sharpness of images from push
broom imaging systems. The results clearly showed that the
presented simple geometric model was not sufficient to ex-
plain all along track spatial resolution aspects, because it did
not model off-nadir angles. Atmospheric scattering also may
have contributed to varying sharpness of the images. How-
ever, the simple geometric model can provide a lower bound
of image sharpness. Consistent sharpness over a exposure
time range of 4.41 ms to 49.3 ms was achieved for low off-
nadir angles. The manual method of estimating the FWHM
of the ESF was not very reliable, so analyzing more data may
increase accuracy.

Preliminary results were presented, giving a likely indica-
tion. Exhaustive analysis is subject to a possible future pub-
lication. A future publication might also consider how off

nadir angle and slew maneuvers influence overlap and thus
spatial resolution. Despite reduction of GSD beyond the point
of zero gap did not increase along track spatial resolution, a
large overlap could be exploited by super-resolution or decon-
volution algorithms. These methods are already successfully
used in snapshot images [10], and could also be successful in
improving the spatial resolution of push broom images.
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