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Abstract

This paper is aimed at finding the best separation angle between spacecraft for the three-dimensional reconstruction of solar-wind
inhomogeneous structures by the CORrelation-Aided Reconstruction(CORAR) method. The analysis is based on the dual-point helio-
spheric observations from the STEREO HI-1 cameras. We produced synthetic HI-1 white-light images containing artificial blob-like
structures in different positions in the common field of view of the two HI-1 cameras and reconstruct the structures with CORAR
method. The distributions of performance levels of the reconstruction for spacecraft separation of 60�; 90�; 120� and 150� are obtained.
It is found that when the separation angle is 120�, the performance of the reconstruction is the best and the separation angle of 90� is the
next. A brief discussion of the results are given as well. Based on this study, we suggest the optimal layout scheme of the recently pro-
posed Solar Ring mission, which is designed to routinely observe the Sun and the inner heliosphere from multiple perspectives in the
ecliptic plane.
� 2020 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The study of the evolution of solar wind structures from
the solar surface to the interplanetary space is an important
issue in space physics, which involves the dynamic mecha-
nism of plasma in the solar-terrestrial space and helps to
forecast space weather in the geospace. With the develop-
ment of white-light imaging instruments, the solar wind,
especially the inhomogeneous components like coronal
mass ejections (CMEs) and ‘blobs’, can be observed. CMEs
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are typically large-scale solar eruption events delivering a
large amount of energy and matter into interplanetary
space, and may trigger magnetospheric disturbances affect-
ing human activities (Siscoe and Schwenn, 2006). ‘Blobs’
are small-scale transients generally originating from the
cusps of helmet streamers and propagating outward with
slow solar wind (Wang et al., 1998; Sheeley, 1999;
Sheeley et al., 2009), or from the boundaries of weak coro-
nal holes (Lopez-Portela et al., 2018).

In spite of the high-resolution imaging data from space-
based instruments like the Large Angle and Spectrometric
Coronagraph (LASCO, Brueckner et al., 1995) on board
Solar and Heliospheric Observatory (SOHO, Domingo
et al., 1995), the single-viewpoint observation provides only
two-dimensional (2D) information of solar wind structures
opic angle for reconstructing solar wind inhomogeneous structures,
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on the plane of sky (POS) and thus has unavoidable projec-
tion effect for three-dimensional (3D) reconstruction. For
complex structures like CMEs, the kinematic properties
of real and projected objects can be significantly different
(Howard et al., 2008). It is revealed that the projection
effect is prominent for most full-halo CMEs with a slow
projected speed within 45� from the Sun-Earth line (Shen
et al., 2013). Some reconstruction methods based on
single-viewpoint observations were developed. According
to geometric principles, some methods such as ‘Point P’
(Howard et al., 2006), ‘Fixed-/’ (Kahler and Webb,
2007) and ‘Harmonic Mean’ (Lugaz et al., 2009; Wang
et al., 2013; Rollett et al., 2013) can make an estimate of
the location and propagating direction of the dynamic
structures. Furthermore, given the morphological assump-
tions of certain solar transients like cone model (Zhao
et al., 2002; Xie et al., 2004; Xue et al., 2005; Zhao,
2008) or self-similar expansion model (Davies et al.,
2012) for radial-propagated CMEs or their fronts, the sim-
ple 3D geometrical model is iterated to get a best fit for the
observation data, which is called Forward Modelling (FM)
method. These methods are suitable for reconstruction of
temporal solar-wind structures. With the polarization dis-
tribution of Thomson-scattering light, polarimetric recon-
struction technique (Jackson and Froehling, 1995; Moran
and Davila, 2004; Dere et al., 2005; Moran et al., 2010;
Pagano et al., 2015) can be used to locate the centroid of
corona along the line of sight (LOS), and Lu et al. (2017)
improved this method by removing CME-irrelevant
structures.

The successful launch of the two Solar Terrestrial Rela-
tions Observatory (STEREO, Kaiser et al., 2008) space-
craft enables simultaneous observations from multiple
vantage points in the heliosphere. The combination of
imaging data from different viewpoints provides 3D infor-
mation of solar wind structures. With a multi-view dataset,
more sophisticated models can be applied for FM method
such as the Graduated Cylindrical Shell (GCS) model
(Thernisien et al., 2006; Thernisien et al., 2009; Mierla
et al., 2009; Mierla et al., 2010), and therefore provides
more convincing results. Assuming a constant propagating
velocity, the prominent tracks on the time-elongation ‘J-
Map’ (Sheeley et al., 1999; Davies et al., 2009) from stereo-
scopic white-light observations can locate the 3D propaga-
tion paths of small transients such as blobs to determine
their directions and radial velocities (Sheeley et al., 2009;
Sheeley and Rouillard, 2010; Liu et al., 2010). Associated
with geometrical principles, the Geometric Localization
method (Pizzo and Biesecker, 2004; de Koning et al.,
2009) is a direct application of triangulation to reproduce
the edges of objects. Extending to three-point observation,
the Mask Fitting method (Feng et al., 2012; Feng et al.,
2013) is proposed for reconstructing solar structures with
best-fitting projection on images from three different view-
points. As to correlation analysis, Local Correlation
Tracking (LCT) method (Mierla et al., 2009; Mierla
et al., 2010; Feng et al., 2013) is one important application
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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that finds the analogical tendency of spatial variation on
dual-view images representing the same 3D structure. Sim-
ilar to LCT method, CORrelation-Aided Reconstruction
(CORAR) method is developed for detection and localiza-
tion of solar-wind inhomogeneous structures from dual
perspectives of STEREO-A and B, and is proofed to be
efficient for 3D reconstruction of solar transients (Li
et al., 2018; Li et al., 2020).

Based on the potential of stereoscopic observations for
studying solar activities, the concept of ‘‘Solar Ring” mis-
sion containing six spacecraft at a sub-AU orbit in the
ecliptic plane for panoramic solar observation was pro-
posed (Wang et al., 2020b). A variety of instruments are
suggested onboard, including the white-light imager. One
aim of the mission is to utilize multi-perspective white-
light observations to track and reconstruct solar-wind tran-
sients. For this objective, how to deploy the six spacecraft
or how to set the separation angle between two spacecraft
to get the best reconstruction results of solar wind struc-
tures in the inner heliosphere is an important issue. In
the current design, the six spacecraft are preliminarily
divided into three groups in each of which the two space-
craft are separated by the angle of 30�, and the groups
are separated by 120� (see Fig. 1) (Wang et al., 2020a;
Wang et al., 2020b). This scheme provides various separa-
tion angles of two spacecraft including 30�; 90�; 120� and
150�, leading to various modes of multi-viewpoint observa-
tion. In this paper, we will study whether or not these
angles are suitable for our CORAR method to reconstruct
the solar wind structures and which one is the best.

2. Methods

To look for the best satellite scheme for multi-viewpoint
observation, the results of 3D reconstruction of artificial
blob-like structures in synthetic dual images, obtained from
dual spacecraft at a variety of separation angle, are inves-
tigated. The method is the same as that in Li et al.
(2020), and is described below.

2.1. Synthetic white-light images

As our 3D inversion method is based on dual-viewpoint
white-light observations of solar wind, a large common
space in the FOV of two observers is required. The images
from the Heliospheric Imager-1 (HI-1) onboard STEREO-
A and B are chosen for our investigation. The two space-
craft orbits the Sun at an angular velocity of about
22�=year faster or slower than the Earth, providing a large
FOV of 20� � 20�, capable of observing the space from 4�

to 24� outward from the Sun. According to the plan of
the Solar Ring mission, four cases of seperation angles,
60�; 90�; 120� and 150� are selected, of which the corre-
sponding dates for STEREO are July 9 2008, January 22
2009, October 10 2009 and August 3 2010, respectively.
The separation angle of 30� is not discussed in this paper
because of the small common region in FOV. Fig. 2 shows
opic angle for reconstructing solar wind inhomogeneous structures,
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Fig. 1. The spacecraft scheme for the Solar Ring mission. Possible separation angles of two observers are labelled with different colors, and the circle
represents the orbit of six spacecraft located with brown points on the circle.

Fig. 2. The synthetic HI-1 running-difference images containing the artificial blob from STEREO-A (left) and B (right) when the seperation angle is 90�.
The location of the blob is 0� in HEE latitude, 0� in HEE longitude and 70R� in distance. The density of the blob center is 3� 103 cm�3.
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one pair of the synthetic white-light running-difference HI-
1 images prepared for CORAR inversion method. In the
images, a simulated blob-like structure based on Thomson
Scattering theory is inserted into an observational back-
ground image as a target of interest. The background
image containing noise is generated by real images during
solar quiescent periods without any notable eruptions.
The simulated blob is set to have a cosine distribution (Li
et al., 2020) with a half-width of R0 ¼ 5R�(solar radii) for
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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all cases, with the maximum density of

1� 103 cm�3; 3� 103 cm�3; 1� 104 cm�3 and

1� 105 cm�3, respectively, at the blob center. The first
two cases of density are closer to observational data, com-
pared with the other two in the extreme or unreal condition
which are studied for reducing the effect of low signal–noise
ratio(SNR) and calculating correction curves (introduced
in Section 2.2). For the separation angle of 120� or 150�,
we set a 3D mesh of blobs in the Heliocentric Earth Eclip-
opic angle for reconstructing solar wind inhomogeneous structures,
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tic(HEE) Coordinate with the cell size of 10R� in radial
direction, 10� in both latitudinal and longitudinal direc-
tions. For the separation angle of 90�, the cell size is chan-
ged to 5R� � 10� � 10� since the volume of thecommon
FOV is much smaller than the cases of 120� or 150�. For
the separation angle of 60�, the cell size is set smaller:
5R� � 5� � 5�. In one simulation, we reconstruct one blob
in the mesh, and repeat the reconstruction procedure until
all the grid cells have been gone through.

2.2. 3D reconstruction by CORAR method

The CORrelation-Aided Reconstruction (CORAR)
method was developed for 3D reconstruction of inhomoge-
neous solar wind structures (Li et al., 2018; Li et al., 2020).
It is assumed that if a non-uniform structure is located in
the common FOV of observers from different perspectives,
its patterns in the images should be highly correlated when
projected on the accurate position of the structure. The
reconstructed structure is presented using Pearson correla-
tion coefficient (cc0 in Eq. (1))

cc0 ¼

Xn

i¼1

xi � xð Þ yi � yð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

xi � xð Þ2
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

yi � yð Þ2
s ð1Þ

where xi and yi represent the data of projected images from
two perspectives respectively within the sampling area, a
box running over the entire common FOV in polar coordi-
nate, and x; y are the related averages. Before the calcula-
tion of the cc0 value, the HI-1 images from STEREO-A
and B are projected onto the same meridian plane. In this
procedure, the HEE coordinate is used, and the grid ele-
ment is set to 1� in latitudinal direction and about 0:08R�
in radial direction. The size of the sampling area is 41
(about 3:2R� in distance)�11 (about 10� in latitude). The
meridian plane, on which the HI-1 images are projected,
is scanned along the longitude by 1� to get the 3D distribu-
tion of the cc0 value.

In the images, some relatively dim structures such as
those at a larger distance may have a lower SNR. Those
features are relatively inconspicuous and lead to low cc0
values during the process of correlation calculation. As
the consequence, they may be judged as non-real struc-
tures. To solve this problem, the cc0 values are further cor-
rected in accordance with the relationship between cc0 and
total signal-to-noise ratio (TSNR), a parameter determined
by SNR from dual images. TSNR and SNR are calculated
as follows

TSNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SNR2

a þ SNR2
b

q
ð2Þ

SNRa;b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP Xa;b�Xa;bð Þ2
NP X 0

a;b�X 0
a;b

� �2

N

� 1

vuuuut ð3Þ
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Xa;b and X 0
a;b represent data of the artificial blob and back-

ground noise, respectively, in the sampling area (see the
paper (Li et al., 2020) for details). The relationship between
cc0 and TSNR at the center of blobs for the four cases with
different separation angles are shown in Fig. 3, in which
different colors represent different density of blobs. The
red curves in these figures, called the correction curves,
are the fitting curves of data using the following formula

ccM ¼ A 1� 1

1þ B � TSNRC

� �
ð4Þ

A;B and C are the fitting parameters and their initial values
are 1; 0:5 and 2, respectively. The values of these fitting
parameters are marked on Fig. 3. The correction profiles
with fitting values close to the initial parameters for four
cases indicate that the relationship between cc0 and TSNR
does not vary significantly with the separation angle. But a
trend is obvious that the scattered points are more concen-
trated around the red line for wider separation angle. To
correct the calculated cc0 value, we compare the initial
value cc0 with the threshold (marked with black dotted
lines in Fig. 3), which nearly represents TSNR = 1 in the
correction curves of four cases. If cc0 is above the thresh-
old, we calculate the corresponding TSNR according to
the sampling area and get ccM from the correction curve.
The corrected value cc is just cc0=ccM .

In the case of 60�, the overall distribution of cc0 values is
lower than in other cases, especially for blobs with the low-

est density 103 cm�3 (dark blue points in Fig. 3), of which
most have cc0 values lower than the threshold. It would
be difficult to reconstruct these blobs even after the cc cor-
rection process. One reason for this phenomenon is that the
angle between the two spacecraft is small, and blobs in
their common FOV possibly propagate near the direction
toward one of the spacecraft. In this case, the blob signa-
ture will be subtracted in the running-difference images,
resulting an extremely low cc value. The second reason is
the angle between the LOS of the two HI-1 cameras is close
to 90�. Thus, the Thomson surfaces (Howard and
DeForest, 2012; DeForest et al., 2013; Howard et al.,
2013) of the two observers are nearly perpendicular at
the intersection. In this case, most blobs will locate far
from one of the Thomson surfaces, and may be poorly
reconstructed because of their faint features in the images.
Therefore, we suspect that the scheme with a small sepera-
tion angle, say about 60�, may not be suitable for our 3D
reconstruction method. This will be further verified in
Section 3.

All the regions with the corrected cc value larger than or
equal to 0.5, called high-cc regions, are considered as rec-
ognized features. Although the above cc correction
enhances the capability in recognizing faint features, it
may result in some small ‘‘fake” structures. In our study
here, the largest high-cc region is further selected as the
reconstructed blob (shown in Fig. 4).
opic angle for reconstructing solar wind inhomogeneous structures,
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Fig. 3. The correction curve for cc calculation process. The panels from (a) to (d) are respectively from cases of 60�; 90�; 120� and 150�. The red curves
represent the fitting profiles with their functions listed in each panel, and the threshold 0.3 is marked using black dotted lines. Data from blobs with the
density of 1� 103 cm�3; 3� 103 cm�3; 1� 104 cm�3 and 1� 105 cm�3 is relatively labelled with dark blue, sky blue, green and orange. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.3. Method assessment

To evaluate the performance of the reconstruction of
simulated blobs, we define two parameters: the Positional
Deviation (PD) and the Expansion Ratio (ER). PD is the
offset distance of the reconstructed structure from the sim-
ulated blob in one dimension, calculated by Eq. (5)

4xi ¼
P

cc>0:5cc � xi � xi0ð ÞP
cc>0:5cc

; i ¼ r; h;u ð5Þ

where xi; i ¼ r; h;u represent positional parameters in the
3D coordinate and xi0 represent the accurate position of
the blob center. ER is the ratio of the cc-weighted width
of the reconstructed structure over that of the simulated
blob, calculated by Eq. (6)

ji ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

cc>0:5cc � xi � xi0ð Þ2P
cc>0:5cc � R2

0

s
; i ¼ r; h;u ð6Þ

ER measures the integrity of the inversion results and the
possible expansion caused by fake structures or other rea-
sons in each dimension. xi in the directions of latitude
and longitude has the unit of R�, and the angular posi-
tional parameters xh and x/ are the angular components
h and / multiplied by R and Rcosh, respectively.

Considering that the radius of blobs is 5R�, we use the
criteria below to determine the goodness of the
reconstruction
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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j 4 xij < 3R�; i ¼ r; h;u

ji < 1:2; i ¼ r; h;u
ð7Þ

The reconstructed blobs are divided into four performance
levels:

� Level 1: Reconstructed blobs completely satisfy Eq. (7)
in 3 dimensions for all densities.

� Level 2: Reconstructed blobs do not fully satisfy Eq. (7)

when the density is as low as 1� 103 cm�3.
� Level 3: Reconstructed blobs only satisfy the criteria for

PD with a moderate or high density (P 3� 103 cm�3).
� Level 4: It is the worst case that do not satisfy any of the
above criteria.

Based on the statistics of four performance levels of the
reconstruction, the regions suitable for CORAR recon-
struction with various spacecraft angles can be given.
3. Results

With different stereoscopic angles, the total area of
space covered by dual spacecraft varies. Generally, the vol-
ume of the common FOV increases as the separation angle
increases. This is beneficial for the reconstruction of solar
transients, but also brings about negative effects, for exam-
ple, the collinear effect (Li et al., 2018). For the Solar Ring
mission, the common space with four different angles (i.e.
opic angle for reconstructing solar wind inhomogeneous structures,
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Fig. 4. Panel (a): The 3D cc map showing the reconstructed high-cc regions from different perspectives, with the green ball marking the location of the
simulated blob and the red ball for the Sun. Panel (b): The same as Panel (a) with all the small regions removed. In this example, the seperation angle of the
two spacecraft is 120�, the location of the simulated blob in HEE is 10�W ; 10�N and 70R�, and the central density is 3000 cm�3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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60�; 90�; 120� and 150�) of dual spacecrafts are studied
about their suitability for reconstruction respectively.
Fig. 5–8 demonstrate the distribution of the goodness of
the reconstruction in the 3D space, in which four different
colors represent the four levels of performance of the
reconstruction. For further understanding the effect from
the opening angle of blobs(the angle between the two lines
connecting one blob and the two spacecraft respectively)
on the reconstruction, the angular distribution profiles of
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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the reconstruction results are shown in Fig. 9, which are
normalized by the total number of blobs under each
separation-angle condition. This factor also measures the
distance from blobs to the connecting line of spacecraft,
related to the collinear effect in cases of larger separation
angle. The spatial parameters like the ranges of common
FOV and opening angle applied in our work are summa-
rized in Table 1.
opic angle for reconstructing solar wind inhomogeneous structures,
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Fig. 5. The 3D distribution of the reconstruction performance for the case that separation angle of the two spacecraft is 60�. The four levels, from Level 1
to 4, of the reconstruction performance are respectively marked with durk blue, green, yellow and orange. The Sun is the red ball and the green line
represents the connection line of the two spacecraft. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 6. The 3D distribution of the reconstruction performance for the case of 90�.
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Fig. 7. The 3D distribution of the reconstruction performance for the case of 120�.

Fig. 8. The 3D distribution of the reconstruction performance for the case of 150�.
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At a separation angle of 60�, the total volume of the
common FOV in our study is the smallest among four
cases, with the distance between about 30:9R� and
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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101:4R� along the Sun-Earth line, latitude between about
�45�, and longitude between �18� and 27� in our investiga-
tion. Besides, in this case, the angle between the LOS from
opic angle for reconstructing solar wind inhomogeneous structures,
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Table 1
The spatial parameter range under four angular conditions.

Separation angle 60� 90� 120� 150�

Distance(R�) (30.9,101.4) (19.8,92.8) (17.8,85.4) (15.9,87.1)
Latitude(deg) (�45,45) (�57,57) (�63,63) (�66,66)
Longitude(deg) (�18,27) (�39,36) (�54,60) (�66,74)
Opening angle(deg) (75,98) (98,136) (127,162) (162,180)

Fig. 9. The normalized distribution of the reconstruction performance for the case that separation angle of the two spacecraft is (a)60�, (b)90�, (c)120� and
(d)150�. The horizonal axis is the opening angle of the center of blobs to the two spacecraft, and the vertical axis is the ratio of the number of blobs with
the certain angle over the number of all blobs.
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dual spacecrafts to the observed space is near 90�, meaning
the smallest common region near the Thomson surfaces of
the two spacecraft as mentioned before. As shown in Fig. 5,
the best reconstructed blobs are concentrated in the region
at the smallest distance, which are marked in purple. As the
distance from the Sun increases, there is an decreasing
trend of the performance level. Furthermore, it can be
found in Fig. 9(a) that the opening angles of most blobs
with respect to the two spacecraft are about between
75� � 100�, far away from the connecting line of two obser-
vers, and blobs with a smaller angle have better inversion
results. It is noted that at large opening angle, especially
> 85�, the reconstruction has the lowest level of
performance.

When the angle of dual spacecrafts is 90�, the common
FOV is between 19:8R� and 92:8R� in distance along the
Sun-Earth line, �57� and 57� in latitude, and �39� and
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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36� in longitude. The area of available space for reconstruc-
tion is larger than that of 60� case. The 3D distribution of
the reconstruction performance is shown in Fig. 6. Unlike
the case of 60�, most reconstructed blobs are at the best
performance level. On the other hand, there is a decreasing
trend of performance level in the far-distance region similar
to the 60� case. The map of angular distribution in Fig. 9(b)
shows the opening angle of blob ranges from 100� to 130�,
with a small part of poorly reconstructed blobs distributing
above 120�.

The case of 120� angle has a larger space available for
reconstruction. The common FOV is from 17:8R� to
85:4R� in distance along the Sun-Earth line, �63� to 63�

in latitude, and �54� to 60� in longitude. As the separation
angle gets larger, the common FOV in the outer space is
closer to the connection line of the two spacecraft. It leads
to a severe phenomenon called ‘‘collinear effect” (Li et al.,
opic angle for reconstructing solar wind inhomogeneous structures,
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2018) that the structure near the line connecting the two
observers is difficult to be precisely located. This problem
is due to the inherent drawbacks of double-viewpoint
observations and may cause the expansion of structures
along the connecting line. Similar to the case of 90�, the
main part of the common FOV belongs to the best perfor-
mance level (see Fig. 7), and the outer edge belongs to the
worst level. As shown in Fig. 9(c), the maximum opening
angle of blobs to the spacecraft is about 160�, which is
nearly parallel, and most reconstructed blobs with opening
angle above 150� are not good enough.

In the case of the largest angle in our study, the LOS of
dual spacecrafts is almost parallel and the connection line
appears in the FOV of HI-1 instrument. The common
space used for the reconstruction is the largest, with dis-
tance ranging from 15:9R� to 87:1R� along the Sun-
Earth line, latitude from �66� to 66�, longitude from
�66� to 74�. In the case of 150�, most of the common space
is not suitable for the reconstruction, especially in the vicin-
ity of the connection line where the blobs at Level 3 or
Level 4 are widely distributed (see Fig. 8). In the pattern
of the angular distribution, as revealed in Fig. 9(d), only
a few blobs with the opening angle smaller than 170� at
small distance are well reconstructed, whereas other blobs
are poorly reconstructed. The collinear effect seriously
influences the reconstruction performance.

With the spatial distribution of reconstructed blobs at
four separation angles, we can calculate the percentage of
each performance level for the reconstruction and estimate
the volume occupied by each level (see Fig. 10). In the cases
of 60� and 150�, the area suitable for the reconstruction is
small, due to the small volume of thecommon FOV and the
low proportion, respectively. In the case of 90�, the per-
centage of Level 1 and Level 2 is the largest, reaching to
77.9%. This means most region in the case of 90� is suitable
for the reconstruction of structures with a medium or high
density, but the total volume of these two performance
levels is clearly smaller than that of the 120� case. Particu-
larly, when the angle of the two spacecraft is 120�, the per-
centage and the estimated volume of Level 1 are the largest
among four cases. Therefore, it could be concluded that the
Fig. 10. Panel (a): the percentages of the performance levels of the reconstruct
volumes occupied by the four levels.
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case of 120� separation angle, out of the four investigated
angles, is the best choice for our dual-viewpoint
reconstruction.

4. Discussion and summary

To explore the potential capacity of multi-viewpoint
observations from the Solar Ring mission, we apply the
CORAR method on reconstructing the blob-like structures
throughout the common FOV of dual spacecrafts with dif-
ferent separation angles. The reconstruction results recom-
mend the operation scheme with a dual-viewpoint angle of
120� for the instrument arrangement of the Solar Ring mis-
sion. With this separation angle, there is the largest region
for transients to be well reconstructed. The separation
angle of 90� is next to the case of 120� in performance,
and is more suitable for the reconstruction of median- or
high-density solar structures than low-density transients.

Note that our analysis is based on the synthetic images
with simple blob-like transients, giving ideal estimates of
the reconstruction performance. In reality, the blob geom-
etry is more complex. For the spherical blob model, the
reconstruction may vary with different scale size and veloc-
ity. The initial size of blobs reported by N.R. Sheeley et al.
(1997) at 3–4R� from the Sun is about 1R�(radial)�0.1R�
(transverse), while Sanchez-Diaz et al. (2017) found a typ-
ical blob size of 12R��5R� at the postion of 30R�. Consid-
ering the expansion of blobs as propagating from the Sun,

the radius of blobs may vary in 100-101R� in the helio-
sphere. Fig. 11 show the profiles of criteria parameters
(Eq. 5, Eq. 6) as the function of blob radius R0 with differ-
ent blob positions at 60R�. The blob density is 3000 cm�3.
In three dimensions, PD satisfies the threshold condition,
with the absolute value increasing with blob radius. PD
in distance is mostly larger than 0 and has an increasing
tendency, possibly because the rear-edge patterns are
fainter for larger blobs with the same central density.
Meanwhile, it is obvious that PD in latitude tends to be
positive for southern blobs and negative for northern
blobs, and PD in longitude tends to be positive for eastern
blobs and negative for western blobs. It means that recon-
ion for four separation angles. Panel (b): The distribution of the estimated
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Fig. 11. The profiles of criteria parameters PD(panel a-c) and ER(panel d-f) in three dimensions as the function of blob radius R0 when the separation
angle is 120�. The blob HEE coordinates, marked as (longitude,latitude) on the right, are labelled with different colors, and the distance of blobs from the
Sun is 60R�. The blob central density is 3000 cm�3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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structed blobs with larger radius far from the Sun-Earth
connecting line tend to shift toward larger distance and
the central-line area. This error should be seriously consid-
ered when reconstructing large-scale transients like CMEs
in future. From panel (d)-(f), ER in distance and latitude
is apparently decreasing with radius, while in longitude it
is mainly between 0.35–0.5 except for blobs away from
the Sun-Earth line with extremely large radius. This range
of ER is mostly smaller than half of the threshold, reflect-
ing that this method needs improvement for reconstructing
blobs completely in longitude. The decrease in distance and
latitude is possibly due to the sampling scale for cc calcula-
tion: when the scale length of blobs is smaller than that of
the sampling area, the spatial size of the reconstructed
structure will be close to the latter in the dimensions of
sampling. Therefore, for blobs with smaller radius, reduc-
ing the sampling size or increasing the grid density should
be taken into consideration; otherwise, the reconstruction
performance will get worse.

The velocity of blobs may vary from 150 km/s to less
than 500 km/s (N.R. Sheeley et al., 1997; Sheeley et al.,
2009; Sheeley and Rouillard, 2010; Lopez-Portela et al.,
2018) in the range of 5–50R� from the Sun, which repre-
sents 0.5–1.7R� movement in distance within 40 min, the
time interval between two HI-1 images. To study the influ-
ence of various blob speeds on the reconstruction, the pro-
files of criteria parameters (Eq. 5, Eq. 6) as the function of
moving distance, which is the radial distance of the blob
movement between two observations, are plotted. In
Fig. 12, both PD and ER satisfies the threshold for the
selected blob cases. Note that there is deviation in PD pro-
Please cite this article as: S. Lyu, X. Li and Y. Wang, Optimal stereosc
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files between low- and high-velocity limits, possibly due to
the running-difference process. With low velocity, the pat-
tern of blobs on images may overlap and disappear in
the running-difference counterparts, resulting in the incom-
plete reconstruction of blobs. This is also the reason for the
decrease in the ER profiles as the moving distance
decreases in distance and latitude. In longitude, ER for
most blob cases are around 0.5, which is similar to the
ER profiles in longitude in Fig. 11(f). In summary, the
overall reconstruction performance may not change greatly
with various blob velocity, while low propagation speed
leading to incomplete running-difference patterns can influ-
ence the completeness of reconstruction.

In reality, small transients like blobs with a density of up

to 105 cm�3 are rare in the interplantery space. To capture
the patterns of low-density structures, the separation angle
may need to be larger to get a vaster common space near
the Thomson surfaces. Moreover, for more complicated
transients like CMEs, the separation angle larger than
120� may be more suitable, because two-dimensional pat-
terns based on Thomson scattering integral along LOS
from two viewpoints can be completely distinct, except
the opening angle is close to 0� or 180�. Thus, the separa-
tion angle of 150� might be also useful for the reconstruc-
tion of large-scale solar wind transients. This will be
studied further in the future work.

Based on the above analysis, we propose the possible
arrangements of white-light imagers on board the six
spacecraft in the Solar Ring mission(see Fig. 1)), as shown
in Fig. 13. In the scheme, two heliospheric imagers are on
board each spacecraft to observe solar wind simultaneously
opic angle for reconstructing solar wind inhomogeneous structures,
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Fig. 12. The profiles of criteria parameters PD(panel a-c) and ER(panel d-f) in three dimensions as the function of moving distance of blobs when the
separation angle is 120�. The blob HEE coordinates, marked as (longitude,latitude) on the right, are labelled with different colors, and the distance of blobs
from the Sun is 60R�. The blob central density is 3000 cm�3. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 13. Panel (a): The spacecraft scheme of heliospheric imagers for the Solar Ring mission. Panel (b): The scheme of wide-angle coronagraphs. The
cameras in the same color are on board the spacecraft with an separation angle of 120�.
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from two perspectives, or one extra-wide angle corona-
graph watching corona and heliosphere on the both sides
of the Sun. Such arrangements make possible all 90�; 120�

and 150� dual-viewpoint observations.
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