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Abstract: This paper presents the design of an airborne DMD-based dual-path multi-
target imaging spectrometer that is capable of achieving instantaneous imaging over a
two-dimensional large field of view and the simultaneous spectral analysis of thousands
of targets. It also offers advantages such as high spatial resolution, high spectral resolu-
tion, high timeliness, and low platform requirements. However, its working mechanism
inherently causes misalignment errors in the dual-path images that it obtains due to ex-
posure time differences. To address this issue, we propose a dual-path exposure time
difference compensation method based on a velocity vector field model, enabling dynamic
and precise matching of the dual paths. For target image points that move beyond the
field of view, we propose an attitude compensation method based on optimal angular
velocity coordination. Monte Carlo simulation results show that the maximum root mean
square error of the compensation method across the entire field of view is 0.9792 pixels in
the x-direction and 0.7130 pixels in the y-direction. Experimental results demonstrate the
effectiveness of the method, which meets the requirements for practical applications and
provides a reliable foundation for the real-world implementation of dual-path multi-target
imaging spectrometers.

Keywords: imaging spectrometer; dual path; exposure time difference; velocity vector field

1. Introduction
Hyperspectral remote sensing has become a pivotal technology in modern Earth ob-

servation. It utilizes hyperspectral remote sensing spectrometers and plays an irreplaceable
role in fields such as mineral identification, regional vegetation mapping, resource explo-
ration, and environmental monitoring [1–4]. Among these, airborne hyperspectral imaging
spectrometers have become the primary means for airborne and spaceborne hyperspectral
remote sensing due to their advantages of high timeliness, high resolution, mobility, and
ease of maintenance [5–9].

In recent years, with the rapid development of the global economy and technology,
the pressure on fields such as geological exploration, resource surveys, and environmental
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monitoring has been increasing. Moreover, the objective limitations of airborne remote
sensing platforms in terms of their power, their size, and the weight of the instruments they
carry have made the demand for small, high-spectral-resolution imaging spectrometers
with a large field of view and real-time detection capabilities even more urgent [10]. How-
ever, although traditional grating-based imaging spectrometers are known for their high
resolution, the narrow slit of these spectrometers limits the system’s field of view. These
instruments can only detect targets within a narrow field of view and require push-broom
scanning to complete target detection, which leads to low imaging efficiency [11–13]. As a
result, such systems place high demands on the stability of the platform and cannot meet
the need for the simultaneous detection of multiple targets.

The multi-target imaging spectrometer originated in the 1980s from astronomical
application research. The early multi-target imaging spectrometers primarily relied on
traditional laser-engraved slit templates for multi-target selection [14]. Subsequently,
multi-target selection technologies based on fiber bundles (such as LAMOST) [15–17] and
configurable slits that used large mechanical structures (such as the Keck Observatory’s
MOSFIRE) emerged [18]. However, these technologies undoubtedly made the multi-target
imaging spectrometers that they were applied to quite large and bulky. In 2002, NASA
developed a multi-target imaging spectrometer based on micro-shutter array technology
for the James Webb Space Telescope (JWST) [19–21], which not only addressed the issue
of the system’s large volume but also enabled automatic configuration of the slit module,
improving the system’s detection efficiency. However, the micro-shutter array that was
custom-built for the JWST was expensive and difficult to obtain. With the continuous
development of optoelectronic technology, digital micro-mirror devices (DMDs) have
demonstrated their advantages. In July 2017, a team from the University of Rochester and
Johns Hopkins University published test results of a prototype for a dual-path multi-target
imaging spectrometer based on DMDs, which confirmed its accuracy and reliability [22].

The DMD-based dual-path multi-target imaging spectrometer is capable of instan-
taneously capturing clear images of a two-dimensional field of view, which reduces the
stability requirements for the airborne platform. Utilizing the pixel-level light modulation
feature of the micro-optical-electrical device (DMD) enables the spectral analysis of mul-
tiple target regions (hundreds or even thousands of targets) within the two-dimensional
field of view simultaneously, without the need for scanning [23–27]. This instrument not
only inherits all the advantages of traditional grating spectrometers but also addresses
their shortcomings, such as their high platform requirements and poor timeliness. It en-
hances the real-time capability and flexibility of airborne imaging spectrometers, avoids
information redundancy, and effectively resolves the issue of low spatial resolution in
traditional imaging spectrometers through the application of dual-optical-path imaging
matching technology.

However, since the instrument relies on DMDs for pixel-level light modulation be-
tween the two optical paths, the same target point is not imaged simultaneously in both
paths [28]. During the time between the exposure of the first and second paths, platform
movement and changes in orientation can cause the corresponding image points of the
target to shift. If the DMD micro-mirror corresponding to the image point in the imaging
branch is flipped directly, the target’s image point may fail to enter the spectral branch,
leading to a failure in the spectral analysis of the target.

This paper designs an airborne DMD-based dual-path multi-target imaging spectrom-
eter. To address the issue of cross-exposure between the two optical paths, a compensation
method based on a velocity vector field for exposure time differences is proposed. By using
the velocity vector field model, the displacement vector of any target point on the DMD
within the exposure time difference is predicted in advance, and attitude compensation is
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applied to target points outside the field of view. This ultimately achieves dynamic and
precise matching of the dual-optical-path images.

2. Design and Analysis of the DMD-Based Dual-Path Multi-Target
Imaging Spectrometer
2.1. Optical Design

The main technical parameters of the airborne DMD-based dual-path multi-objective
imaging spectrometer are shown in Table 1. The spectral range and resolution are deter-
mined based on the detection requirements. For example, monitoring the growth status of
vegetation and crops typically requires spectral information from the visible light band [29].
Higher spectral resolutions yield finer spectral characteristics, yet, in practical applications,
there exists an inherent trade-off between broad spectral coverage and high spectral reso-
lution due to the finite pixel count along the spectral dimension of detectors. Taking the
system studied in this paper, which is primarily used for vegetation and water quality
monitoring, as an example, the final spectral range is set at 400 nm~800 nm, with a spectral
resolution of 2 nm.

Table 1. Main performance specifications of the airborne DMD-based dual-optical-path multi-target
imaging spectrometer.

Optical System Parameter Numerical Value

Spectral range 400–800 nm
F-number 4

Telescope focal length 30 mm
Field of view 27.2◦ × 15.5◦

Instantaneous field of view 0.252 mrad
Spectral resolution 2 nm

The airborne DMD-based dual-path multi-target imaging spectrometer consists of
three main components: the telescope, the imaging branch, and the spectral branch. The
telescope is designed based on a retrofocus system to ensure a large back focal length
that can accommodate the total internal reflection (TIR) prism. To ensure energy transfer
efficiency, the pupils of the front and rear groups must be strictly matched during the
process of splicing the telescope objective lens and the rear group. Since the DMD can be
regarded as a plane mirror, we adopt an image-space telecentric structure for the telescope
objective, as it allows for easier pupil matching with the subsequent optical path.

Both the imaging and spectral branches use an object-side telecentric structure to
achieve optical pupil matching with the telescope. Additionally, the first surface of both
branches is cylindrical to correct the astigmatism introduced by the TIR prism. The disper-
sive element of the spectral branch is a PGP (prism–grating–prism) assembly. Within this
PGP configuration, the primary dispersion function is achieved through a transmission-
type volume holographic grating, which offers distinct advantages including high spectral
resolution and high diffraction efficiency. The prism adjusts the incident light angle to
ensure that the central wavelength of the on-axis point satisfies the Bragg condition, thereby
achieving optimal diffraction efficiency. Additionally, the introduction of the prism converts
the spectral branch into a coaxial system, facilitating alignment and assembly. The focal
length of the spectral branch’s focusing lens is f = 40 mm. Based on the specified spectral
resolution requirements and prior design experience, the grating groove density is set at
225 lp/mm, while the prism material is H-K9L with an apex angle of 7.407◦.

The three components are interconnected through the TIR prism and DMD. The DMD
is located at the focal plane of the telescope’s objective lens. Each micro-mirror on the DMD
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corresponds strictly to a target point in the two-dimensional field of view, a pixel on the
high-resolution imaging branch detector, and a spectral line on the high-spectral collection
branch. By controlling the flipping of the micro-mirrors, the light from any object can
be directed into either the high-resolution imaging branch or the high-spectral collection
branch. The TIR prism serves to redirect the light path, preventing spatial interference
between the different branches.

Except for the DMD, the entire system is a transmissive optical system that is compact
and lightweight, which makes it suitable for airborne applications. The overall design is
shown in Figure 1a.

Figure 1. Design results and image quality evaluation of the DMD-based dual-path multi-target
imaging spectrometer. (a) Optical path diagram. (b) MTF of the imaging branch. (c) Energy
concentration of the spectral branch (example at 600 nm).

As seen in Figure 1b, the MTF (modulation transfer function) of the imaging branch
across the full field of view reaches above 0.3 at 67 lp/mm. The energy concentration of
the spectral branch across the full field of view remains above 90% within a 2 × 2 pixel
range. This indicates that the overall image quality of the instrument is good and meets the
requirements for practical applications.

2.2. Analysis of the Exposure Time Difference

The working principle of the DMD-based dual-path multi-target imaging spectrometer
is shown in Figure 2. In the default state during operation, all micro-mirrors on the DMD
are tilted towards the imaging branch, enabling instantaneous observation of the two-
dimensional field of view. When the real-time image processing system detects targets that
require spectral analysis, the coordinates of the target points in the image and the mapping
relationship between the DMD and the imaging detector are used to determine the position
of the corresponding image point on the DMD at the time of imaging. The corresponding
micro-mirror on the DMD is then flipped to direct the target point into the high-spectral
collection branch for spectral analysis.
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Figure 2. Schematic diagram of the DMD-based dual-path multi-target imaging spectrometer.

Taking water ecological monitoring as an example, when the imaging branch detects
abnormal water areas, it can tilt the corresponding DMD micro-mirrors towards the spectral
branch. This enables the inversion of the chlorophyll-a concentration obtained through
spectral imaging, and thereby allows the effective monitoring of water eutrophication and
algal blooms [30].

It is important to note that the high-resolution imaging path and the hyperspectral
acquisition path are not exposed simultaneously; there are exposure time differences be-
tween the dual-path imaging processes (including high-resolution image acquisition, image
analysis, DMD micro-mirror control, etc.). The DMD serves as the critical link for image
matching between the imaging and spectral branches. However, during remote sensing
reconnaissance, the continuous motion of the carrier aircraft combined with the existence
of exposure time differences causes displacement of the target’s image on the DMD during
hyperspectral acquisition. This results in calculation errors of the corresponding DMD
micro-mirror positions for the target points, ultimately affecting the accuracy of the spectral
analysis. This also introduces difficulties in matching the dual-path images later. Therefore,
it is necessary to study the movement of the target image points on the DMD and com-
pensate for the exposure time difference in order to establish a strict coupling relationship
between the imaging detector, the DMD, and the spectral detector for subsequent image
processing and data analysis.

3. Velocity Vector Field Model in Complex Motion States
3.1. Ground Target-Dmd Instantaneous Mapping Model

During reconnaissance missions, the aircraft adjusts its flight speed, attitude angles
(pitch, roll, and yaw), and pod attitude angles (pitch and yaw) to observe the target [31]. The
relative motion speed between the target and the aircraft is also influenced by the aircraft’s
flight speed, the angular velocities of the aircraft’s attitude, and the angular velocities of the
pod’s attitude [32–34]. Due to the high flexibility of the aircraft’s reconnaissance capabilities
and its variable posture, the relative motion between the target and the aircraft differs
under various attitude conditions. Therefore, to establish a velocity vector field model
for the movement of image points on the DMD during the reconnaissance process, it is
necessary to first determine the mapping relationship between the target and the DMD
micro-mirrors under any given attitude angle.

In this paper, the mapping relationship between the target and the DMD micro-mirrors
is determined using ray tracing and coordinate transformation methods. Multiple right-
handed coordinate systems are defined as needed, and vectors are represented by bold
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symbols, while scalars are represented by regular symbols. The coordinate systems are
outlined as follows:

(1) Aircraft flight trajectory coordinate system F
(

fx, fy, fz

)
: The coordinate origin is

located at the aircraft’s center of mass, with the fy pointing in the direction of flight,
the fz pointing vertically toward the sky, and the fx completing the right-handed
coordinate system. Unless otherwise specified, the vectors and coordinates in this
paper are all expressed in this coordinate system;

(2) Aircraft coordinate system D
(
dx, dy, dz

)
: The coordinate origin is located at the air-

craft’s center of mass. When the aircraft’s attitude angles change (pitch angle is θ,
roll angle is φ, and yaw angle is ψ), the aircraft flight trajectory coordinate system
F
(

fx, fy, fz

)
is rotated around the fz by ψ, around the fx by θ, and around the fy by φ

to obtain the aircraft coordinate system D
(
dx, dy, dz

)
;

(3) Camera coordinate system C
(
cx, cy, cz

)
: The camera is fixed to the aircraft via a pod.

Ignoring installation errors, it is assumed that the origin of the camera coordinate
system is located at the aircraft’s center of mass. The camera coordinate system
C
(
cx, cy, cz

)
is obtained by rotating the aircraft coordinate system D

(
dx, dy, dz

)
around

the dz by angle α, and then around the cx by angle β;
(4) Ground coordinate system G

(
gx, gy, gz

)
: The coordinate origin is the intersection of

the cz and the ground at time t = 0, the gx and the fx have the same direction, the
gy and the fy have the same direction, and the gz is perpendicular to the ground,
pointing upwards;

(5) Image plane coordinate system I
(
ix, iy, iz

)
: The origin of the image plane coordinate

system is located at the center of the DMD. When the aircraft and camera have no
attitude change, the iy lies in the plane of the detector and points in the direction of
the aircraft’s flight, while the iz points toward the terrain target along the optical axis;

(6) DMD coordinate system P
(

px, py

)
: The origin of the DMD coordinate system is

located at the lower-right corner of the DMD. The px is aligned with the ix of the
image plane coordinate system, and the py is aligned with the iy of the image plane
coordinate system.

The positional relationships between the coordinate systems used in this paper are
shown in Figure 3.

 
Figure 3. Positional relationship between the main coordinate systems.
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In the process of mapping the ground target to the DMD mirror coordinates, the
direction of the camera’s optical axis is very important. Therefore, the first step is to
determine the direction vector of the camera’s optical axis under various conditions. The
direction vector of the camera’s optical axis Axis0 when only considering the aircraft’s
attitude angles, and the optical axis vector Axis when both the aircraft and pod’s attitude
angles are considered, are as follows:

Axis0 = Ry(φ)Rx(θ)Rz(ψ)

 0
0
−1

 (1)

Axis = Ry(φ)Rx(θ)Rz(ψ + α)Rx(β)

 0
0
−1

 =

xa− f

ya− f

za− f

 (2)

where Rx(θ) represents the rotation angle θ around the fx, Ry(φ) represents the rotation
angle φ around the fy, and Rz(ψ) represents the rotation angle ψ around the fz.

Rx(θ) =

1 0 0
0 cosθ sinθ

0 −sinθ cosθ

 (3)

Ry(φ) =

cosφ 0 −sinφ

0 1 0
sinφ 0 cosφ

 (4)

Rz(ψ) =

 cosψ sinψ 0
−sinψ cosψ 0

0 0 1

 (5)

The aircraft’s flight altitude is H, and the intersection point of the camera’s optical
axis with the ground is

[
−
(

Hxa− f

)
/za− f −

(
Hya− f

)
/za− f −H

]
’. In the ground coor-

dinate system, the target point with the coordinates
[

xt−g yt−g 0
]
’ corresponds to the

coordinates
[

xt−g −
(

Hxa− f

)
/za− f yt−g −

(
Hya− f

)
/za− f −H

]
’ in the aircraft flight

trajectory coordinate system. The direction vector from the target point to the coordi-
nate origin is At− f . The coordinate of the target point in the camera coordinate system

is
[

xt−c yt−c zt−c

]
’, and the corresponding image point in the image plane coordinate

system has the coordinates
[

xt−i yt−i 0
]
’.

xt−c

yt−c

zt−c

 =

cx
′

cy
′

cz
′



−Hxa− f

za− f
+ xt−g

−Hya− f
za− f

+ yt−g

−H

 (6)

xt−i = − xt−c f ′
zt−c

yt−i =
yt−c f ′
zt−c

(7)

where f ’ is the focal length of the camera.
Assume that the DMD has 2M × 2N micro-mirrors, with 2N pixels in the py-direction.

The DMD micro-mirror coordinates (j, k) corresponding to the image point with the co-
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ordinates (xt−i, yt−i, 0) in the image plane coordinate system can be obtained using the
following equation: {

j = M +
⌊ xt−i

a
⌋

k = N +
⌊ yt−i

a
⌋ (8)

where a is the side length of the DMD micro-mirror and ⌊x⌋ represents the rounding up
of x.

3.2. Velocity Vector Field Model

After determining the mapping relationship between the ground object and the DMD
micro-mirrors under any given state, the velocity vector of any image point on the DMD
can be determined through the imaging relationship and the attitude changes of the
airborne platform.

For ground objects, their velocity relative to the camera is composed of five compo-
nents, as shown in Figure 4a.

Vt− f = Vθ− f + Vφ− f + Vψ′− f + Vβ− f + Vd− f (9)

where Vθ− f is the object’s movement speed caused by the aircraft’s pitch angle variation,
Vφ− f is the object’s movement speed caused by the aircraft’s roll angle variation, Vψ’− f is
the object’s movement speed caused by the aircraft’s equivalent yaw angle variation, Vβ− f

is the object’s movement speed caused by the camera’s pitch angle variation, and Vd− f is
the object’s relative movement speed caused by the aircraft’s flight.

 
(a) (b) 

Figure 4. Decomposition of object speed and its conversion to image point speed: (a) component
speeds of the object; (b) relationship between object speed and image point speed.

According to the geometric relationships and vector operation rules, the direction and
magnitude of each component’s speed are as follows:

Aθ− f =
gz×(At− f ×(fx×At− f ))

∥gz×(At− f ×(fx×At− f ))∥

vθ =
ωθ H∥fx×At− f∥2

−At− f (3)|(fx×At− f )·Aθ− f |

(10)
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
Aφ− f =

gz×
(

At− f ×
(

fy×At− f

))
∥∥∥gz×

(
At− f ×

(
fy×At− f

))∥∥∥
vφ =

ωφ H
∥∥∥fy×At− f

∥∥∥2

−At− f (3)
∣∣∣(fy×At− f

)
·Aφ− f

∣∣∣
(11)


Aψ′− f =

gz×(At− f ×(At− f ×Axis0))
∥gz×(At− f ×(At− f ×Axis0))∥

vψ′ =
ωψ′ H∥At− f ×Axis0∥2

−At− f (3)
∣∣∣(At− f ×Axis0)·Aψ’− f

∣∣∣
(12)


Aβ− f =

gz×(At− f ×(cx×At− f ))
∥gz×(At− f ×(cx×At− f ))∥

vβ =
ωβ H∥cx×At− f∥2

−At− f (3)|(cx×At− f )·Aβ− f |

(13)

Ad− f =
[
0 −1 0

]′
vd = v1

(14)

where v1 is the magnitude of the aircraft’s flight speed. It is important to note that, if At− f

and Axis0 are parallel, then Aψ’− f =
[
0 0 0

]
’} and vψ’ = 0.

By transforming the velocity vectors of the ground object in each direction to the
camera coordinate system, the following can be obtained:

[
Vθ−c Vφ−c Vψ′−c Vβ−c Vd−c

]
=

cx
′

cy
′

cz
′

[Vθ− f Vφ− f Vψ′− f Vβ− f Vd− f

]
(15)

As shown in Figure 4b, the movement of the object is converted to the corresponding
image point movement using the imaging relationship and the principle that the object
speed and image point speed lie in the same plane. Taking Vd−c = vd·Ad−c as an example,
its projection speed on the image plane is: Ad−c′ =

(At−c×Ad−c)×cz
∥(At−c×Ad−c)×cz∥

vd−c′ =
vd f ′∥At−c×Ad−c∥

−zt−c∥At−c×Ad−c′∥
(16)

By converting it to the image plane coordinate system, the result can be obtained
as follows: 

Ad−i =

−Ad−c′(1)
Ad−c′(2)

0


vd−i = vd−c′

(17)

The remaining velocity components are similar. By summing all the individual velocity
components, the total velocity of the target point on the DMD can be obtained.

4. Exposure Time Difference Compensation
According to the velocity vector field model, the motion speed of the image on the

DMD is related to the changes in the aircraft’s attitude, the pod’s attitude, and the aircraft’s
speed, and varies with the position of the image point. At the same time, the principle of
the multi-target imaging spectrometer determines that any point on the DMD may flip
to the spectral branch. Target image points near the edges are more likely to exceed the
field of view and cannot be subjected to spectral analysis. To address the above-mentioned
issues, an exposure time difference compensation method is proposed, as illustrated in
Figure 5. By using the velocity vector field model, the displacement vector of any image
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point during the exposure time difference can be obtained, which allows for an estimation
of the target image point’s position after the exposure time difference. There are typically
two scenarios: one where the image point remains within the field of view of the DMD
and another where the image point falls outside the DMD. For the latter case, an attitude
compensation method based on the optimal angular velocity coordination is proposed.

b iβ −V

b iα−V

bo i−V

b i−V b i−L

    

Figure 5. Schematic of the exposure time difference compensation method.

4.1. When the Image Points Are Still Within the Field of View

For image points that remain within the field of view after the exposure time difference
their final positions need to be determined in order to control the corresponding DMD flip
for spectral analysis.

By integrating the velocity vectors of the image points during the time between
exposures ∆t, the total displacement vector of the target point during this period can be
obtained as follows:

L =
∫ t0+∆t

t0

Vdt (18)

where t0 represents the time at which the imaging branch captures the image, and where
the exposure time difference ∆t mainly depends on the system’s image acquisition process,
real-time target recognition, and control of the DMD deflection.

The image acquisition process is primarily affected by factors such as the type of
detector, data volume, and data transmission interface. For example, in the experiment
presented in this paper, the GSENSE2020 detector (manufactured by Gpixel, Changchun,
China) that was used has a real-time frame rate of approximately 40 fps in the high-
resolution and high-dynamic-range mode, meaning that the image acquisition time for a
single frame is less than 25 ms. The speed of the real-time target recognition algorithm is
influenced by various factors, including the hardware performance, algorithm complexity,
data volume, and task requirements. Most target recognition algorithms operate in the
range of 1–30 fps. For some complex networks that process high-resolution images, the
processing speed is typically within 1–10 fps. By reducing the input image resolution and
sacrificing some recognition accuracy, the recognition speed can be significantly improved,
and can even exceed 100 fps [35–37]. However, this is not applicable in practical use. The
time required for controlling the DMD flip is on the microsecond scale and can typically be
ignored during actual use.

In practical applications, the exposure time difference for each imaging event can be
determined by using the internal clock of the aircraft platform to record the imaging start
time, the image processing start time, and the image processing end time. Additionally, to
facilitate mission planning, a value slightly larger than the actual exposure time difference
can be selected as the expected exposure time difference, based on the performance of the
detector and the target recognition algorithm.

Since the acquisition of aircraft attitude information is discrete, in practical applica-
tions, discrete sampling integration is required. The exposure time difference ∆t is divided
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into n segments (where n depends on the frequency at which the aircraft attitude informa-
tion is obtained), and the displacement for each segment is calculated separately. Since the
time differences between consecutive attitude data points are very short, the trapezoidal
integration method is used here. It is important to note that, during the time between
exposures ∆t, the image on the DMD is moving in real-time, so the coordinates of the target
point need to be updated during the integration process.

L =
n

∑
i=1

(Vi−1(xi−1, yi−1) + Vi(xi−1, yi−1))∆t
2n

(19)

In Equation (19), Vi(xi−1, yi−1) represents the velocity vector of the image point at
the i-th time segment, and the coordinates of the image point can be obtained by the
following formula:[

xi

yi

]
=

(Vi−1(xi−1, yi−1) + Vi(xi−1, yi−1))∆t
2n

+

[
xi−1

yi−1

]
(i = 1, 2 . . . n) (20)

4.2. When the Image Points Are Outside the Field of View

For image points that fall outside the DMD, this paper proposes a compensation
scheme based on optimal angular velocity coordination of the pod. By using the velocity
vector field model to determine the current state of the target image point, the pod’s
attitude angle can be adjusted to control its movement back into the field of view for
spectral analysis.

Since the attitude changes of the carrier aircraft can alter the actual observation range
of the spectrometer, it is necessary to determine whether all points outside the DMD can be
fully covered by a single imaging before performing attitude compensation. For the set
of N target points outside the field of view, denoted as P = {p1, p2, . . . , pN}, we calculate
the convex hull. If the DMD’s field of view cannot fully cover the convex hull of the target
points, the target points need to be grouped and analyzed separately for spectral analysis.

Although the movement speeds of different points on the DMD vary, they follow a
similar trend. Therefore, the dispersion of points outside the DMD is usually not significant,
and it is only necessary to divide the set P into two subsets, C1 and C2, which satisfy
Equation (21).  ∥c1 − c2∥2 → max

∑
p∈C1

∥p − c1∥2 + ∑
p∈C2

∥p − c2∥2 → min (21)

Here c1 and c2 are the geometric centers of sets C1 and C2, respectively.
First, calculate the Euclidean distances between all points using Equation (22), and

select the two points with the largest separation as the initial centers c1 and c2 for sets C1

and C2, respectively. Next, compute the distances from each remaining point to c1 and c2,
assigning each point to the closer set. After each assignment, update the center positions of
the sets using Equation (23). Repeat this process until all target points are grouped.

dij =
∥∥∥pi − pj

∥∥∥
2
=

√(
xi − xj

)2
+

(
yi − yj

)2 (22)

c1 =
1

|C1| ∑
p∈C1

p, c2 =
1

|C2| ∑
p∈C2

p (23)

After completing the grouping of the target points (or when all target points can be
covered by the DMD’s field of view), attitude compensation is performed. In this study,
we use the geometric center of the points outside the DMD to represent all image points
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and perform attitude compensation on this collective. Assuming the geometric center
coordinates are (xb−i, yb−i), to ensure all target image points return within the field of view,
the required displacement vector of the geometric center should be:

Lb−i =

[
−xb−i

−yb−i

]
(24)

At this point, there is no intervention in the aircraft’s flight speed, attitude angles, or
attitude angular velocity. Instead, by coordinating the pod’s pitch and yaw angular veloci-
ties, the total velocity vector of the image point is optimized to maximize its component
in the Lb−i direction, which enables all target image points to return to the field of view
as quickly as possible. The constraints for solving the pod’s angular velocity during the
compensation phase are as follows:

|ωbα−i| < ωα−max∣∣∣ωbβ−i

∣∣∣ < ωβ−max

Vb−i = Vbθ−i + Vbφ−i + Vbψ′−i + Vbβ−i + Vbd−i

Vb−i·Lb−i → max

(25)

In the equation, ωα−max represents the maximum yaw angular velocity allowed by the
pod hardware and ωβ−max represents the maximum pitch angular velocity allowed by the
pod hardware.

In order to improve the compensation speed while ensuring observation quality, the
attitude compensation can be terminated once all image points have entered a specified
region within the field of view (as defined by actual requirements). At this point, the
corresponding DMD micro-mirrors can be flipped to perform spectral analysis.

It is important to note that, during the attitude compensation process, the attitude
angular velocity of the pod for the next moment is calculated based on the current attitude
information. This calculation inevitably introduces some errors (since the movement speed
of the image points due to the pod’s attitude angular velocity is much greater than the
movement speed caused by other factors, this error is usually very small). In practical
applications, the position of the image points after attitude compensation still needs to be
obtained through displacement vector calculation.

5. Simulation
To verify the accuracy and reliability of the exposure time difference compensation

method, a performance simulation analysis is conducted. First, the entire process of the
exposure time difference compensation method is simulated and verified through imaging
to demonstrate its functionality. Then, the reliability and efficiency of the attitude compen-
sation method are validated using the Monte Carlo method. Finally, an error analysis of the
entire algorithm is performed, laying the foundation for subsequent practical applications.

5.1. Exposure Time Difference Compensation Method

Imaging simulations of complex scenes are performed in MATLAB 2023a to fully
demonstrate the effect of the exposure time difference compensation method. In the
imaging process, the initial values of the aircraft’s attitude parameters are non-zero and
change at a constant speed. Simulations are conducted to evaluate the imaging effects on
the DMD plane at different moments under this condition. The motion parameters of the
aircraft during this process are shown in Table 2.
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Table 2. Motion parameters of the airborne platform under complex motion conditions.

Parameter Numerical Value Parameter Numerical Value

Flight altitude 5000 m Flight speed 30 m/s
Airborne platform pitch angle 5◦ Airborne platform pitch angular velocity 2◦/s
Airborne platform roll angle 3◦ Airborne platform roll angular velocity 2◦/s
Airborne platform yaw angle 4◦ Airborne platform yaw angular velocity 2◦/s

Pod yaw angle 6◦ Pod yaw angular velocity 2◦/s
Pod pitch angle 10◦ Pod pitch angular velocity 2◦/s

Telescope focal length 0.03 m DMD pixel size 7.56 µm × 7.56 µm

To better demonstrate the robustness of the exposure time difference compensation
method and ensure its applicability in practical scenarios, the exposure time difference ∆t
is set to 1 s in our simulations. It should be noted that the proposed compensation method
remains equally effective for exposure time differences shorter than 1 s.

The ground scene at time t = 0 is shown in Figure 6a, where the center of the image
corresponds to the coordinate origin of the ground coordinate system at this moment (this
image is from the dataset DIOR published by Northwestern Polytechnical University [38],
and the same image is used in Figures 2 and 5 of this paper). Imaging simulations are
conducted for the system in this state, and 14 target points are selected on the DMD image,
as shown in Figure 6b. The target points are tracked in real-time using the velocity vector
field model, with a sampling interval of 0.1 s being chosen for the velocity vector field
(shorter sampling intervals would yield more accurate displacement vector calculations
but would require more computational time, which affects real-time performance). The
image on the DMD and the positions of the target points at time t = 1 s are shown in
Figure 6c. The calculation results yield a root mean square error (RMSE) of 0.1878 pixels
in the x-direction and 0.2355 pixels in the y-direction. The side length of a single pixel
is 7.56 µm. For target points beyond the DMD field of view, attitude compensation is
applied, and the compensation results are shown in Figure 6d. A compensation time of
0.03 s was achieved.

 

Figure 6. Imaging simulation of a complex scenario: (a) ground scene image; (b) image and target
points at t = 0; (c) image and target point displacement at t = 1; (d) attitude compensation result.

5.2. Attitude Compensation Method

Monte Carlo methods are used to estimate expected values or optimal solutions
through extensive random sampling. To verify the correctness and efficiency of the attitude
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angular velocity coordination compensation scheme, a Monte Carlo method is used to
simulate the attitude compensation for target points beyond the field of view in Figure 6c.

According to the calculations, target points outside the field of view in Figure 6c can
achieve full coverage with a single compensation. The pose information corresponding
to Figure 6c was used as the initial values in the Monte Carlo simulations. The aircraft’s
attitude angular velocities followed the specifications in Table 2, while the pod’s pitch
and yaw angular velocities were randomly generated within their allowable ranges. The
simulation results—evaluated based on whether all four target points were successfully
brought into the field of view—that were obtained with an angular velocity control interval
of 0.01 s and 10,000 Monte Carlo runs being performed are summarized in Table 3 for
different compensation durations.

Table 3. Monte Carlo simulation results.

Attitude Compensation Time Monte Carlo Simulation Iterations Number of Successes

0.02 s 10,000 0
0.03 s 10,000 2
0.04 s 10,000 6

For the target points beyond the field of view shown in Figure 6c, the attitude com-
pensation method with the optimal angular velocity coordination proposed in this paper
takes 0.03 s for compensation. As shown in Table 3, the Monte Carlo simulation did not
find any compensation scheme with a time shorter than 0.03 s.

Using the distance from the compensated edge image point to its corresponding DMD
field-of-view boundary as the evaluation criterion, the best angular velocity coordination
schemes corresponding to the compensation times of 0.03 s and 0.04 s from Table 3 are
selected. These are compared with the compensation method proposed in this paper. The
compensation trajectories of the edge image points are shown in Figure 7, and the distances
from the compensated image points to the DMD field-of-view boundary are shown in
Table 4.

   
(a) (b) (c) 

Figure 7. Compensation paths and results for different schemes: (a) compensation method in this
paper; (b) best result of the Monte Carlo method with a compensation time of 0.03 s; (c) best result of
the Monte Carlo method with a compensation time of 0.04 s.
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Table 4. Distance of the edge pixel points of different schemes entering the field of view.

Compensation Method Distance

In this paper 66.7735 pixel
The optimal scheme corresponding to 0.03 s 8.0373 pixel
The optimal scheme corresponding to 0.04 s 31.9742 pixel

A comprehensive analysis of Tables 3 and 4 reveals that the proposed method offers
faster compensation speed. Furthermore, after compensation, the target points are po-
sitioned farther from the edge of the DMD’s field of view, resulting in better correction
performance for edge image points. With higher stability in practical applications, this
method effectively meets real-world requirements.

Target points were randomly selected near the field-of-view (FOV) edges along two
adjacent directions of the DMD. Using the system parameters listed in Table 2, the velocity
vector field model was employed to achieve real-time tracking of these targets. With the
exposure time difference being maintained at 1 s, the resulting motion trajectories are
shown in Figure 8.

 
Figure 8. Schematic diagram when a single compensation cannot cover all target points.

At this point, a single compensation cannot fully cover all target points, necessitating
grouping and separate compensation. For group C1, since its intended motion direction is
approximately aligned with Vβ− f , the pod’s pitch angle is set to the maximum value and
coordinated with the yaw angle to quickly reach the target position. The compensation
result is shown in Figure 9a, for which a completion time of 0.03 s was achieved.

 
(a) (b) 

Figure 9. Attitude compensation results: (a) first compensation result; (b) second compensation result.
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During the attitude compensation for group C2, since the intended motion direction is
approximately perpendicular to Vβ− f , Vα− f dominates the compensation process. However,
when the angular velocities are equal in magnitude, Vα− f is significantly smaller than
Vβ− f . Consequently, this compensation requires more time (0.1 s), yet remains within
the acceptable range for practical applications. The compensation trajectory is shown in
Figure 9b.

Using the system parameters listed in Table 2, 20 target points were randomly selected
near the edges of the field of view in two adjacent directions of the DMD. A Monte Carlo
simulation with 10,000 trials was conducted. The results showed that, in 4323 cases, all
target points could be restored to the FOV through single-step compensation, with an
average time of 0.0329 s. The remaining 5677 cases required grouped compensation, taking
an average of 0.115 s. Thus, the compensation speed meets practical requirements.

5.3. Error Analysis

Ignoring the misalignment errors caused by equipment installation, the errors in the
exposure time difference compensation process mainly come from three aspects:

1. Displacement vector calculation errors caused by discrete integration;
2. Velocity vector calculation errors caused by measurement errors in the aircraft’s

state parameters;
3. Target positioning errors caused by errors in the aircraft’s state parameters.

The displacement vector calculation errors due to discrete integration were already
simulated and analyzed in Section 5.1. In practical applications, this error can be reduced
by increasing the sampling interval.

According to the velocity vector field model, measurement errors in the aircraft’s
state parameters will affect the results of the velocity vector field calculation, and will thus
impact the displacement vector calculation for the target image points. Additionally, when
determining the final position of the image point and controlling the corresponding DMD
flip to enter the spectral branch, due to measurement errors in the aircraft’s attitude and
elevation, the actual imaging position of the ground object on the DMD may differ from
the calculated value. This, in turn, will affect the accuracy of the DMD micro-mirror flip.

In practical applications, information such as the aircraft’s speed, altitude, attitude
angles, and angular velocities can be obtained through a GPS/INS integrated navigation
and positioning system. The error ranges for these parameters are shown in Table 5.

Table 5. Error ranges of aircraft information [39–41].

Aircraft Information Error Range

Flight altitude Better than 0.15 m
Flight speed Better than 0.04 m/s

Attitude angle Horizontal Accuracy: Better than 0.02◦

Direction Localization Accuracy: Better than 0.1◦

Attitude angular velocity Better than 0.01◦/s

The aircraft’s state parameters are shown in Table 2. A Monte Carlo analysis of
10,000 iterations was conducted on the total error in the full field of view that was observed
when using the exposure time difference compensation method, which was within the
error ranges shown in Table 5. The analysis results show that the maximum RMSE in the
x-direction is 0.9792 pixels and the maximum RMSE in the y-direction is 0.7130 pixels. The
analysis results are shown in Figure 10. In practical applications, the targets for spectral
analysis are determined by the target recognition algorithm, and they will have certain
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shapes and sizes on the image. Therefore, the error range shown in the Monte Carlo
analysis results is acceptable and can meet the requirements of practical applications.

 
(a) (b) 

Figure 10. Error analysis results of the exposure time difference compensation method: (a) RMSE in
the x-direction; (b) RMSE in the y-direction.

To further understand the main sources of error, simulations were conducted sepa-
rately for the second and third sources of error. Combined with the simulation results in
Section 5.1, the analysis results are shown in Table 6.

Table 6. Impact of different error sources.

Error Sources RMSE in the x-Direction (Pixel) RMSE in the y-Direction (Pixel)

Displacement vector calculation errors 0.1878 0.2355
Velocity vector calculation errors 0.1416 0.1875

Target positioning errors 0.8744 1.1821

It can be observed that the target positioning errors caused by the aircraft’s state
parameter errors contribute the most to the final error. In practical applications, the
accuracy of the aircraft’s attitude and altitude measurements can be improved using RTK
technology or multi-source fusion navigation and positioning techniques [42,43], which
will reduce the errors in the exposure time difference compensation method.

6. Experiment
To further verify the reliability of the exposure time difference compensation method,

a validation experiment was designed, as shown in Figure 11. The experimental system
consisted of a large display screen, low-distortion lens, imaging detector, imaging controller,
two-axis rotating platform, and platform controller. The movement of ground objects was
simulated through a large screen projection video, while a two-dimensional turntable
simulated the aircraft’s pitch and yaw. The DMD was replaced with the detector, and the
image obtained by the detector was used to analyze the displacement vector of the target
points. This was then compared and verified with the results obtained from the exposure
time difference compensation method.
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(a) (b) 

Figure 11. Schematic diagram of the experiment principle and photos of the experiment site.
(a) Schematic diagram of the experiment. (b) On-site photograph of the experiment.

After the turntable starts rotating and stabilizes, the camera begins taking continuous
photos. The image obtained by the camera at time t0 is shown in Figure 12a (the remote
sensing image used in the experiment is from the France Seine River Satellite Jilin-1, with
a 0.5 m resolution image dataset: https://www.jl1mall.com/resrepo/?fromUrl=https:
//www.jl1mall.com/resrepo, accessed on 24 January 2025). The five white bright spots
outlined in the image are fixed points with known coordinates on the screen. By analyzing
the positional coordinates of these fixed points both on the display screen and the imaging
detector, the camera’s attitude angles at time t0 can be calculated. The various parameters
measured and calculated in the experiment are listed in Table 7.

  
(a) (b) 

 

 

 

 
(c) (d) 

Figure 12. Actual image and analysis. (a) Image at time t0. (b) Image at time t1. (c) Full field of view
velocity vector at time t0. (d) Displacement vectors of the target points.

https://www.jl1mall.com/resrepo/?fromUrl=https://www.jl1mall.com/resrepo
https://www.jl1mall.com/resrepo/?fromUrl=https://www.jl1mall.com/resrepo
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Table 7. Experimental parameters.

Parameter Numerical Value Parameter Numerical Value

Initial pitch angle −11.9146◦ Flight altitude 1.615 m
Initial roll angle −6.3269◦ Flight speed 0.0258 m/s

Roll angular velocity 2◦/s Telescope focal length 0.025 m
Pitch angular velocity 0.2◦/s

The velocity vector field distribution in this state for the full field of view at time
t0 is shown in Figure 12c. Ten target points are selected within the field of view (the
red dots shown in Figure 12a,b), and their displacement vectors during the exposure
time difference are calculated. Their motion trajectories are shown in Figure 12d. The
image obtained by the camera at time t1 is shown in Figure 12b. The coordinates of the
target points are extracted and compared with the results obtained from the exposure
time difference compensation method. The maximum RMSE across the entire field of
view is 1.6962 pixels in the x-direction and 1.5677 pixels in the y-direction. The turret’s
angular velocity accuracy is 0.05◦/s, and its angular control accuracy is 0.02◦. Using the
Monte Carlo method to simulate the errors, the maximum RMSE in the x-direction is
1.8342 pixels and the maximum RMSE in the y-direction is 2.1231 pixels. The experimental
results fall within this range, confirming the correctness of the exposure time difference
compensation algorithm. After the assembly and alignment of the dual-path multi-target
imaging spectrometer are completed, further experiments will be conducted to validate the
algorithm designed in this study.

7. Conclusions
This paper designs an airborne DMD-based dual-path multi-target imaging spectrom-

eter which achieves the instantaneous observation of a large field of view of 27.2◦ × 15.5◦

and can simultaneously perform spectral analysis of over a thousand targets within its
field of view. To address the misalignment errors caused by the dual-path cross exposure,
a compensation algorithm for the exposure time difference is proposed. First, a strict
mapping relationship model for the relationship between the ground objects and the DMD
is established under any orientation using a coordinate transformation method. The motion
of ground objects in this model is analyzed, and a velocity vector field model is built
on the DMD plane. Then, based on the velocity vector field model, the image positions
are predicted and the displacement vector of any image point is obtained, which allows
for the determination of the target point’s position after the exposure time difference has
ended, based on the initial position of the target image point. Finally, the corresponding
DMD micro-mirror is controlled to flip according to the image point position. For target
points that fall outside the DMD’s field of view, posture compensation is applied using the
pod’s attitude angle to bring them back within the field of view. The simulation results
indicate that the maximum RMSE of the compensation method across the entire field of
view is 0.9792 pixels in the x-direction and 0.7130 pixels in the y-direction, which meets
the requirements for practical applications. Experimental results show that the maximum
RMSE across the entire field of view is 1.6962 pixels in the x-direction and 1.5677 pixels in
the y-direction, which falls within the range of positional errors caused by the experimental
instrument’s inaccuracies. This validates the correctness of the exposure time difference
compensation method.
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