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Abstract
The Solar Polar-orbit Observatory (SPO), proposed by Chinese scientists, is de-
signed to observe the solar polar regions in an unprecedented way with a space-
craft traveling in a large solar inclination angle and a small ellipticity. However,
one of the most significant challenges lies in ultra-long-distance data transmis-
sion, particularly for the Magnetic and Helioseismic Imager (MHI), which is the
most important payload and generates the largest volume of data in SPO. In
this paper, we propose a tailored lossless data compression method based on
the measurement mode and characteristics of MHI data. The background out
of the solar disk is removed to decrease the pixel number of an image under
compression. Multiple predictive coding methods are combined to eliminate
the redundancy utilizing the correlation (space, spectrum, and polarization) in
data set, improving the compression ratio. Experimental results demonstrate
that our method achieves an average compression ratio of 3.67. The compres-
sion time is also less than the general observation period. The method exhibits
strong feasibility and can be easily adapted to MHI.

Key words: methods: data analysis –techniques: image processing –Sun: mag-
netic fields –Sun: photosphere

1. Introduction
The solar polar regions are vital in controlling solar activity and driving space
weather, but remain as the least-known mysterious territory on the Sun. So
far, some polar exploration activities have been carried out, such as Ulysses
[?] and Solar Orbiter [?], but there have been no frontal imaging observations
on the solar polar regions [?]. The Solar Polar-orbit Observatory (SPO)
proposed by Chinese scientists will directly image the solar polar regions in an
unprecedented way with a spacecraft traveling in a large solar inclination angle
($�80°)𝑎𝑛𝑑𝑎𝑠𝑚𝑎𝑙𝑙𝑒𝑙𝑙𝑖𝑝𝑡𝑖𝑐𝑖𝑡𝑦.𝐵𝑦𝑜𝑏𝑡𝑎𝑖𝑛𝑖𝑛𝑔𝑡ℎ𝑒𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐𝑓𝑖𝑒𝑙𝑑𝑎𝑛𝑑𝑓𝑙𝑜𝑤𝑓𝑖𝑒𝑙𝑑𝑤𝑖𝑡ℎℎ𝑖𝑔ℎ𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛, 𝑎𝑛𝑑𝑐𝑜𝑚𝑏𝑖𝑛𝑖𝑛𝑔𝑚𝑢𝑙𝑡𝑖−
𝑏𝑎𝑛𝑑𝑟𝑒𝑚𝑜𝑡𝑒−𝑠𝑒𝑛𝑠𝑖𝑛𝑔𝑎𝑛𝑑𝑖𝑛𝑠𝑖𝑡𝑢𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠, 𝑆𝑃𝑂𝑤𝑖𝑙𝑙𝑚𝑎𝑘𝑒𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ𝑜𝑛𝑡ℎ𝑒𝑓𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔𝑡𝑜𝑝−
𝑙𝑒𝑣𝑒𝑙𝑠𝑐𝑖𝑒𝑛𝑡𝑖𝑓𝑖𝑐𝑜𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒𝑠 ∶ 𝑡𝑜𝑢𝑛𝑣𝑒𝑖𝑙𝑡ℎ𝑒𝑜𝑟𝑖𝑔𝑖𝑛𝑜𝑓𝑡ℎ𝑒𝑠𝑜𝑙𝑎𝑟𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑐𝑦𝑐𝑙𝑒𝑡ℎ𝑎𝑡𝑠ℎ𝑎𝑝𝑒𝑠𝑡ℎ𝑒𝑙𝑖𝑣𝑖𝑛𝑔𝑒𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑜𝑓ℎ𝑢𝑚𝑎𝑛𝑏𝑒𝑖𝑛𝑔𝑠, 𝑡ℎ𝑒𝑜𝑟𝑖𝑔𝑖𝑛𝑜𝑓𝑡ℎ𝑒ℎ𝑖𝑔ℎ−
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𝑠𝑝𝑒𝑒𝑑𝑠𝑜𝑙𝑎𝑟𝑤𝑖𝑛𝑑𝑡ℎ𝑎𝑡𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑠𝑡ℎ𝑒𝑆𝑢𝑛𝑎𝑛𝑑𝑐𝑒𝑙𝑒𝑠𝑡𝑖𝑎𝑙𝑏𝑜𝑑𝑖𝑒𝑠𝑖𝑛𝑡ℎ𝑒𝑠𝑜𝑙𝑎𝑟𝑠𝑦𝑠𝑡𝑒𝑚, 𝑎𝑛𝑑𝑡𝑜𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑑𝑎𝑡𝑎−
𝑑𝑟𝑖𝑣𝑒𝑛𝑔𝑙𝑜𝑏𝑎𝑙ℎ𝑒𝑙𝑖𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙𝑚𝑜𝑑𝑒𝑙𝑠𝑤ℎ𝑖𝑐ℎ𝑠𝑒𝑟𝑣𝑒𝑠𝑎𝑠𝑡ℎ𝑒𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑓𝑜𝑟𝑠𝑝𝑎𝑐𝑒𝑤𝑒𝑎𝑡ℎ𝑒𝑟𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛[?].𝑆𝑃𝑂𝑤𝑖𝑙𝑙𝑏𝑒𝑒𝑞𝑢𝑖𝑝𝑝𝑒𝑑𝑤𝑖𝑡ℎ𝑛𝑖𝑛𝑒𝑝𝑎𝑦𝑙𝑜𝑎𝑑𝑠, 𝑜𝑓𝑤ℎ𝑖𝑐ℎ𝑡ℎ𝑒𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐𝑎𝑛𝑑𝐻𝑒𝑙𝑖𝑜𝑠𝑒𝑖𝑠𝑚𝑖𝑐𝐼𝑚𝑎𝑔𝑒𝑟(𝑀𝐻𝐼)𝑖𝑠𝑡ℎ𝑒𝑚𝑜𝑠𝑡𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙𝑝𝑎𝑦𝑙𝑜𝑎𝑑.𝑀𝐻𝐼𝑤𝑖𝑙𝑙𝑝𝑟𝑜𝑣𝑖𝑑𝑒ℎ𝑖𝑔ℎ−
𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑎𝑛𝑑ℎ𝑖𝑔ℎ−𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠𝑜𝑓𝑡ℎ𝑒𝑝ℎ𝑜𝑡𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑣𝑒𝑐𝑡𝑜𝑟𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐𝑓𝑖𝑒𝑙𝑑𝑎𝑛𝑑𝐷𝑜𝑝𝑝𝑙𝑒𝑟𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦𝑤𝑖𝑡ℎ𝑐𝑎𝑑𝑒𝑛𝑐𝑒𝑜𝑓15𝑎𝑛𝑑1𝑚𝑖𝑛𝑢𝑡𝑒𝑠, 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦.𝐻𝑜𝑤𝑒𝑣𝑒𝑟, 𝑑𝑢𝑒𝑡𝑜𝑡ℎ𝑒𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑟𝑜𝑟𝑏𝑖𝑡𝑜𝑓𝑆𝑃𝑂, 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠𝑐𝑖𝑒𝑛𝑡𝑖𝑓𝑖𝑐𝑑𝑎𝑡𝑎𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛𝑎𝑛𝑑𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠𝑐ℎ𝑒𝑚𝑒𝑠𝑎𝑟𝑒ℎ𝑖𝑔ℎ𝑙𝑦𝑐𝑜𝑛𝑐𝑒𝑟𝑛𝑒𝑑.𝑇 ℎ𝑒𝑓𝑖𝑟𝑠𝑡𝑝𝑒𝑟𝑖𝑜𝑑𝑜𝑓𝑛𝑜𝑟𝑡ℎ𝑝𝑜𝑙𝑎𝑟𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑓𝑜𝑟𝑆𝑃𝑂(�$55°)
will generate about 40 Tb (about 23.1 Tb from MHI) of scientific data, while
the available data transmission capacity may be about 12 Tb. Limited by
bandwidth, the data have to be compressed to less than 3.5 [?].

Therefore, exploring high-performance data compression methods is of great
importance for MHI. For general purpose, compression algorithms such as Huff-
man coding, run-length encoding, and LZW encoding are widely applied and can
achieve high compression ratios. However, other factors including the absence
of patent issues, low complexity, and simple hardware implementation also need
to be considered for space payloads. Consequently, compression algorithms for
space payloads typically adopt some international space compression standards
as a blueprint to be further refined and improved upon.

There are two distinct stages for the high-performance data compression in
solar space exploration. In the early stage, limited by the technology, lossy
compression with higher compression ratio was chosen after weighing limited
bandwidth, massive data transmission, and tolerable data distortion. For exam-
ple, Transition Region and Coronal Explorer (TRACE), Solar and Heliospheric
Observatory (SOHO), Solar Dynamics Observatory (SDO), and Hinode used
high-quality lossy JPEG compression to reduce data transmission bandwidth
dependence [?]. In recent years, the lossless compression has been taken into
consideration due to the rapid development of transmission technology and the
relentless pursuit of high-resolution solar observations. Currently, most pay-
loads refer to the Lossless JPEG image compression standard coding or the
data compression standard recommended by the Consultative Committee for
Space Data Systems (CCSDS) data compression working group.

The Lossless JPEG includes two typical subtypes: JPEG2000 [?] and JPEG-LS
[?], the Full-disk MagnetoGraph (FMG) onboard the Advanced Space-based
Solar Observatory (ASO-S) applies the JPEG2000 in the data compression [?].
The CCSDS recommended standard adopts a two-dimensional discrete wavelet
transform and slight plane coding for images [?], and uses Golomb-Rice encoding
[?] for arbitrary data streams [?]. Liu (2018) compared the general compression
algorithm and the Golomb-Rice algorithm to compress the full-disk solar pho-
tosphere image, and their maximum compression ratios were 2.053 and 2.084,
respectively.

However, the above methods do not consider eliminating the inherent redun-
dancy in prior knowledge, which is potential to significantly enhance data loss-
less compression efficiency. In this article, we address this issue by removing
background information unrelated to the solar disk from the raw data, as well as
invariant features among consecutive frames and other forms of redundant prior
knowledge. Since the background information is irrelevant to our research objec-
tives and given that other forms of prior knowledge redundancy are reversible
and can be reconstructed during decompression, we anticipate that this sub-
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stantial reduction of redundancy will result in a marked improvement in lossless
data compression performance, particularly suitable for MHI applications.

Section 2 elaborates on the measurement mode of the solar magnetic field and
Doppler velocity field for MHI, and proposes a compression strategy based on
the measurement mode; Section 3 details the compression method; in order to
verify the superiority of the method, Section 4 compares the compression ratios
of different compression methods, evaluates the compression time of our method
through experiments, and discusses the factors affecting the effectiveness and
the feasibility of spatialization; finally, Section 5 gives a summary.

2.1. The Measurement Mode of the Solar Magnetic Field
and Doppler Velocity Field for MHI
Presently the solar magnetic field is mainly measured based on the Zeeman
effect. MHI will carry out measurements at several wavelength positions around
the Zeeman-sensitive line and its nearby continuum using photospheric spectral
narrowband filters, and analyze the Stokes polarization parameters (I, Q, U,
and V) of the incident light at each spectral position using the polarization
modulator. With these observations, we can derive the vector magnetic field.
Therefore, the magnetic field measurement by a solar telescope is essentially a
polarization measurement, that is, the measurement of Stokes parameters I, Q,
U and V.

The polarization measurement of MHI uses a differential mode. Taking the
Q parameter as an example, the detected intensities P(I + Q) and P(I - Q)
are obtained through polarization modulation, the difference between P(I + Q)
and P(I - Q) is used to obtain the Q parameter, and the sum of them is I. In
order to improve the signal-to-noise ratio, short exposure, alternating sampling,
and integration for P(I + Q) and P(I - Q) are applied [?]. After measuring
the imaging intensity at multiple wavelength positions near the center of the
working spectral line, the offset from the line center is calculated by fitting the
spectral contour at multiple wavelength points. The solar line-of-sight Doppler
velocity can be obtained according to the proportional relationship between
Doppler velocity and the drift of the line center [?].

The compression of original data for MHI is essentially compressing solar po-
larization data sets P(u, v, 𝜆c + Δ𝜆, I ± S). u and v denote the indices for
the width and height of the image, 𝜆c, Δ𝜆n-1, and I ± S represent the center
wavelength, the offset and polarization modes, respectively (Figure 1 [Figure 1:
see original paper]).

2.2. Analysis of Compression Strategies from Prior Knowl-
edge
From our particular observation data, we extract five points of characteristics,
which can be utilized to significantly improve the data compression efficiency.
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1. For full-disk solar images, the effective information is concentrated within
the solar disk, and appropriate templates can be used to extract the in-
formation, thereby reducing overall data volume (Figure 2 Figure 2: see
original paper).

2. Given the large-scale hemispherical shape of full-disk intensity, a specific
predictive coding can be devised to eliminate spatial redundancy and to
lower the pixel intensity values of single-frame data (Figure 2(b)).

3. The weak intensity difference between P(I + S) and P(I - S) can be retained
to achieve a superior compression effect (Figure 2(c)).

4. For the same wavelength of QUV data, the sum of P(I + S) and P(I - S)
is approximately invariant: P(I + Q) + P(I - Q) � P(I + U) + P(I - U) �
P(I + V) + P(I - V).

5. In Doppler velocity field observation, there exhibit large-scale intensity
variations across different wavelengths (Figure 2(d)).

Referred to compression theory, the above five characteristics can be summarized
as background removal, elimination of spatial redundancy in a single frame, and
elimination of both polarized and spectral redundancy in continuous frames.

3. Design of Lossless Compression Method
Figure 3 [Figure 3: see original paper] shows the whole process of compression
and decompression. First, we design an extractor that can effectively remove
most of the external background from the solar image, and then perform dimen-
sionality reduction on the extracted solar information to facilitate subsequent
processing. Next, a secondary pre-pixel (SP) predictive coding is proposed to
facilitate efficient predictive coding for spatial redundancy of the relationship
between consecutive frames. Individual coding combines with inter-frame dif-
ferential predictive coding to minimize the intensity of each pixel. Finally, after
designing a specific mapping function, a finite length Golomb-Rice encoding
is chosen to achieve lossless data compression [?]. Among them, all steps ex-
cept extraction are reversible; during decompression, corresponding invertible
operations are performed to restore the data. For the step involving filling,
values outside the solar disk can be assigned to zero, thereby realizing lossless
compression of the solar disk information.

3.1. Extraction and Dimensionality Reduction of Solar Disk Informa-
tion

As we know, the position of the solar disk in the image is fixed, and the largest
inscribed circle in the full-disk solar image can be used as a binary template to
extract information of the Sun and its outer edge, which can significantly reduce
the data volume. Let the radius of the largest inscribed circle in image be RCut,
then the extracted disk size SCut is RCut, the side length of the original square
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image is 2RCut, and the size of the square image SImage is (2RCut)2. The
compression ratio RatioCut is calculated as follows:

RatioCut = 𝑆Image
𝑆Cut

= (2𝑅Cut)2

𝜋𝑅2
Cut

= 4
𝜋 ≈ 1.27324

The compression rate RateCut is 0.78540. It means the overall data size will be
greatly decreased by 22.46%, while not affecting the spatiotemporal continuity
of the compressed data.

The remained information comprises two parts: information within the solar
disk, and background on the outer edge of the solar disk in the form of a narrow
ring (marked in blue in Figure 4 [Figure 4: see original paper]). The information
on the ring ensures the effectiveness of the proposed method even if the solar
disk center deviates from the image center.

Before subsequent predictive coding, the dimensionality reduction process is
given as follows: first, choose the horizontal as the reference direction. Then,
the circle is dimensionally reduced row by row along the reference direction. It
can be expressed as Algorithm 1.

Algorithm 1. Dimensionality Reduction (D-R) or Dimensionality In-
crease (D-I)

Require: Input P(u, v), T(u, v) // for D-I, P(x) is required instead
Ensure: Output P(u, v) // for D-I, T(u, v) is required instead
1: Initialize x = 0
2: for u = 1 to W do
3: for v = 1 to H do
4: if T(u, v) = 1 then
5: x = x + 1
6: P(x) � P(u, v) // for D-I, P(u, v) � P(x)
7: end if
8: end for
9: end for
10: return P(x) // for D-R
11: return P(u, v) // for D-I

We defined the � and � as the dimensionality reduction and increase operations:

𝑃 ′(𝑥) ⟵ 𝑃(𝑢, 𝑣), 𝑇 (𝑢, 𝑣) ⟶ 𝑃(𝑢, 𝑣)

where P’(x) indicates the data after dimensionality reduction, x denotes its
indices, T(u, v) is the template defined by:

𝑇 (𝑢, 𝑣) = {1 if ⌊√(𝑢 − 𝑢0)2 + (𝑣 − 𝑣0)2⌋ ≤ 𝑅Cut
0 otherwise
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where �A� represents the calculation of the downward rounding for float A.

3.2. Predictive Coding Design

We design a predictive encoding algorithm for dimensionality reduced data based
on the measurement mode and data characteristics of MHI, as shown in Figure 1:
For the first frame P’(𝜆c + Δ𝜆0, I + Q), we utilize the SP predictive coding. For
all frames of P’(𝜆c + Δ𝜆, I - S), we employ the inter-frame difference predictive
coding between P’(𝜆c + Δ𝜆, I + S) and P’(𝜆c + Δ𝜆, I - S) (R-IFD). For P’
(𝜆c + Δ𝜆, I + U) and P’(𝜆c + Δ𝜆, I + V) at the same wavelength position,
we select the inter-frame differential predictive coding at the same wavelength
(SUVL-IFD). For P’(𝜆c + Δ𝜆, I + Q) except the first frame P’(𝜆c + Δ𝜆0, I +
Q), we apply the inter-frame differential predictive coding in spectral scanning
(SQL-IFD).

3.2.1. The SP Predictive Coding The solar data contains large-scale
spatial redundancy introduced by the limb darkening effect, instrument non-
uniformity, etc. on the solar disk, and small-scale spatial redundancy introduced
by fine structures such as granules, dark lanes, detector’s local noise, cosmic
ray noise, etc. Because of the high time cost of removing small-scale spatial re-
dundancy, we only consider large-scale spatial redundancy. The classic forward
pixel predictive coding can remove the spatial redundancy in the reference di-
rection (horizontal) after dimensional reduction of the original image, but there
is still spatial redundancy that can be removed in the other direction. In order
to remove this redundancy, the forward pixel predictive residual is filled back to
the corresponding position of the binary template as a primary predictive resid-
ual matrix, which is subsequently transposed. Then, the transposed matrix is
reduced in dimensionality again, keeping the reference direction unchanged. Af-
ter the second dimensionality reduction, the forward pixel predictive coding is
performed again, and the final predictive residual is the SP predictive residual.

The entire process is referred to as the SP predictive coding, and its calculation
process is as follows:

Step 1. 𝑃 ′(𝑢, 𝑣) ⟵ 𝑃(𝑢, 𝑣)
Step 2. 𝑃𝑃 (𝑢, 𝑣) ⟵ ForwardPredictiveCoding[𝑃 ′(𝑢, 𝑣)]
Step 3. 𝑃𝑃 𝑃(𝑢, 𝑣) ⟵ FillBack[𝑃𝑃(𝑢, 𝑣), 𝑇 (𝑢, 𝑣)]
Step 4. 𝑃𝑇 (𝑢, 𝑣) ⟵ Transpose[𝑃𝑃𝑃(𝑢, 𝑣)]
Step 5. 𝑃 ″(𝑥) ⟵ 𝑃𝑇 (𝑢, 𝑣)
In the process, 𝑃𝑃(𝑢, 𝑣) serves as the primary pre-pixel predictive residual,
𝑃 ″(𝑥) denotes the secondary pre-pixel predictive residual, 𝑃𝑃𝑃(𝑢, 𝑣) stands for
the filled data, and 𝑃𝑇 (𝑢, 𝑣) serves as the transposed data.

The SP predictive coding can be used both in the predictive coding for the
first frame data and in the preprocessing step for subsequent operations. For
convenience, the operation of SP is represented by 𝒮𝒫, and the result after
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the operation is represented by 𝑃 ″(𝑥). A dimensionality reduction image after
predicted by SP becomes:

𝑃 ″(𝑥) = 𝒮𝒫[𝑃 ′(𝑥)]

Due to 𝑃 ′(𝜆𝑐 +Δ𝜆0, 𝐼 +𝑄) being the first frame with no reference, its predictive
coding can only be performed based on its own. Therefore, 𝑃 ″(𝜆𝑐 +Δ𝜆0, 𝐼 +𝑄)
can be expressed as:

𝑃 ″(𝜆𝑐 + Δ𝜆0, 𝐼 + 𝑄) = 𝒮𝒫[𝑃 ′(𝜆𝑐 + Δ𝜆0, 𝐼 + 𝑄)] = 𝑅(𝜆𝑐 + Δ𝜆0, 𝐼 + 𝑄)

where 𝑅(𝜆𝑐 + Δ𝜆0, 𝐼 + 𝑄) is the residual after SP predictive coding.

3.2.2. Inter Frame Differential Predictive Coding All polarization pa-
rameters in most areas of the solar disk are weak. It can remove the spatiotem-
poral redundancy of 𝑃 ′(𝐼 − 𝑆) by using the inter-frame difference predictive
coding between 𝑃 ′(𝐼 + 𝑆) and 𝑃 ′(𝐼 − 𝑆) (R-IFD):

𝑅(𝐼 − 𝑆) = 𝒮𝒫[𝑃 ′(𝐼 − 𝑆)] − 𝒮𝒫[𝑃 ′(𝐼 + 𝑆)]

where 𝑅(𝐼 − 𝑆) is the residual after R-IFD predictive coding.

In addition, the sum of 𝑃(𝐼 + 𝑆) and 𝑃(𝐼 − 𝑆) at the same wavelength is
approximately equal. By applying the SP predictive coding and Equation (8),
the spatiotemporal redundancy of 𝑃 ′(𝐼 + 𝑈) and 𝑃 ′(𝐼 + 𝑉 ) can be eliminated.
This is the inter-frame differential predictive coding at the same wavelength
(SUVL-IFD):

𝑅(𝐼 + 𝑈) = 𝒮𝒫[𝑃 ′(𝐼 + 𝑈)] − 𝒮𝒫[𝑃 ′(𝐼 + 𝑄)]

𝑅(𝐼 + 𝑉 ) = 𝒮𝒫[𝑃 ′(𝐼 + 𝑉 )] − 𝒮𝒫[𝑃 ′(𝐼 + 𝑄)]

where 𝑅(𝐼 + 𝑈), 𝑅(𝐼 + 𝑉 ) are the results of eliminating spatiotemporal redun-
dancy.

In fact, the 𝑃 ′(𝜆𝑐 + Δ𝜆, 𝐼 + 𝑄) exhibits large-scale changes at different wave-
length positions. We employ the SP predictive coding to smooth out the large-
scale changes in image intensity and eliminate the influence of image jitter.
Then, we normalize the intensity of the previous frame to the current one, per-
form SP predictive coding on both frames, and differentiate their results after
predictive coding. This process is defined as the inter-frame differencing predic-
tive coding in spectral scanning (SQL-IFD). How we eliminate the spatiotem-
poral redundancy of adjacent images in spectral scanning is as follows:
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𝑅(𝜆𝑐+Δ𝜆𝑗, 𝐼+𝑄) = 𝒮𝒫[𝑃 ′(𝜆𝑐+Δ𝜆𝑗, 𝐼+𝑄)]−𝒮𝒫[𝑃 ′(𝜆𝑐+Δ𝜆𝑗−1, 𝐼+𝑄)]× 𝐵̄(𝜆𝑐 + Δ𝜆𝑗, 𝐼 + 𝑄)
𝐵̄(𝜆𝑐 + Δ𝜆𝑗−1, 𝐼 + 𝑄)

where 𝐵̄ represents the calculation of the mean of matrix B, and 𝑗 is the index
of different wavelength.

3.3. Mapping and Encoding Design

The mapped data in the article approximately follow a univariate geometric
distribution. Considering the usability requirements for the encoding algorithm
in space projects (i.e., no patent issues, low complexity, and simple hardware
implementation), the Golomb-Rice algorithm is selected for encoding. To em-
ploy the Golomb-Rice coding, an ideal source should follow a discrete geometric
distribution [?]. Typically, the probability density distribution of the predicted
residuals exhibits slight asymmetry, as shown in Figure 5 [Figure 5: see origi-
nal paper]. The vertical line through the peak point serves as the approximate
symmetry axis: the long side extends to P1, the length from the peak point to
P1 is L1, and the blue area is M1; the short side extends to P2, the length from
the peak point to P2 is L2, and the green area is M2.

The distribution in Figure 5 deviates from the ideal geometric distribution, so it
is necessary to map the existing predictive residual data set from a general nor-
mal form to an approximate discrete geometric distribution. The final mapping
equation is as follows:

𝑅′ = {2𝑅 if 𝑅 ≥ 0
−2𝑅 − 1 if 𝑅 < 0

where 𝑅 is the predictive residual, 𝑅′ is the mapped result, M1/M2 represents
the cumulative probability density for residual data, which is calculated by
integrating the probability density from the peak point to P1/P2.

The entire lossless compression method can be summarized as following steps:

1. Reduce all data using Equation (3).
2. According to Figure 1, different data are predictively coded using corre-

sponding methods. For details, refer to Equations (6)–(9).
3. Map the predictive residual according to Equation (10), and apply finite-

length Golomb-Rice coding to the result.

4.1. Data Selection and Experimental Design
The Solar Full-disk Multi-layer Magnetograph (SFMM) at Ganyu station has
a similar measurement mode and data characteristics as MHI. Therefore, the
SFMM’s data are used in our experiments to test the compression method. A
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group of spectral scanning data by SFMM includes Stokes I ± Q, I ± U, I ± V
measurements at 6 wavelength positions, resulting in a total of 18 files, the bit
depth of them is 32 bit pixel−1.

The characteristics of an image, its noise level, and the compression method
employed together determine the magnitude of data compression ratio. Under
routine scientific observation modes, MHI’s data is not affected by cloud cover;
hence, when the signal-to-noise ratio of the detector remains constant, the pri-
mary variable among image characteristics affecting the data compression ratio
is the variation in the number of sunspots. To guarantee the robustness of
method, we select three groups of SFMM’s data with different sunspot char-
acteristics as the test set, including no sunspots, small sunspots, and sunspot
groups. There are 54 files in total, each containing two images, making it a
total of 108 images. The compression ratio of these files can serve as evidence
for the universality of this method.

The experiment is divided into three parts:

1. Compress all the data in the test set and analyze whether the compression
ratio meets the MHI’s requirements.

2. Compress one group of the data sets using multiple compression algo-
rithms, and analyze whether the compression ratio in this article is supe-
rior to the general algorithms.

3. Analyze whether the time consumption of our compression method satis-
fies the MHI’s real-time requirement.

4.2. Result Analysis
4.2.1. Analysis of Compression Ratio

The compression ratios for the three sets of spectral scanning data by our lossless
method are shown in Figure 6 [Figure 6: see original paper]. Regardless of
the varying number of sunspots, a consistent trend is observed in the overall
distribution of compression ratios, with an average ratio of approximately 3.67
and a standard deviation less than 0.11 (shown in Table 1 ). This indicates
that not only does the method significantly surpass the SPO requirement of 3.5,
but it also exhibits small fluctuations, suggesting minimal influence from the
number of sunspots. Thus, the method demonstrates a strong universality.

4.2.2. Comparison with Other Lossless Compression Algorithms

To demonstrate the compression performance of the method proposed in this
article, we compared JPEG2000, which is widely used in spatial compression,
the partition RICE compression algorithm taken by the Flexible Image Trans-
port System (FITS), and the mature compression algorithms lzma2 and RAR.
The result of compressing the raw data (including solar disk and all background
information) is shown in Figure 7 [Figure 7: see original paper]. From Figure 7,
it is evident that among the alternative methods compared to ours, RAR has
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the lowest compression ratio, followed by RICE in FITS, LZMA2 compression,
and JPEG2000, with their best compression ratio approaching approximately
2.5. In contrast, our proposed method achieves the highest compression ratio,
surpassing 3.5. Even if these contrastive methods were to concentrate exclu-
sively on compressing the solar disk, according to Equation (2), their optimal
compression ratio would theoretically approach 3.1831, which is still less than
3.5. It demonstrates that our method is particularly more suitable for lossless
compression of the solar full-disk Stokes images in the spectral scanning mode.
Note that our method has the same trend with others except for slightly big
fluctuation, because we retained only the solar disk data during dimensionality
reduction.

4.2.3. Time Consumption of Compression Method

Nowadays Loongson processors have been successfully applied in space projects
of China for onboard processing, and the performance of the latest Loongson
3A6000 processor (with a clock frequency of 2.0–2.5 GHz) is similar to that of
the 10th generation Intel Core processor. So in this paper we use a single core of
the 10th generation Core i7 10750H processor instead of the Loongson 3A6000
processor for the time consumption testing, with Turbo Boost disabled and the
peak frequency limited to no more than 2.28 GHz. The test data set is from
sunspot groups.

Figure 8 [Figure 8: see original paper] shows that the compression time for a
pair of P(I ± S) is less than 12 s. A single observation cycle of the MHI payload
will last 15 minutes, and there will be a total of 18 pairs of P(I ± S). Therefore,
using the compression method proposed in this paper, the compression time is
less than 216 s, which is much shorter than the observation cycle of 15 minutes,
meeting the time requirements for MHI.

5. Discussion and Conclusion
In order to address the urgent need for efficient data lossless compression in
MHI, this article proposes a targeted lossless compression method based on the
measurement mode and data characteristics. The main process and test results
of our method are as follows: The background information outside the solar disk
is extracted and dimensionality reduced by utilizing the largest inscribed circle
within the image, which results in an overall data volume reduction of no less
than 22.46%; subsequently, predictive coding is performed to eliminate all corre-
lations (space, spectrum, and polarization) in solar data cube: a single frame is
predicted using SP predictive coding, while the remaining frames are predicted
using inter-frame differential predictive encoding combined with SP predictive
coding. After mapping and finite length Golomb-Rice encoding, the final av-
erage compression ratio is up to 3.67, significantly improved compared with
general lossless methods such as LZMA2, RAR, RICE in FITS, and JPEG2000.
At the same time, the average processing time of our method for a set of data
is less than one observation period, meeting real-time requirements. Due to
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the limited capability of the acquisition device and processor, our method only
involves data binarization, matrix multiplication, transposition, differentiation,
array traversal, etc. The subsequent encoding is a mature scheme that has been
in general use for many years. Therefore, the proposed method has strong fea-
sibility, and can be quickly ported to the payload for testing its practical time
consumption and effect.
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