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Task-Driven Onboard Real-Time Panchromatic
Multispectral Fusion Processing Approach for
High-Resolution Optical Remote Sensing Satellite

Zhiqi Zhang ', Lu Wei ¥, Shao Xiang

Abstract—Onboard real-time processing of remote sensing satel-
lites is an important means of rapidly obtaining information, and
the fusion processing of panchromatic and multispectral data is
of great significance for optical satellites. In order to ensure the
effect, most traditional algorithms perform statistical analysis or
transformation on the entire image first and then perform sub-
sequent processing. There are problems such as high algorithm
complexity and resource occupation, and it is difficult to apply to
onboard scenarios where the volume and power consumption are
strictly limited. Aiming at the requirements of onboard fusion, a
real-time processing approach for high-resolution optical satellites
is proposed. First, through the implementation of real-time geo-
metric positioning, ROI extraction is completed while the camera
is imaging, avoiding the disadvantages of traditional methods for
processing large amounts of data; then, based on the principle of
object-space consistency, by fine-tuning virtual sensor parameters,
the registration of a panchromatic multispectral image is completed
in the sensor correction step, so that the relative accuracy of the two
can meet the fusion requirements, and time-consuming pixel-level
registration processing is avoided; finally, according to the char-
acteristics of the algorithms and embedded hardware, an efficient
algorithm mapping strategy is formulated, and deep optimization is
implemented to achieve a significant improvement in performance.
Experiments show that the performance of this method is improved
by 156.23 times compared with the traditional method. Moreover,
after building a parallel pipeline, it can meet the real-time fusion
processing requirement of completing a 5000 x 5000 pixels ROI
area every 2.4 s.

Index Terms—Onboard, optical remote sensing, panchromatic
multispectral fusion, real-time, task-driven.

Manuscript received 29 June 2023; revised 20 July 2023; accepted 10 August
2023. Date of publication 15 August 2023; date of current version 24 August
2023. This work was supported in part by the National Key R&D Program of
China under Grant 2022YFB3902800, in part by the National Natural Science
Foundation of China under Grant 61901307, and in part by the Scientific Re-
search Foundation for Doctoral Program of the Hubei University of Technology
under Grant BSQD2020054 and Grant XJ2022005901. (Corresponding author:
Shao Xiang.)

Zhiqi Zhang is with the School of Computer Science, Hubei University of
Technology, Wuhan 430068, China, and also with the State Key Laboratory of
Information Engineering in Surveying, Mapping, and Remote Sensing, Wuhan
University, Wuhan 430079, China (e-mail: zzq540@hbut.edu.cn).

Lu Wei is with the School of Information Science and Engineering, Wuchang
Shouyi University, Wuhan 430064, China (e-mail: weilu@wsyu.edu.cn).

Shao Xiang is with the State Key Laboratory of Information Engineering in
Surveying, Mapping, and Remote Sensing, Wuhan University, Wuhan 430079,
China (e-mail: xiangshao @whu.edu.cn).

Guangqi Xie, Chuang Liu, and Mingyuan Xu are with the School of Com-
puter Science, Hubei University of Technology, Wuhan 430068, China (e-mail:
xieguangqi @hbut.edu.cn; liuchuang @hbut.edu.cn; 2010300501 @hbut.edu.cn).

Digital Object Identifier 10.1109/JSTARS.2023.3305231

, Guangqi Xie

, Chuang Liu", and Mingyuan Xu

1. INTRODUCTION

ITH the advancement of science and technology,
W satellite remote sensing technology has also achieved
leapfrog development. In recent years, high-resolution optical
satellites represented by GeoEye, WorldView, Pleiades, ZY se-
ries, GF series, and YG series have been successively launched.
It has entered a new era of diversified data acquisition meth-
ods and massive information [1], [2]. In order to improve the
application efficiency of optical remote sensing satellites, high
resolution, large width, and multispectral bands have become
the main goals for the development of optical remote sensing
satellites in the future. The combination of the above factors
leads to a geometric progression in the amount of data acquired
by optical remote sensing satellites. While the massive data
acquisition capability provides a rich source for subsequent
applications and services, it also brings increasing pressure on
satellite—ground data transmission links and ground systems.

In the time-sensitive application field of high-resolution re-
mote sensing data, the proportion of received remote sensing
data that can be processed in time and effectively used by users
is relatively low, and there is a problem that the concerned
information is hidden by massive data [3]. The traditional optical
satellite remote sensing data acquisition and processing proce-
dure includes three main steps: “data acquisition-satellite data
transmission-ground reception and processing.” In the process
of processing, distribution, and application, the focus is on
the data itself rather than how to apply it efficiently. In this
process, multiple steps such as compression, decompression,
communication, reception, recording, formatting, processing,
and storage are required, which consume a large amount of
transmission, computing, and storage resources. The delay in
obtaining information often exceeds tens of minutes, and the
timeliness is low. At the same time, users’ expectations for
time-sensitive applications such as area monitoring, target posi-
tioning, target tracking, disaster response, and emergency rescue
continue to increase. In order to make full use of the limited
satellite—ground transmission bandwidth and satellite transit
time window and shorten the information acquisition delay,
it is urgently necessary to carry a computing platform on the
satellite and deploy real-time processing on it and migrate key
algorithms to the satellite to realize real-time processing and
Information extraction [4], [5], thereby effectively reducing the
amount of data and reducing the pressure of satellite—ground
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data transmission and ground processing [6]. With this goal,
scholars have carried out a series of research on efficient remote
sensing algorithms that have the potential to be applied on board
(71, [81, [91, [10], [11], [12], [13].

However, the particularity of the space environment greatly
limits the onboard computing platform. For remote sensing
satellites in low-Earth orbit, the temperature difference between
the sunny side and the shady side can reach more than 300°,
and the extreme temperature exceeds the normal working tem-
perature range of typical electronic equipment. It is necessary
to use auxiliary heating and heat dissipation methods to make
electronic equipment work normally. In addition, there are high-
energy ionizing radiations such as galactic cosmic rays and solar
cosmic rays in the space environment, which are collectively
referred to as space radiation [14]. The impact of space radiation
on the onboard processing platform mainly includes the total
dose effect [15], [16], [17] and single event effect [18], which
are the main reasons for the failure of space equipment [19].
Accordingly, it is necessary to strengthen and protect electronic
equipment [20], [21], [22], [23]. Various reinforcement and
protection methods need to occupy a certain volume and weight.
Commonly used redundant backup means will also bring addi-
tional power consumption. Overall, it further limits the size,
power consumption, and performance of onboard computing
devices. Therefore, onboard processing should be task-driven,
utilizing limited onboard computing resources to process closely
related data only in real time.

In order to improve the spatial resolution and spectral resolu-
tion of images, mainstream high-resolution optical satellites use
different sensors to acquire high spatial resolution panchromatic
images and low spatial resolution spectral images, respectively.
The two focus on obtaining finer spatial textures and obtaining
spectral features of ground objects, respectively. Compared with
the direct acquisition of high-resolution multispectral images,
this strategy can significantly reduce the cost of satellite devel-
opment and data transmission pressure, so it is widely used; but
in the later stage, it is necessary to fuse panchromatic images
with multispectral images. It brings higher requirements for data
processing and application. In the field of onboard real-time
processing, research institutions around the world have carried
out a series of explorations and achieved some achievements
[24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34],
[35], but, in general, they are still limited to processing with
a small amount of data or general processing such as data
compression and radiance processing that are easy to implement
by hardware. In contrast, in panchromatic multispectral fusion
processing, a series of processes such as data analysis, radiance
correction, distortion correction, stitching, and overlapping re-
gion correction need to be performed on the separated panchro-
matic and multispectral images acquired by the camera first, to
eliminate the radiation inconsistency and geometric distortion
problems generated during satellite imaging. Then, pixel-level
geometric registration of panchromatic multispectral images is
required, and finally, pixel-level fusion can be performed. This
processing has too many steps, has a large amount of input and
output and temporary data, is difficult to implement by hard-
ware. These characteristics determine that it is very difficult to
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realize real-time fusion processing based on the limited onboard
conditions.

Under the current technical conditions, the hardware that can
provide computing capabilities under limited onboard condi-
tions is mainly based on embedded devices, such as DSP and
FPGA [36], [37], [38]. This type of hardware realizes embedded
processing coupled with software and hardware, but its ver-
satility is poor, development is difficult, and it is difficult to
efficiently and intelligently meet the current and future needs
of various onboard time-sensitive remote sensing applications.
In recent years, the emergence of general-purpose computing
architectures based on embedded GPUs or Al chips has pro-
vided a feasible solution to the above problems. The computing
performance of embedded GPUs or Al chips is significantly
higher than that of DSP, and the power consumption is low, the
hardware architecture is common and has the ability to provide
high-performance computing capabilities in limited onboard
conditions.

In view of the above problems, this article adopts embedded
GPU as a low-power (TDP:15 W) onboard processing simula-
tion system and, based on this system, studies the implementa-
tion approach of onboard real-time fusion processing. The main
innovations include the following.

1) Propose a task-driven onboard fusion processing strategy
to significantly reduce the amount of data and computing,
and avoid I/O operations between internal and external
memory.

2) Propose an object-space consistency-based registration
method to avoid the computationally intensive and time-
consuming pixel-level registration processing.

3) Formulate an efficient algorithm mapping strategy and
deeply optimize the time-consuming algorithms to signif-
icantly shorten the processing time. On this basis, build
a data extraction-processing-output parallel pipeline to
achieve real-time stream computing.

II. RELATED WORK

Since the input data of onboard fusion processing is the raw
image separated by band and sensor, it is different from general
fusion processing. In order to realize task-driven onboard fusion
processing, it is necessary to accurately extract ROI data by real-
time positioning the first time and perform radiance correction,
sensor correction, band registration, stitching, and overlapping
area correction on it, and on this basis, fusion processing can be
performed. Among them, the real-time positioning of the ROI
during the imaging process is a key step in onboard processing
[39]. This section introduces the important algorithms involved
in the above process.

A. Instant Geographic Locating

1) Strict Geometric Model: For optical linear array images,
each line of the image is an independent central projection
imaging result. By interpolating the information provided by
the auxiliary data, the precise exterior orientation elements
corresponding to each line, including position and attitude in-
formation, can be obtained.
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The coordinates (X, Ys, Z5) [40] of the projection center of
each image line at time 7 are interpolated from the GPS or BD2
data by a cubic polynomial model

Xy (B) = ko + kit + kot®> + kst3
Y, () =mo +myt +mat? + mgt> (D
g (f) = ng —+ nﬁ—l— n2f2+ n3£3

where ko, kl, k‘g, ]{?3, mo, M1, M2, M3 Ng, N1, N2, and ng are
the coefficients of the cubic polynomial models that are fit by
the observed data; ¢ is the normalized imaging time, which is
calculated as follows:

E _ t— tstarl (2)
tend - tslan
where tg, and te,q are the start and end times of the satellite
position data, respectively.
Similarly, the attitude information (¢, w, ) could be interpo-
lated by a cubic polynomial model

o (t) = ko + kit + kot? + k3t3
w(t) =mo +myt +mat? + mat3 3)
k () = ng + nit + not? + nzt®

where ]{10, kl, kQ, kg, mo, M1, M2, M3 Ng, N1, N2, and ng arc
the coefficients of the cubic polynomial models that are fit by
the observed data.

On this basis, the strict geometric model can be established
as follows:

X — Xs (t)
Z — Zs (t)
tan v,
- Riow, | tan g, )
1

where ¢ is the imaging time of the scan line recorded by the
camera; A is a scale factor; 1, and 1), are the look angles; R;f,‘(‘fyor
is the camera install matrix calculated by inflight calibration,
which can be treated as a fixed value over a long period of
time; REew (o(t),w(t), s(t)) is the rotation matrix from the
Earth-centered inertial (ECI) coordinate system to the satellite
body coordinate system converted by rotation angles ¢(t), w(t),
and k(t), which are the pitch, roll, and yaw angles, respectively,
and interpolated from the attitude observation under the ECI
coordinate system by time; REGL() is the transformation ma-
trix from the Earth-centered fixed (ECF) coordinate system to
the ECI coordinate system; and [ X(¢) Ys(t) Zs(t) }T is the
position vector of the projection center in the ECF coordinate
system, interpolated from the position observation by time.
Among them, the interior orientation elements 1), and 1, are
described by the look angle of the camera coordinates; they
are determined by laboratory calibration before launching and
updated by inflight calibration during a certain period after
launching [41], [42].

2) ROI Location: Based on the above strict geometric mod-
eling method, the geographic coordinates corresponding to each
pixel can be calculated. However, in the process of satellite

imaging, it is impossible to complete the calculation of the
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positions of all image pixels and compare them with the position
of the ROI because of the limitation of the computing resources
on board. Therefore, the efficient ROI location algorithm is
described as follows.

1) Establishing the strict geometric model of the current
imaging line.

2) Calculating the geographic position of the first and last
pixels of the current line at 7j, and obtaining the points
(poa QO)-

3) Repeating steps 1 and 2 to obtain the next points (p1, q1)
when 77 = Ty + At.

4) Determining whether the ROI center is located in the
rectangle (po, qo,P1,¢q1); if not, continue to repeat the
above calculation steps after At time.

5) If the center of the ROI is located in the rectangle
(i, i, Di+1, ¢i+1), calculate the exact image coordinates
of the range of the ROI area.

Since only two points need to be calculated in a At timespan,
the calculation can be completed in several milliseconds. The
flowchart of this algorithm is shown in Fig. 1. After the locating
is successful, an affine transformation model can be established
according to the two corner points obtained in this calculation
and the two corner points calculated last time

s=ag +a1 B+ axL )
l=0by +01B+bL

where ag, a1, as, bg, by, and by are the coefficients of the affine
transformation model. They can be determined by the least-
square method, and then, the pixel coordinates of the ROI
center can be calculated, and the ROI data can be clipped for
subsequent processing. ROI real-time positioning plays a very
important role in reducing the amount of data and calculation
and improving the real-time performance of onboard processing.

3) Rational Function Model: The strict geometric model
establishes the mathematical relationship between the original
image pixel coordinates and the geographic coordinates. How-
ever, there are two problems: 1) Each line of the image has
independent imaging conditions, and it is necessary to establish
similar but different strict models line by line; 2) the inverse
calculation of the strict model from geographic coordinates to
pixel coordinates requires iteration, which is computationally in-
tensive and unstable. Therefore, after extracting the ROI region,
this article uses a more general and efficient rational function
model (RFM) to replace the strict model in the subsequent
processing.

The RFM is a rational polynomial model that directly estab-
lishes the relationship between the geographic coordinates and
the pixel coordinates [43], [44], [45]. The terrain-independent
method can be used to convert the strict model to RFM with high
accuracy without relying on any ground control points [46]: A
sufficient number of virtual control points are generated using
strict models first, and then, the rational polynomial coefficients
(RPCs) of the high-precision RFM can be obtained by the
least-square method.

The RFM performs mutual conversion calculations among
pixel coordinates ([, s), geographic coordinates (B, L), and
ellipsoid height H. (I, s,) and (U, V, W) are the normalized
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Fig. 1. Flowchart of ROI location [39].

coordinates of pixel coordinates (I, s) and geographic coordi-
nates (B, L, H), respectively, and their relationship is

~ Deng (U, V,W)
NumLs(U,V,W) : (6)

_ Num, (UV.W)
{ln
Deng (U,V,W)

Sp =

The polynomial numerator and denominator are, re-
spectively, expressed as follows. Among them, a;,b;,c;,d;
(i = 1,2,...,20) are coefficients of RFM, which have been
solved when the model is generated, Equation (7) shown at the
bottom of this page

B. Panchromatic Multispectral Fusion

After extracting, the original panchromatic and multispec-
tral data covering the ROI area, sensor correction, fusion, and
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geometric correction are required for both of them to obtain
the high-resolution multispectral fusion result with geographic
information.

1) Sensor Correction: Sensor correction is currently the pre-
requisite step for photogrammetric processing and application
of high-resolution optical satellite data that mainly solves the
problem caused by camera design and imaging characters, such
as image distortion caused by lens distortion and an unstable
platform, sensor image stitching, and multispectral image band-
to-band registration. The standard image product with an RFM
can be obtained after sensor correction.

Generally, the current sensor correction method can be catego-
rized into two classes: the image-space-oriented (ISO) method,
and the object-space-oriented (OSO) method [47]. Unlike the
ISO method that mainly solves the problem of sensor image
stitching and band-to-band registration based on image matching

Deng (U,V,W) =

ar + asV + asU + asW + asVU + agVW + a;UW + a8V2
NllHlL (U, ‘/, W) = +a9U2 + al()WQ + 0211VUW + a12V3 + a13VU2 + a14VW2
+a15V2U + a16U% + a17UW? + a18V2W + a1gUW + agoW3
by + boV + b3U + baW + bsVU + bgVW + byUW + bgV?
Deny, (U,V,W) = +bgU? + bigW? + b11VUW + b12V3 + b13VU? + b1, VIW?
+b15V2U + bigU? + birUW?2 + bigVZW + bigU?W + by W3
c1 4 oV 4+ csU + caW + s VU + cgVIW + c;UW + e V2
Numg (U, V, W) = +69U2 + 610W2 +c  VOW + 012V3 + 013VU2 + 014VW2
+e15V2U + ¢16U3 + c17UW? + c18VEW + 19U W + oo W3
diy +doV +dsU +dyW +dsVU + dgVW + d-UW + dsVQ
+doU? + d1oW? + din VUW + d12V3 + dizVU? + di, VW2
+d15V2U + digU? + di7UW? + dig VW + dygU W + dogW3.

)



7640

Original Image
Coordinates «----------—- (3)llapping-------- >

s

Corrected Image
Coordinates

(s3)

(2)DLiI

1)Digorous llodel
(DDigorous llode of Virtual CCD

of sub-CCD i .
. Object Coordinates

(BLH)
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[48], the OSO method establishes the corresponding relationship
between the original image and the corrected image based on
the image geometric model with the object space as an in-
termediary, and it is theoretically stricter and more desirable
for high-precision image processing and application (as shown
in Fig. 2). In the OSO method, a virtual sensor is used to
replace the original physical sensor with multiple bands [49],
and furthermore, a virtual steady reimaging model based on the
virtual sensor is used to correct the distortion caused by both
the camera and satellite [50], [51]. Therefore, this article adopts
the OSO method to solve the geometric problem of onboard
fusion processing. The procedure of sensor correction is shown
in Fig. 3.

2) Smoothing Filter-Based Intensity Modulation: Main-
stream optical satellites usually provide panchromatic images
with high spatial resolution and multispectral images with small
data volumes. After fusion processing, the two can obtain high-
resolution multispectral images and enhance the use value of
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data products. Affected by the limitations of onboard processing
and real-time requirements, the algorithm suitable for onboard
processing should have the characteristics of a small amount of
calculation, no dependence on external memory, and suitable for
block-independent processing. Among many fusion algorithms,
smoothing filter-based intensity modulation (SFIM) is a high-
fidelity image fusion algorithm that can well preserve spectral
features [52], [53]. It can divide the image to be processed into
multiple blocks for parallel computing, which is suitable for
onboard processing. The principle is as follows.

Suppose the imaging band of the remote sensing image is A,
and its pixel value is determined by the irradiance /(1) and the
surface reflectance p(1) [54]

DN ()= p(1) E(%). ®
The SFIM is defined as
DN()\)IOWDN(’Y)high
DN()L)Sim - DN(’Y)IOW

P()\)IOWE(A)lowp(V)highE(W)high

_ ()
PN owE MNiow ®

For simultaneous imaging of panchromatic and multispectral
data, it can be considered that the solar radiation at the imaging
moment is the same, and for images with the same resolution, it
can be assumed that E'(A) &~ E(~) [55]; the surface reflectance
of the same object is also the same, it can be assumed that Plow ~

Phigh- E(A)low and E(fy)low’ pw)low’ and P('Y)high in (9) can
cancel each other out, then

DN gim = P(M) 10w EMhigh & (M) pigp £ (R high

= DN(}) (10)

high
It shows that the value obtained by the fusion model defined
by (9) is approximately equal to the real value.
Therefore, for the panchromatic multispectral fusion, we can
get

MS x PAN
PAN’

where MS represents a multispectral image, PAN represents
a panchromatic image, and PAN' represents a low-resolution
panchromatic image, Fusion represents a fusion result. lf’:g,
is considered to preserve the edge detail information of high-
resolution images while basically eliminating spectral and con-
trast information.

The SFIM model can be regarded as adding high-resolution
details to low-resolution images with good color retention. The
key to its fusion effect is the generation of degraded panchro-
matic images. Therefore, in this article, the Gaussian filter is used
instead of the neighborhood mean filter in the original SFIM to
degrade the panchromatic image, in order to obtain a degraded
panchromatic image closer to the multispectral image through

parameter adjustment, and then, obtain a more accurate lf:g, .

Fusion =

(1)
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Fig. 5. Indirect correction method.

The Gaussian filter can be described as

1 o ox24y?
G(1,y)=g5—5e =

12)

where (x, y) is the position in the convolution template, G(z, y)
is the value of the position. The filter effect can be adjusted by
changing the value of o. The flowchart is shown in Fig. 4.

3) Geometric Correction: Geometric correction is the pro-
cess of geometrically transforming sensor-corrected images ac-
cording to an appropriate model and geocoding the image [56].
The commonly used geometric correction methods include the
direct correction method and the indirect correction method, as
shown in Fig. 5.

The indirect correction method establishes the relationship
between the output image and the input image, as shown in (13).
For each pixel (X, Y") on the output image, its coordinates (s, ()
on the input image are calculated according to F and Fj, then
resampling is performed according to the value of surrounding
pixels. Usually, the nearest neighbor method, bilinear interpo-
lation method, and bicubic interpolation method can be used

13)
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The coordinate transformation model F; and Fj could be a
polynomial transformation model, strict geometric model, or
RPC model.

III. PROPOSED APPROACH

In the traditional data-centric processing method, the process-
ing steps are clearly divided. Each step of the algorithm only
needs to focus on the processing of independent operations,
focus on the input data, and make the output data the best
possible effect. Its disadvantage is that the algorithm of each
step is relatively fragmented, and the overall efficiency is low.
In order to realize real-time processing under the condition of
limited resources, it is necessary to consider and optimize the
algorithm processing flow in order to improve the algorithm
processing efficiency as much as possible.

A. Task-Driven Onboard Fusion Processing

1) Strategy of Task-Driven Processing: Task-driven onboard
processing performs instant geographic locating, filtering, and
processing of raw data according to the task instructions up-
loaded by ground users. It needs to be completed in real-time
under limited onboard conditions, which is more complex and
difficult than traditional processing.

As shown in Fig. 6, the preset or annotation parameters that
need to be used in the task-driven processing include camera
geometry calibration parameters, camera radiance calibration
parameters, Earth rotation parameters (precession, nutation, pole
shift), algorithm configuration parameters, and global digital
elevation model (DEM). The flow-in raw data come from the
satellite imaging system, including raw images and imaging aux-
iliary data; the attitude and position data are broadcasted through
the satellite platform bus. The processing steps include data
analysis, instant geometric positioning, ROI extraction, relative
radiance correction, sensor correction, fusion, and geometric
correction. The final output is the geometrically corrected fused
image of the ROI specified by the task instruction.

According to the ROI position specified in the task instruc-
tion, combined with instant geometric positioning calculations,
the important data can be accurately positioned as quickly as
possible when the onboard processing platform is unable to
continuously cache the whole flow-in data. And only the data
in this area are processed, thereby significantly reducing the
overall calculation amount and improving the processing time-
liness. The key lies in the high-precision geometric positioning
completed in real time during the data flow-in process.

2) Parallel Progressive Fusion Algorithm: In order to make
full use of the embedded GPU for parallel processing, the fusion
algorithm described is been adjusted: First, calculate the overlap-
ping range of sensor-corrected panchromatic and multispectral
image and divide it into small blocks; then, perform fusion pro-
cessing of each block in memory, including Gaussian filtering of
panchromatic image, fusion coefficient calculation, upsampling
of multispectral image, and pixel-level fusion; merge the fusion
results of each block, and perform the geometric correction to
get the final product. On the one hand, the improved algorithm
makes better use of the parallelizability of the SFIM method, and



7642 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023
Satellite Platform
‘ Star Sensors ‘ ’ GPS & BD ‘ -
Imagine System Transmission |
v ging >y System
‘ System Bus ‘ A
Instructions I S " 2 o
(O | Auxiliary Data Auxiliary Data :
I
‘ | A A :
' Raw Image |
DEM I Data Analysis Data Analysis —
[ Y Y Buffer :
I ‘ |
,,,,,,,,,,,,,,,,,,,,,,,,,,, : I
Fusion |
Camera n : A v Product!
Parameters : : Radiance !
: » ROI Location | Pesition» ROI Extraction |tmagd . |
Correction I
Earth L : I
Parameters | T :
b P P
I
Radiance | | | ! Saas < I
P t NAdrance ComTcCiCaTInage I
arameters : L ’7 :
Configure [ Sensor PAN Image . Fusion Geometric |
. ] NS I —» Fusion i ]
Parameters | Correction MS Image mage Correction | |
I
I
Upload :_ ________________ O _n—lz)a_rd_PrEcEss ing_ Pkltﬁ)rr_n ________________ _!
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TABLE 1
ANALYSIS OF OCCUPIED MEMORY SPACE
Input Data Filtered Data Fusion Upsamplin Fusion Result Sum
P Coefficients psampiing
Original
& 1C 1C 4c 4c 11.25C
method
Parallel 1.25C
whk whk 4whk 4whk 1.25C+10whk
method

can adapt and adjust the algorithm by flexibly setting the grid
size and the number of parallel blocks, while avoiding memory
overflow caused by too large temporary data; on the other hand,
the I/O operations between the steps of the original algorithm are
omitted, which can significantly speed up the overall processing
time. The adjusted algorithm is shown in Fig. 7.

Let Woan, Hpan» Wi, and Hyy,s be the width and height of the
panchromatic and multispectral image respectively, and there
is a 4:1 relationship between them. w, h are the width and
height of a single block, respectively, and k is the number of
simultaneous parallel blocks. For the convenience of discussion,
letC' = Wyan X Hpan, then the occupied memory space analysis
is as given in Table I.

From the above analysis, it can be seen that if it is divided
into 20 x 20 grids and the parallelism is set to 10, the memory
capacity occupied by the method in this article is 1.5C, which
is much smaller than the 11.25C' of the original method, which
can better adapt to the onboard processing condition.

B. Object-Space-Consistency-Based Registration

Traditional fusion processing requires high-precision regis-
tration of the input panchromatic and multispectral images to

keep them geometrically consistent. However, the registration
process is computationally intensive and time-consuming, and
onboard applications should be avoided as much as possible.
Considering that the panchromatic and multispectral images are
almost simultaneously imaged, there are relatively consistent
imaging conditions, and theoretically, the registration of the two
can be completed through sensor correction.

However, in the OSO sensor correction method, in order to
ensure reimaging accuracy, the ideal virtual sensor needs to be
set as close as possible to multiple physical sensors. According
to this principle, the virtual sensor is usually set in the middle
position of physical sensors. Therefore, the difference in look
angle between virtual sensor and physical sensors could be
as small as possible, so as to keep the geometric positioning
accuracy of the virtual sensor and multiple physical sensors as
consistent as possible. Therefore, the set panchromatic virtual
sensor and the multispectral virtual sensor cannot overlap on
the camera focal plane, resulting in a certain deviation in the
geometric position of the same ground object obtained after the
two perform sensor correction respectively, so it cannot be fusion
directly. As shown in Fig. 8, green represents the panchromatic
physical sensors (solid line) and the virtual sensor (dotted line),
and blue represents the multispectral physical sensors (solid
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line) and the virtual sensor (dotted line). It can be seen that the
virtual panchromatic sensor does not overlap with the virtual
multispectral sensor in the camera focal plane.

Therefore, in order to fuse directly from the panchromatic
and multispectral sensor correction results, it is necessary to
fine-tune the settings of virtual sensors, to make the two overlaps
in the camera focal plane. The look angle of every sensor pixel
can be described as [46]

(14)

U, (s) =ao + a1s+ azs® + azs®
\I/y (S) = bo —+ b18 —+ b252 —+ b3$3

where ag, ai, asz, as, by, b1, ba, and bs are polynomial co-
efficients, s represents the pixel index number of the sensor.
A complete set of parameters represents a piece of physical
or virtual sensor on the camera focal plane. According to the
parameters, the look angle of each pixel on the sensor can be
obtained. For an ideal virtual sensor without distortion, the other
parameters except ag, by, and by can be set to 0, where ag and by
represent the position of the first pixel from the left of the sensor
on the camera focal plane, and b; indicates the size of the pixel.

For the convenience of discussion, we introduce the super-
script mark on the coefficient to identify the sensor and take a
panchromatic virtual sensor as an example. As long as af™V,
bEAN, and BYAN are set correctly, the ideal panchromatic virtual
sensor is set correctly. It can be set as follows through the
parameters of the physical sensors

PAN _ PAN1

ap
4 PAN7,
_. b
BRAN — 2i=1bg ‘ (15)
PPAN _ i, b
1 - 4
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Similarly, the parameters of multispectral virtual sensor can
be obtained (j identifies the band index number)

ala/IS — al(\)/151
4,4 MSij

MS __ Ei:l,j:l by

bp === — - (16)
4,4 MSij

bMS _ Zi:l,j:l bl !

1 = 16

On this basis, in order to make the panchromatic virtual sensor
and the multispectral virtual sensor overlap on the camera focal
plane and to consider the impact of the new virtual sensor settings
on panchromatic and multispectral physical sensors, ag and by
of virtual sensors can be adjusted according to (15) and (16)

Final _ (,PAN | _MS
a]?inal (ap(j\N N CILV?S ) /2 (17)
by = (b5 + 03"°) /2
Then, set ag and by of the panchromatic virtual sensor and the
multispectral virtual sensor to the values obtained by (17), and
set by of the multispectral virtual sensor to four times by of the
panchromatic virtual sensor, namely: b)15 = pPAN x 4,
Furthermore, due to differences in panchromatic multispectral
pixel size and integration time, the positional relationship be-
tween the actual panchromatic and multispectral virtual sensors
is shown in Fig. 9. Green represents panchromatic virtual pixels
and blue represents multispectral virtual pixels. It is necessary
to make fine-tuning to the multispectral virtual sensor, that is, to
move 1.5 panchromatic pixels to the right and down to move it
to the red position
aMS = gfinal — 1.5 x pIAN |
by = g™ 4 1.5 x bPAN (%)
It should be noted that when fine-tuning, it is necessary to pay
attention to the definition of the direction of the = and y axes of
the camera focal plane, and the sign of b¥AN, which is negative
here.
The adjusted panchromatic and multispectral virtual sensors
overlap at the camera focal plane, making it possible to directly
fuse the images after sensor correction.

C. Algorithm Mapping Strategy

In order to fully adapt to the characteristics of the onboard
embedded GPU architecture and improve the use efficiency, it
is first necessary to analyze the characteristics of the algorithm.
Then, specify the overall algorithm mapping strategy and op-
timize the time-consuming algorithm as much as possible to
pursue real-time performance.

1) Algorithm Analysis and Overall Mapping Strategy: The
onboard fusion processing involved in this article mainly in-
cludes four steps: 1) data analysis, 2) ROI extraction, 3) sensor
correction, and 4) fusion and geometric correction. Among
them, the main operation of data analysis is receiving, and the
calculation amount can be ignored, so it will not be discussed
later.

Table II analyzes the 4 steps and 17 types of algorithms
involved in this article from two aspects: 1) computing load
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TABLE II
CHARACTERISTICS OF ALGORITHM
Step Algorithm Computing Load Parallelizability
Data Analysis Data analysis Light Low
Attitude Interpolation Light Low
Orbit Interpolation Light Low
ROI Extraction Strict Modeling Light Low
ROI Location Light Low
Radiance Correction Light High
Attitude Interpolation Light Low
Orbit Interpolation Light Low
Sensor Correction Strict Modeling Light Low
RPCs Calculation Light Middle
Resampling Heavy High
Stitching Light Low
Gaussian Filtering Heavy High
. . Coefficient Calculation Medium High
Fusion and Geometric . . .
Correction Multispectral Upsampling Heavy High
Pixel-level Fusion Medium High
Geometric Correction Heavy High

and 2) parallelizability. In general, algorithms with light com-
puting load or low parallelizability are mapped to the CPU
cores for processing, including attitude interpolation, orbit in-
terpolation, strict modeling, ROI location, radiance correction;
algorithms with a slightly higher computing load, including

RPCs calculation and image stitching, only need to be run
once, and mapping them to the CPU for multicore parallel
processing can meet the requirements well; algorithms that re-
quire pixel-by-pixel processing, with heavy computing load and
high parallelizability are compatible with the large-scale parallel
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Fig. 10.  Overall mapping strategy.

architecture of the GPU, and are mapped to the GPU for parallel
processing, including resampling, Gaussian filtering, coefficient
calculation, multispectral upsampling, pixel-level fusion, and
geometric correction. The overall mapping strategy is shown in
Fig. 10.

The embedded GPU module Terga X2 used in this article
contains six CPU cores. For the satellite data including four
linear array sensors in this article, a parallel processing strategy
of four physical sensors and one virtual sensor can be used.
The processing tasks related to each sensor are handled by 1
CPU core. The remaining 1 CPU core is responsible for pro-
cessing other auxiliary computing tasks, such as data exchange,
thread scheduling, system services, etc. When the system is
running, each sensor starts an independent thread for processing,
and the operating system of Terga X2 will align and schedule
to ensure that they can be allocated to their respective CPU
cores. For algorithms such as resampling, Gaussian filtering,
coefficient calculation, multispectral upsampling, pixel-level

256 (TUE%A Cores

ROI Fusion Product

fusion, and geometric correction that involve a large number of
pixel-by-pixel operations, 256 CUDA cores of the embedded
GPU are used for parallel processing.

Considering the processing flow, assume that the first CPU
core (recorded as CPU core 0 in Fig. 10) starts to execute the
main process: According to the continuously flow-in attitude
data and orbit data, using the parameters of the virtual sensor,
the first core performs attitude interpolation, orbit interpolation,
strict modeling, and ROI location to determine whether the
current push-broom imaging range covers the center point of
the ROI. Once it is successfully covered, the accurate range of
the ROI area is further calculated, and the rest of the CPU cores
(CPU cores 1-4), respectively, perform cropping and radiance
correction on the four physical sensor images according to
the obtained range and, then, perform strict modeling. At the
same time, CPU core O calculates the RPCs of the ROI area.
Using the RPCs obtained by CPU core 0 and the strict model
constructed by CPU cores 1-4, the pixel-by-pixel mapping
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TABLE III
PSEUDOCODE OF SENSOR CORRECTION

Sensor Correction

Input: raw image and strict model of each sensor, RFM, DEM

Output: virtual image

1: Establish the corresponding relationship between raw image pixels and virtual image pixels

S Dori > " vir
2: Pixel resampling (CUDA Parallelism)

2.1 Divide the image into grids, each grid contains (m X n) pixels
2.2 Specify CUDA thread parameters (closely related to performance) , including:
1) The number of blocks in each CUDA grid: (B, B));
2) The number of threads in each CUDA block: (T, Ty);
3) The number of pixels processed in each CUDA thread: (P, B,).
Make sure that (B, X T, X P, B, X T, X B,) > (m,n).
2.3 (By XT,B, X T,) threads in each CUDA grid are simultaneously submitted for parallel

execution:

For each image grid (m,n), submit (B, X Ty, By, X T,)) threads

Every Pixel

End pixel loop
End grid loop

2.3.1 Each thread processes (P, P,) pixels

2.3.1.1 Calculate the corresponding original coordinates (s, 1),y
2.3.1.2 Obtain adjacent pixels around the coordinate (s, 1),
2.3.1.3 Calculate temporary variables for interpolation

2.3.1.4 Calculate output pixel value

relationship from the original physical image to the virtual
image can be obtained. According to this mapping relationship,
the resampling operation is performed in parallel on the 256
CUDA cores of the GPU to obtain virtual images. Then, the
CPU core O stitches the virtual images to obtain the whole
panchromatic and multispectral virtual image of the ROI area.
Furthermore, algorithms such as Gaussian filtering, coefficient
calculation, multispectral upsampling, pixel-level fusion, and
geometric correction are performed on the 256 CUDA cores
of the GPU to complete fusion processing and obtain the final
high-resolution multispectral product of the ROL.

2) Time-Consuming Algorithm Mapping Strategy: Time-
consuming algorithms that require pixel-by-pixel processing
with heavy computing load and high parallelizability consume
most processing time of the system and are the bottleneck
of the system. Effectively improving their performance plays
a decisive role in improving the overall performance of the
onboard processing. Their mapping strategies are discussed as
follows.

a) Sensor correction: The final step in the sensor correc-
tion process is pixel-by-pixel resampling. First, according to the
physical sensor strict model and virtual sensor RPCs model ob-
tained in the previous steps, the pixel-by-pixel correspondence
between the original images and the virtual image in the ROI
area can be obtained; on this basis, the corresponding position
of any pixel of the virtual image on the original image can be
obtained; then according to the original value of the adjacent
points on the original image, the virtual image pixel can be
obtained by interpolation. The pseudocode of the algorithm is

Divide Image into
A*B Grids

[ cPU

GridIndex_X=0
GridIndex_Y=0

OpenMP Parallelism

4

GridIndex_Y++

i i
: ,*" Threadn
: 1| Calculate Position
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1
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I Pixels
1
i Calculate
1
Commit Massive 1 Temporary
Threads to GPU// : Variables
N ’;;I;A’;,",;;,”"i"i" *********** ! || Interpolation Pixel
N arallelism e ‘
AL |
Yvvyy I
,,,,,,,,,,,,,,,,,,,,,,,,,, — .
Gridindex_X++ :
1
1
1
1
1

Fig. 11.  CPU/GPU collaboration process of sensor correction.
shown in Table III, and the CPU/GPU collaboration process of
the algorithm is shown in Fig. 11.

b) Fusion and geometric correction: Fusion and ge-
ometric correction process the stitched panchromatic and
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TABLE IV
PSEUDOCODE OF FUSION AND GEOMETRIC CORRECTION

Fusion and Geometric Correction

Input: panchromatic, multispectral virtual image, RFM, DEM

Output: ROI fusion product
1: Fusion processing: (CUDA Parallelism)

1.1 Divide the image into grids, each grid contains (m X n) pixels
1.2 Specify CUDA thread parameters (closely related to performance), including:
1) The number of blocks in each CUDA grid: (By, B));

2) The number of threads in each CUDA block: (T, T,);
3) The number of pixels processed in each CUDA thread: (P, B,).
Make sure that (By X T, X P, B, X T, X B,) > (m,n).
1.3 (B, X Ty, By X T,)) threads in each CUDA grid are simultaneously submitted for parallel

execution:

For each panchromatic image grid (m, n), submit (B, X Ty, By, X T,)) threads

Every Pixel

pixel
End pixel loop
End grid loop

2: Pixel resampling (refer to sensor correction)

2.3.1 Each thread processes (P, B,) pixels

2.3.1.1 Calculate the value of the blurred panchromatic pixel

2.3.1.2 Calculate edge information

2.3.1.3 Interpolation to obtain the upsampled multispectral pixel

2.3.1.4 Fusion of edge information and multispectral pixel to obtain fusion

multispectral virtual images of the ROI area. First, the blurred
panchromatic image is obtained through Gaussian filtering; on
this basis, the edge information of the panchromatic image is
extracted through the ratio of the original panchromatic image
and the blurred panchromatic image; then, according to the
resolution of the original panchromatic image, the upsampling is
performed on the multispectral image; then, fuse the extracted
edge information with the upsampled multispectral image; fi-
nally, according to the corresponding relationship between the
pixels of the fusion product and their geographical location,
resampling is performed on a band-by-band and pixel-by-pixel
to obtain the geometrically corrected fused image of ROI. The
pseudocode of the algorithm is shown in Table IV, and the
CPU/GPU collaboration process of the algorithm is shown in
Fig. 12.

3) Pipeline Parallelism: The execution of any computer al-
gorithm includes three major steps: 1) datainput, 2) data process-
ing, and 3) data output. For the onboard fusion processing, the
data to be processed are remote sensing images, and the amount
of data itself is large. Compared with the time-consuming data
processing step, the data input and data output steps are also
time-consuming and cannot be ignored. Fortunately, in a com-
puter system, data input and output are executed by communica-
tion interfaces or external memory while processing is executed
by the CPU cores and internal memory, which are different
components. Therefore, considering that the Tegra X2 module
is equipped with an operating system based on a complete
Linux kernel, it has the ability to efficiently manage computing
resources, storage resources, and communication interfaces.
Using the multitasking capability of the Tegra X2 module,
parallel pipelines can be built. The data input, data processing,

and data output can be regarded as three parallel steps of the
pipeline, thereby hiding time-consuming and improving overall
efficiency. In fact, under appropriate scenarios and settings, this
strategy can be applied not only within a single computing node
but also in the collaboration of multiple computing nodes.

Fig. 13 shows the principle of building a parallel pipeline be-
tween multiple computing nodes and within a computing node:
the data source sends data to each processing node continuously;
and each processing node automatically segments the data, and
internally parallelize the input, processing, and output steps;
at the same time, the processing nodes are also parallelized
through data segments. In order to compare the time-consuming
difference before and after the parallel pipeline, let ¢, 1, and ¢,
be time consumption of input, processing, and output, and the
number of data segments is n, the number of nodes is m, then,
in general, the processing time ¢4 equals

2
tS:(m—l)xto—thix% (19)

i =0

in pipeline parallel mode, the processing time ¢,, equals

tp:(m_l) X 1o + Zi’ =0 ti"‘%tmax

1 # max

(20)

tmax = max (t07 tlv t2)

Theoretically, if the data segments are divided finely enough,
then there is n — oo. At this time, under the same input data and
the same number of processing nodes, the parallel acceleration
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ratio of the pipeline is architecture, without affecting the performance of the core em-
bedded GPU processing system, commercial hardware is used
ZQZ —0 t; to build an alternative platform as shown in Fig. 14 to examine
S, the performance of the proposed approach.
. te 1 # max . -
lim (> = 1+ (21) The experimental system uses the nVidia Tegra X2
oo \lp tmax (TDP:15 W) as the processing core, and the Intel 750 1.5 TB

Equation (21) shows the following.

1) Dividing finer data segments is more conducive to improv-
ing the performance of parallel pipelines.

Ideally, when ty = t; = o, the processing performance
can be increased up to three times.

For the case of only one processing node in this article,
the value of m is 1, which does not affect the above
conclusions.

It should be noted that if ¢; or ¢y is significantly bigger
than ¢p, it means that not all input data can be processed in
time. At this time, either adjust the algorithm to reduce %,
to, or periodically discard part of the flow-in data to meet
the stream processing constraints. Under ideal circumstances,
the pipeline can significantly improve the overall efficiency
of the system, but the conditions for maintaining its stability
in actual scenarios are relatively harsh. In actual processing,
affected by dynamic factors such as data characteristics, singular
values, and thread scheduling delays, the processing time of
similar tasks fluctuates, which may cause local delays and waits,
and such delays will accumulate. In severe cases, the pipeline
will be seriously delayed or even crushed. In order to alleviate
this situation, usually enough buffer is set between parallel steps
or enough performance margin is left when setting up, but the
former will waste more system memory, and the latter will
reduce the overall timeliness. Therefore, whether to adopt this
strategy needs to be analyzed in detail according to the actual
measurement situation.

2)

3)

IV. EXPERIMENTS
A. Experiment Design

1) Simulation Onboard Platform: In this article, referring
to the actual onboard embedded GPU processing hardware

solid drive to replace the FPGA in the real onboard system,
and replaces the interaction between the FPGA and the satellite
system by reading and writing files, including platform system,
imaging system, data transmission system, and uploading sys-
tem. The choice of the hardware architecture of the experimental
system is mainly based on the following considerations.

a) 4x PCIE 2.0 bandwidth can reach 32 Gb/s, which is the
highest speed interface supported by Tegra X2 module,
and the actual onboard device also uses this interface to
transmit data.

Intel 750 1.5 TB solid drive supports the 4x PCIE 3.0
interface, the bandwidth can reach 64 Gb/s, which can
meet the bandwidth requirement of the Tegra X2 module
and can be used as a simulated substitute for FPGA and
external satellite subsystems.

Compared with data transmission, the bottleneck of on-
board fusion processing is processing, and the alternative
I/0 scheme will not substantially affect the methods and
conclusions of this article.

2) Experiment Data: The experiment in this article is carried
out based on the data of a high-resolution remote sensing satellite
of China. The panchromatic sensor has a spatial resolution of
0.7 m, and the multispectral sensor has a spatial resolution of
2.8 m, which includes four spectral bands: 1) blue, 2) green, 3)
red, and 4) near-infrared. In this article, a section of imaging
strip data covering Lijiang City, Yunnan Province, is selected to
carry out the experiments, and the size of the region of interest
is set to 5000 x 5000 pixels.

b)

)

B. Registration Accuracy

In the process of fusion processing in this article, sensor
correction is first applied to the panchromatic and multispectral
data of the ROI, respectively, and then, the fusion is performed.
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Fig. 15.
TABLE V

RELATIVE ACCURACY OF PANCHROMATIC-MULTISPECTRAL IMAGES (UNIT:
PANCHROMATIC PIXEL)

Scene No. Avg-X Avg-Y RMSE-X RMSE-Y
1 0.256 -0.461 0.809 0.953
2 0.134 -0.463 0.921 0.992
3 0.444 0.528 0.894 0.999
4 0.106 -0.044 0.748 0.902
5 0.337 0.057 0.862 0.976

Fusion processing can be implemented on embedded hardware
by omitting the pixel-based registration process. Taking advan-
tage of the almost simultaneous imaging characteristics of the
panchromatic and multispectral images, this article fine-tunes
the parameters of the virtual sensors based on the principle of
object-space consistency, so as to obtain geometrically consis-
tent panchromatic and multispectral images through the sensor
correction and, then, fuse them to get the ROI fusion product.
In order to verify the registration accuracy of this method, this
section generates panchromatic and multispectral sensor calibra-
tion products, respectively, and measures the relative accuracy
of the corresponding images through grid matching, as shown
in Fig. 15.

Table V lists the relative accuracy experimental results of five
standard scenes. It can be found that the method in this article
can keep the geometric deviation of panchromatic and multi-
spectral images within one panchromatic pixel through sensor
correction, which can meet the fusion processing requirements.

C. ROI Fusion Product

With the data length of 2.4 s (about one standard scene)
as an interval, 5 ROI area products (5000 x 5000 pixels) are
continuously generated by the task-driven fusion processing
method in this article. The red box in the ROI product intercepts
a small area of 500 x 500 pixels for comparison (with details of
100 x 100 pixels), as shown in Figs. 16 —20. It can be seen that
the application of the ROI fusion processing method based on
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(e)

Relative accuracy of panchromatic-multispectral. (a) Scene 1. (b) Scene 2. (c) Scene 3. (d) Scene 4. (e) Scene 5.

the principle of object-space consistency in this article can effec-
tively incorporate spatial details while maintaining the spectral
characteristics of the original multispectral image. Compared
with the original panchromatic and multispectral products, the
fusion product contains more information.

It can be seen from Fig. 16 that the spectral characteristics of
the fused image are consistent with the multispectral image, in
the vegetation scene, the grass texture is clearly visible, the edge
outline of the trees is clear enough, and the vehicles on the road
are also clearly identifiable.

It can be seen from Fig. 17 that the spectral characteristics of
the fused image are consistent with the multispectral image, the
boundaries of the bushes on the natural wasteland are clear, and
the green color of the pond indicates that the water body is rich
in algae.

It can be seen from Fig. 18 that the spectral characteristics
of the fused urban image are consistent with the multispectral
image, the edges of small objects are clear, and the color repro-
duction is accurate.

It can be seen from Fig. 19 that the photovoltaic power gen-
eration panels on the roofs of residents can be clearly observed
in the fused suburban scene image, and the color reproduction
of factory buildings and bare soil with large contrast with the
surrounding features is accurate.

It can be seen from Fig. 20 that in the fused image, the fields
planted with different crops are clearly layered, and the plants
are clearly identifiable.

D. Performance

This article performs performance experiments based on a
simulated embedded GPU platform. First, the performance of
the traditional method based on the standard scene is mea-
sured and used as a baseline (Method 1). That is, the original
data are first automatically divided into scenes, the size of the
panchromatic scene is set to about 29000 lines (2.4 s), and
the size of the standard scene is about 26000 x 29000 pix-
els; then, sensor correction, panchromatic multispectral fusion,
and geometric correction are performed on the standard scene
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(b)

Fig. 16.  Textures of vegetations in ROI 1 (Lon:100.26284050, Lat:27.16015811). (a) PAN. (b) MS. (c) FUSION.

Fig. 17.  Color of the waterbody in ROI 2 (Lon:100.24079662, Lat:27.03169744). (a) PAN. (b) MS. (c) FUSION.
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Fig. 18.

Fig. 19. Roofs of residents in ROI 4 (Lon:100.13476250, Lat:26.82424107). (a) PAN. (b) MS. (c) FUSION.
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Fig. 20.

image. The method uses openmp for parallel acceleration where
appropriate.

Due to the large amount of image data, most methods that
first register the entire panchromatic and multispectral images
and then fuse them either rely on external storage or require
a large amount of memory to store temporary data. Since this
article discusses onboard processing in a limited platform, all
methods involved in this article are done using only internal
memory. And limited by Tegra X2’s hardware with only 8 GB
of internal memory, the fusion processing method using large
internal memory or external memory cannot be realized in
this circumstance. Therefore, the parallel progressive fusion
algorithm and the registration strategy based on object-space
consistency proposed in this article have been already adopted
in Method 1.

Furthermore, this article adopts the task-driven onboard fu-
sion processing strategy to improve the baseline method, that
is, while the data are flow-in, only the data in the ROI are ex-
tracted and processed according to the real-time high-precision
geometric locating calculation. Thereby significantly reducing
the overall calculation load and improving processing timeliness
(Method 2).

On this basis, the algorithm mapping strategy proposed in
this article is applied to transform the time-consuming steps
into GPU parallelization to achieve a significant improvement
in processing performance (Method 3).

(b)

Layers of plants in ROI 5 (Lon:100.17543804, Lat:26.66730138). (a) PAN. (b) MS. (c) FUSION.
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TABLE VI
TIME CONSUMPTION OF KERNEL FUNCTION (UNIT: SECOND)
Kernel . N
function Method 3 | Method 3+ Method 4 S

resample2D 0.909 0.492 0.466 1.95
resample3D 1.216 0.659 0.302 4.03
fusion 3.202 0.351 0.211 15.18
total 5.327 1.502 0.979 5.44

* Only the optimal value is given in the table because there are too
many data.

Finally, in order to further improve the performance of the on-
board processing bottleneck algorithm, the CUDA kernel func-
tions involved in Method 3 were deeply optimized and modified:
through a large number of experiments, the execution parameters
of the kernel functions were deeply optimized (see: Appendix,
Method 3+); and according to the ability of Tegra X2, the kernel
functions are partially simplified and approximated, and the fur-
ther CPU/GPU heterogeneous parallel optimization is applied
for them (Method 4). As shown in Table VI, the performance
of CUDA kernel functions has been improved by 5.44 times,
which has brought a significant improvement in the overall
performance.

In order to objectively measure the performance improvement
effect of different methods, as shown in the following equation,
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TABLE VII
PERFORMANCE COMPARISON (UNIT: SECOND)
Sensor Correction Fusion an.d
Data geocorrection Sum of S s
type analysis RPCs PAN MS I . Geometric Processing um
Calculation  Resampling  Resampling Stitching Fusion Correction
Method1 2.269 0.351 76.756 19.799 0.026 336.134 225.685 658.751 661.020 1.00
Method2 2.234 0.49 2.372 0.963 0.028 11.270 7.527 22.65 24.884 26.56
Method3 2.311 0.308 1.396 0.377 0.020 3.900 1.463 7.464 9.775 67.62
Method4 1.939 0.379 0.902 0.298 0.022 0.285 0.406 2.292 4.231 156.23
TABLE VIII
TIME CONSUMPTION OF ROIS (UNIT: SECOND)
ROI Longitude of Latitude of Data Fusion Data Begin End
ROI center ROI center Analysis Processing Output time time

0 100.26284050 27.16015811 2.306 2.403 2.485 1.186 8.380

1 100.24079662 27.03169744 2.147 2.172 2.339 3.492 10.719

2 100.22883569  26.83364415 2.208 2.365 2.289 6.418 13.280

3 100.13476250  26.82424107 2.045 2.014 2.374 8.626 15.654

4 100.17543804 26.66730138 1.826 2.108 2.207 10.671 17.861

this article uses the speedup ratio S to measure the degree of
performance improvement:

_M M
T T

_TI

S =7

(22)

where M represents calculation amount, and 7 and 75 are the
processing time of Method 1 and Method 2 participating in the
comparison, respectively.

It can be seen from Table VII that the resampling, fusion, and
geometric correction processing in the baseline takes a long time,
accounting for the vast majority of the total time consumption,
and is the bottleneck of the onboard fusion processing. After
applying the task-driven onboard fusion processing strategy pro-
posed in this article, the ROl area is located by instant geographic
positioning while the data are flow-in, so that only the data of
the target ROI area (5000 x 5000 pixels) be processed, which
can greatly reduce the amount of calculation and significantly
shorten the processing time. So that Method 2 is accelerated
by 26.56 times compared with the baseline; on this basis, after
applying the algorithm mapping strategy of this article to trans-
form the bottleneck algorithms to GPU, Method 3 has obtained
a 67.62 times acceleration; furthermore, combining algorithm
features and device features, after deeply optimizing the algo-
rithm migrated to GPU, Method 4 has obtained a 156.23 times
acceleration.

The processing time of Method 4 includes data analysis
t9(1.939 s), processing t1 (2.292 s), and data output t5 (2.411
s), which can basically complete the processing of 5000 x 5000
pixels ROI from every 2.4 s data in time (roughly equivalent to
a standard scene).

From the above results, it can be seen that the time consump-
tion of the steps of the optimized onboard fusion are roughly the
same. A parallel pipeline can be built based on the multitasking
capability of the operating system carried by the embedded
GPU, so as to achieve the purpose of hiding transmission and
analysis delays and further improving real-time performance.

Considering that there are random fluctuations in the time con-
sumption of algorithm processing and I/O, when building the
parallel pipeline, it is necessary to configure sufficient buffer
between each step to improve system stability. In this article,
the experiment is carried out according to the frequency of 1
ROI in 2.4s, and a total of 5 ROI products are obtained. The
actual time consumption records are shown in Table VIII.

It can be seen from Table VIII and Fig. 21 that after construct-
ing the parallel pipeline according to the measured performance,
the system can basically complete the real-time fusion process-
ing of 1 ROI in every 2.4 s. However, because the ROI2 area is
slightly far away from the ROI1 area, the system is temporarily
idle for a short time and some data is backlogged, making
the whole processing completion time longer than expected.
It is particularly worth noting that in pipeline processing, the
impact of similar waiting will gradually accumulate until the data
exceeds the buffer and cause the pipeline to crash. Therefore, in
the actual industrial system that needs to run for a long time,
it is necessary to add auxiliary security strategies. For example,
discard ROI tasks that are delayed or too late to process, or leave
a certain margin in the settings to ensure the correct operation
of the pipeline system.

V. DISCUSSION

In this article, the embedded GPU Terga X2 (TDP:15 W)
is adopted as a simulation low-power onboard processing plat-
form, and research is carried out based on this platform. First
of all, while the data are flowing in, through real-time posi-
tioning, the ROI area can be quickly located and extracted
to avoid wasting precious resources due to processing a large
number of irrelevant data; on this basis, the fusion process
and algorithm are reconstructed, and based on the principle of
object-space consistency, the registration of panchromatic and
multispectral data is realized in the sensor correction step by
adjusting the virtual sensor parameters; furthermore, referring
to the computing resource characteristics of the embedded GPU,
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Fig. 21. Timeline of stream computing.

a reasonable algorithm mapping strategy was formulated and
deeply optimized to greatly improve the performance, and a
pipelined parallel processing was constructed based on this. The
experimental results show that the relative accuracy between
the panchromatic and multispectral images before fusion is less
than one panchromatic pixel, which can meet the requirements
of fusion processing; the spectral characteristics of the real-time
fusion product are highly consistent with the original image, and
the spatial details are rich, which can meet the needs of visual
interpretation. In the performance experiment, after reasonable
algorithm mapping and deep optimization, compared with the
baseline, the performance has been improved by 156.23 times,
and real-time processing can be completed at the frequency of
1 ROI (5000 x 5000 pixels) every 2.4 s.

VI. CONCLUSION

Constrained by the space environment, onboard process-
ing of remote sensing satellites faces the problems of limited
computing power, large amount of data, and high timeliness
requirements, which are very difficult and challenging. This
article focuses on the onboard real-time fusion processing re-
quirements of high-resolution optical remote sensing satellites
and explores a real-time fusion processing approach for the
ROI area under the conditions of limited volume and power
consumption. The experimental results show that under certain
prerequisites, the approach proposed in this article can realize the
real-time fusion processing of high-resolution optical satellites
and obtain usable fusion results. However, this article mainly
focuses on the realization of real-time fusion processing in a
limited onboard environment, focusing on efficiency rather than
the fusion effect. In subsequent research, it is necessary to focus
on the improvement of the fusion effect. In addition, under the
framework of the approach in this article, the relative accuracy of
the sensor correction results between panchromatic and multi-
spectral is about 0.9 panchromatic pixels in both the x and y direc-
tions. Theoretically, it is also possible to improve the geometric
consistency by improving the camera calibration accuracy,

10 15 20

Fig. 22.

Parameters of Tegra X2.

thereby improving the fusion effect. From the perspective of
practical application, the approach in this article is implemented
based on embedded GPU. In the future, the adaptation method
based on other hardware systems such as DSP, FPGA, and other
kinds of embedded devices can be studied according to actual
application requirements.

APPENDIX

Since there are many factors that affect the performance
of CUDA kernel functions, it is necessary to understand the
influence of core parameter settings such as thread block size,
occupancy, and number of registers used during execution on
performance and then carry out targeted optimization.

Using the deviceQuery program that comes with CUDA on
Tegra X2, the main performance parameters of Tegra X2 are
shown in Fig. 22. It can be seen that the thread package (Warp)
size it supports is 32, and the maximum thread block size is 1024.
Therefore, first, adjust the thread block parameters (77, Ty) of
the onboard algorithm and analyze the theoretical and actual
occupancy and time consumption of kernel functions in different
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Fig. 24. Resample_2D ( x 8).

situations. Take T,= 4, T}, take 8, 16, 24,...,256 in turn; then,
take T),= 8, T}, take 4, 8, 12,...,128 in turn. After changing
the settings each time, recompile the program and execute it,
use the nvprof tool to measure the theoretical occupancy, actual
occupancy, time consumption, register usage, and other related
dynamic parameter values of the kernel functions, and then
choose the best setting with the best performance. The Appendix
shows the tuning process of Methods 3 to Method 4 in the
performance experiment of this article.

Stepl: The register requirements of the kernel functions (re-
sample_2D, resample_3D, and fusion) are (68, 68, and 40). The
statistics of the execution results of the three kernel functions
under different settings are as follows.

1) resample_2D: Take T),= 4, T, take 8, 16, 24,...,256 in
turn, the statistics of the execution results of the kernel function
resample_2D is shown in Fig. 23.

Take T),= 8, T, take 4, 8, 12,...,128 in turn, the statistics
of the execution results of the kernel function resample_2D is
shown in Fig. 24.

2) resample_3D: Take T,= 4, T, take 8, 16, 24,...,256 in
turn, the statistics of the execution results of the kernel function
resample_3D is shown in Fig. 25.
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Fig. 27. Fusion ( x 4).

Take T,,= 8, T, take 4, 8, 12,...,128 in turn, the statistics
of the execution results of the kernel function resample_3D is
shown in Fig. 26.

3) fusion: Take T\,= 4, T}, take 8, 16, 24,...,256 in turn, the
statistics of the execution results of the kernel function fusion is
shown in Fig. 27.
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TABLE IX
TIME CONSUMPTION OF KERNEL FUNCTION
Time .
Kernel . Call Processing
. Consumption . .
function (s) Times time (ms)
resample 2D 0.909 840 1.082
resample 3D 1.216 400 3.040
fusion 3.202 400 8.005
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Fig.29. Resample_2D ( x 4).

Take T,= 8, T, take 4, &, 12, ...,128 in turn, the statistics of
the execution results of the kernel function fusion is shown in
Fig. 28.

Table IX shows the time consumption of kernel function.

Step2: After applying kernel function optimization, CUDA
core occupancy optimization, and kernel function storage access
optimization, the register requirements of the kernel functions
(resample_2D, resample_3D, and fusion) reduced from (68, 68,
and 40) to (32, 64, and 32). The statistics of the execution
results of the three kernel functions under different settings are
as follows.

1) resample_2D: Take T,= 4, T, take 8, 16, 24,...,256 in
turn, the statistics of the execution results of the kernel function
resample_2D is shown in Fig. 29.
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Fig. 31.  Resample_3D ( x 4).

Take T,,= 8, T, take 4, 8, 12,...,128 in turn, the statistics
of the execution results of the kernel function resample_2D is
shown in Fig. 30.

2) resample_3D: Take T,,= 4, T, take 8, 16, 24,...,256 in
turn,the statistics of the execution results of the kernel function
resample_3D is shown in Fig. 31.

Take T,,= 8, T, take 4, 8, 12,...,128 in turn, the statistics
of the execution results of the kernel function resample_3D is
shown in Fig. 32.

3) fusion: Take Ty= 4, T, take 8, 16, 24,...,256 in turn, the
statistics of the execution results of the kernel function fusion is
shown in Fig. 33.

Take T,= 8, T}, take 4, 8, 12, ...,128 in turn, the statistics of
the execution results of the kernel function fusion is shown in
Fig. 34 .

As shown in Table X, compared with Method 3, the perfor-
mance of the CUDA kernel function in Method 3+ has been
improved by 3.55 times.

Step3: After the kernel functions are partially simplified and
approximated, the register requirements of the kernel functions
(resample_2D, resample_3D, and fusion) are further reduced
from (32, 64, and 32) to (30, 32, and 26). The register require-
ments of all kernel functions are lower than the threshold of 32
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TABLE X
TIME CONSUMPTION OF KERNEL FUNCTION
. Method Method
Kernel function w
3(s) 3+(s)
resample 2D 0.909 0.492
resample 3D 1.216 0.659
fusion 3.202 0.351
total 5.327 1.502

*Only the optimal value is given in the table because there are too
many data.
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Fig. 36. Resample_2D ( x 8).
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of Tegra X2, which means that the performance of all kernel
functions is no longer limited by the number of registers of
hardware devices. The statistics of the execution results of the
three kernel functions under different settings are as follows.

1) resample_2D: Take T,= 4, T, take 8, 16, 24,...,256 in
turn, the statistics of the execution results of the kernel function
resample_2D is shown in Fig. 35.
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Fig. 38. Resample_3D ( x 8).
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Fig. 39. Fusion ( x 4).

Take T),= 8, T, take 4, 8, 12,...,128 in turn, the statistics
of the execution results of the kernel function resample_2D is
shown in Fig. 36.

2) resample_3D: Take T\,= 4, T, take 8, 16, 24,...,256 in
turn, the statistics of the execution results of the kernel function
resample_3D is shown in Fig. 37.

Take T,,= 8, T, take 4, 8, 12,...,128 in turn, the statistics
of the execution results of the kernel function resample_3D is
shown in Fig. 38.

3) fusion: Take Ty= 4, T, take 8, 16, 24,...,256 in turn, the
statistics of the execution results of the kernel function fusion is
shown in Fig. 39.

Take T,= 8, T, take 4, 8, 12,...,128 in turn, the statistics of
the execution results of the kernel function fusion is shown in
Fig. 40.

As shown in Table XI, compared with Method 3, the per-
formance of the CUDA kernel function in Method 4 has been
improved by 5.44 times, which has brought a significant im-
provement in the overall performance of Method 4.
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Fig. 40. Fusion ( x 8).
TABLE XI
TiME CONSUMPTION OF KERNEL FUNCTION
Kernel Method 3 Method 3+ Method 4
Function (s) ()" ()"

resample 2D 0.909 0.492 0.466
resample 3D 1.216 0.659 0.302
fusion 3.202 0.351 0.211

total 5.327 1.502 0.979

* Only the optimal value is given in the table because there are too
many data.
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