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An active hyperspectral imaging (HSI) system was built with a supercontinuum (SC) laser illuminator and a
visible/near-infrared hyperspectral camera, which was used for object spectrum detection in the dark. It was demonstrated
that the Gaussian-like distribution of the SC illuminator can still be used for accurate reflectance spectrum measurement
once the illuminator was characterized in advance. The validity of active HSI results was demonstrated by comparison with
passive results. Then, the active HSI system was used to acquire reflectance spectra of different objects in just one push-
broom measurement successfully. With algorithms of principal component analysis clustering and unsupervised K-means
spectral classification, this active HSI system with high spectral and spatial resolutions was demonstrated to be efficient and
applicable for specific spectrum detections.
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1. Introduction
The reflectance spectrum characteristics of objects are

considered as one of the most important information to eval-
uate their physical and chemical properties.[1] Hyperspectral
imaging (HSI) system combines the great advantages of both
spectroscopy and tomography, with measured subtle variations
in spectral reflectances, and can provide a means of classifica-
tion and identification of objects that are normally, in standard
three-color imagery, indistinguishable. However, traditional
HSI is passive,[2] which only measures the reflected sun light
from object surfaces and so is strictly limited to daytime when
enough solar radiation exists. Under the conditions like the
shadow, the traditional HSI system has difficulty to be effec-
tive since the illumination is insufficient.[3,4] What is more, in
some extreme conditions where the sun light could not reach,
such as in the dark, caves, or deep waters,[5] hyperspectral de-
tection of objects is not possible by using the traditional way.

In recent years, the rapid development of unmanned plat-
forms greatly extends the human perception.[6] These plat-
forms usually require both passive and active sensing sys-
tems, such as lidar, micro-wave/millimeter-wave radar, sonar,
and of course hyperspectral sensors.[7] Among these systems,
active electro-optical sensing systems in the visible or in-
frared (VIS/IR) region enjoy many advantages over passive
systems.[8] As for active HSI, a broadband light source[9] is
the prerequisite. When compared to active HSI system illumi-
nated by lamps, supercontinuum (SC) laser illuminator[10,11]

can particularly not only increase the illumination brightness
but also extend the work distance up to kilometers. With the
transition from passive to active, HSI system can work day and
night,[12] and has the ability to eliminate shadows.

Historically, the first active HSI system with a SC laser
was put forward by MIT Lincoln Laboratory in 1999.[13] They
demonstrated that the SC laser illumination offered HSI sys-
tem great promise in concealed and obscured target detection.
Besides, active HSI system has the advantages of determinate
illumination parameters in advance. With either numerical or
experimental methods, SC laser illumination conditions at ar-
bitrary distances can be determined. By detecting the reflected
broadband light from object surfaces, the spectral informa-
tion of interest can be calculated out. But limited by the de-
velopment of SC lasers, active HSI system has witnessed a
slow development.[14–16] Most of the previous studies rarely
concerned about the spatial characteristics of active HSI sys-
tems, although this parameter is critically important for accu-
rate spectrum detections. Note that the Gaussian-like beam
profiles of SC laser would make the illumination totally dif-
ferent from uniform lamps. Therefore, only adopting the av-
erage SC laser spectrum to retrieve the reflectance spectra is
inappropriate.[12]

In this paper, an improved active HSI system with the
consideration of the laser beam signature is presented. Sec-
tion 2 describes the detailed experimental setup and method-
ology. Section 3.1 calibrates the SC laser illuminator by in-
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vestigating its spatially-related spectra. Section 3.2 describes
a formula for calculating the reflectance spectra with the pre-
sented active HSI measurement. The active HSI results are in
good agreement with passive results by comparing their spec-
tral characteristics. In Section 3.3, two more complicated con-
ditions are built, one for principal component analysis (PCA)
clustering and the other one for unsupervised spectral classifi-
cation. Conclusions and prospects are made in Section 4. As
a proof-of-principle study of accurate active HSI system, this
work fulfills the technical requirements for specific spectrum
detection applications.

2. Experimental setup and methodology
Figure 1(a) shows the schematic experimental setup. The

active HSI system comprises a home-made SC laser source
as the broadband coherent illuminator, and a commercial visi-
ble and near-infrared (VIS/NIR) hyperspectral camera (Zolix,
GaiaField-F-V10) as the detection instrument. A computer
program is used to control the spectrum measurement. The
broadband SC laser has an average optical power of 4.5 W
and a spectral range of 450–2400 nm at −20 dB level below
the peak. The SC laser is compact with a size of 260×240×
70 mm3, driven by a direct current (DC) power supply. An
achromatic doublets mounted on an xyz translation stage is
used to transmit the SC laser to objects. Figure 1(b) shows
the visible photo of the SC laser spot measured in the dark.
The laser beam diameter on the plane of target is ∼ 20 cm.

In the experiments, a variety of different objects, includ-
ing a white diffuse plate, green fresh leaves, plastics, a yellow
carton, and a camouflage net, were put ∼ 5 m away from the
active HSI system. In order to avoid the effect of ambient light,
active HSI experiments were conducted in the dark (lights off).
To eliminate the effect of angular reflectance distribution,[17]

the camera position was fixed and put as close as possible to
the SC laser beam. Basic specifications of the experimental
setup are presented in Table 1. With these parameters, the spa-
tial resolution of the hyperspectral camera is calculated to be
∼ 0.8 mm. Meanwhile, the spectral resolution of the camera
is set to be 3.5 nm, which is less than 10 nm and high enough
for identifying different materials.

(a) (b)

Fig. 1. Experimental setup. (a) Schematic illustration; (b) photo of SC
laser spot.

The active HSI experiments were divided into three
stages. In the first stage, the output SC laser was directly
projected onto the white diffuse plate, and wavelength depen-
dent SC beam profiles were measured to illustrate the non-
uniform illumination. In the second stage, a formula was in-
troduced to calculate the spatially-related reflectance of ob-
jects. Active HSI experiments with fresh leaves were im-
plemented to demonstrate that the consideration of spatially-
related reflectance was feasible. These measured active re-
flectance spectra were also compared to passive results, show-
ing the advantage of active HSI measurement at the infrared
region. In the last stage, two application conditions were built.
PCA clustering and unsupervised spectral classification algo-
rithms were used to show that active HSI results were efficient
for further data analysis and information extraction.

Table 1. Basic specifications of experimental setup.

Setup Parameters Value Setup Parameters Value

SC laser

Spectrum 450–2400 nm

Hyperspectral camera

Spectral range 400–1000 nm
Average power 4.5 W Spectral resolution 3.5 nm
Repetition rate 170 kHz Detector dimension 1392×1040
Pulse duration 6 ns Field of view 20◦

Output beam LP01 Data bytes 16 bit
Beam diameter ∼ 20 cm Numerical aperture F/2.8

3. Results and discussions
The experimental tests have been conducted according to

the methodology described above. In this section, the corre-
sponding experimental results are analyzed and discussed sub-
sequently.

3.1. Calibration of SC laser illuminator

Before active HSI measurement, the SC laser illuminator
is first characterized with a white diffusive plate. The results
are depicted in Fig. 2. As shown in Fig. 2(a), beam profiles of

the SC laser at different wavelengths are quite different. From
left to right, the wavelengths are 400 nm, 500 nm, 600 nm,
700 nm, 800 nm, 900 nm, and 1000 nm, respectively. The
reasons are that the divergence angles and beam waists of the
SC laser increase as the wavelengths increase,[8] resulting in
larger beam diameters at the longer wavelengths. The beam
profile at 400 nm is blear because the SC light at 400 nm is
too weak. Figure 2(b) shows the pseudo-colored SC laser spot
image. Beam intensities at three wavelengths of 578.92 nm,
645.85 nm, and 758.75 nm are used. Along the vertical line
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plotted in Fig. 2(b), spectra at 13 pixels equally-spaced from
the beam center to edges are plotted in Fig. 2(c). Obviously,
the measured illumination spectra are totally different from
each other. The Savitzky–Golay method is adopted for de-
noising of the intensities.

The aforementioned results demonstrate that the SC laser
has a non-uniform intensity distribution. So it is found that
the formula used to calculate the reflectance spectrum with a
spatially-independent spectrum I(λ ) is inappropriate. We sug-
gest that the active SC laser illumination can be presented by
a general intensity profile I(x,y,λ ) which considers the spatial
distribution. For the validity, all object surfaces in this work
are assumed to behave like Lambertian reflectors. Given these

considerations, the reflectance spectra could be obtained with
the following formula:

R(x,y,λ ) =
ID (x,y,λ )− Inoise

ISC (x,y,λ )− Inoise
×Rplate(λ ), (1)

where ID(x,y,λ ) represents the measured hyperspectral inten-
sity of interested objects, ISC(x,y,λ ) is the spatially-related
illumination intensity of the white diffuse plate, Inoise is the
measured camera noise in the dark (laser off), and Rplate(λ )

is the reflectance spectrum of the white diffuse plate provided
by the manufacturer. In the next section, we will prove that
this formula is essential for increasing the detection accuracy
of the active HSI system.
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Fig. 2. Characteristics of SC laser illuminator. (a) Beam intensity profiles of SC laser at specific wavelengths; (b) pseudo-colored image of SC
laser spot; (c) spectra at different pixels.

3.2. Hyperspectral reflectance measurement and analysis

For active hyperspectral reflectance measurement, green
fresh leaves collected from a cinnamomun camphcra tree were
used. Figure 3(a) shows the pseudo-colored image of the HSI
result. As can be seen, the SC laser beam covers the most part
of these leaves. For a better understanding, spectra at discrete
18 pixels in the yellow rectangle are used to calculate the re-
flectance spectra. Figure 3(b) plots the results. Note that the
spectra below 450 nm should be neglected because the illumi-
nation light shorter than 450 nm is too weak. From Fig. 3(b),
we can see that the calculated reflectances show typical spec-
tral characteristics of green vegetation, like the small peaks
from 520 nm to 600 nm, the steep red edges from 700 nm to
750 nm, and the infrared high reflectance regions from 750 nm
to 1000 nm. The thick line in black is the average spectrum.
For comparison, the average spectral intensity of the SC laser
is used for the reflectance calculation and results are plotted in
Fig. 3(c). Obviously, spectral variations in Fig. 3(b) are much
smaller than that in Fig. 3(c). To quantify them, the standard

deviations (STDs) of reflectance are calculated. We find that
the STD at individual wavelength in Fig. 3(b) is about half of
the STD in Fig. 3(c). These results illustrate that for the active
HSI with SC laser illumination, it is necessary to consider the
spatial distribution to ensure high accuracy.

Next, we prove the effectiveness of the improved active
HSI system by comparing experimental results to passive HSI
results. Figure 4 depicts the spectral characteristics of fresh
leaves in a passive HSI measurement. The sun illumination
spectrum is plotted in Fig. 4(a). Originated from the intrinsic
black-body radiation, the sun illumination at the infrared re-
gion drops much faster than the SC laser. It is found that the
illumination intensities with wavelengths longer than 900 nm
are almost the same with the noise. Inevitably, the low signal
to noise ratios bring inaccurate reflectance spectra. Figure 4(b)
shows the retrieved passive hyperspectral reflectance. Obvi-
ously, when the wavelengths are shorter than 900 nm, there is
a good consistency between the passive and active HSI mea-
surements. But the passive reflectances lose their flatness in
the infrared region where wavelengths are longer than 900 nm.
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Therefore, it shows that an active HSI system illuminated by
a SC laser with tailored spectrum has advantages when com-

pared to passive HSI system and brings high detection accu-
racy.
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Fig. 3. Characteristics of fresh leaves. (a) Pseudo-colored image; (b) retrieved reflectance with spatially-related SC laser illumination; (c)
retrieved reflectance with average SC laser illumination.
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Fig. 4. Passive hyperspectral characteristics of fresh leaves. (a) Sun illumination; (b) reflectance spectra.

3.3. Applications of active HSI for complicated conditions

After the above work, a mixed scene is built including
fresh leaves, plastic leaves, plastic flowers, and white vase.
Different objects are located at different positions of the SC
laser spot. As demonstrated above, the active HSI system
is able to retrieve their reflectance with high accuracy. The
results are shown in Fig. 5. Figure 5(a) depicts the pseudo-
colored image of the measurement. There are four rectangles
with red, blue, green, and pink colors, corresponding to green
fresh leaves, plastic flowers, white vase, and plastic leaves, re-
spectively. Retrieved reflectances in these rectangles are used
for the following PCA clustering. Figure 5(b) plots the av-

erage spectra for each object. Clearly, different objects have
their intrinsic spectral signatures. Reflectance spectra from
450 nm to 1000 nm are used for spectral analysis. The results
from the PCAs are displayed in Fig. 5(c). As can be seen,
the combination of PC1 (72.93%) and PC2 (22.07%) explains
95.00% of the total spectral variance. In this plot, object-
specific points cluster closely together, indicating their con-
sistent spectral signatures. Meanwhile, the 95% confidence
intervals of the various objects are also depicted by ellipses.
However, it is noted that ellipses for plastic flowers and white
vase overlap with each other. This overlap can be interpreted
as that the white vase and plastic flowers have similar NIR
signatures as plotted in Fig. 5(b).
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Fig. 5. PCA results. (a) Pseudo-colored image; (b) reflectance spectra of objects; (c) PCA plots of object results.

034206-4



Chin. Phys. B Vol. 28, No. 3 (2019) 034206

For actual applications, it is expected that the active HSI
system can also be used to detect objects where passive HSI is
unable to work. A concealed scene is built with a yellow car-
ton covered by a camouflage net. The shadows would reduce
the sun illumination even in the daytime. Therefore, passive
HSI is very hard to identify the concealed carton.

In the experiments, the active HSI measurement has been
conducted in the dark as well. Figure 6(a) shows the pseudo-
colored image of the active HSI result. After retrieving the
reflectance spectra, the data in the yellow square as shown in
Fig. 6(a) is used for spectral classification analysis which has
a dimension of 320×320×128. By removing the noise spectra

below 450 nm, the final data dimension used for classification

is 320×320×110. After that, an unsupervised K-means algo-

rithm is used to perform the spectral classification. The num-

ber of classes is set to 2. Figure 6(b) shows the classification

results. Obviously, the camouflage net and the yellow carton

are successfully classified with pixel percentages of 68.87%

and 31.13%, respectively. Note that the classification results

at the four corners of the square are not correct. The reason

is that the illumination at SC laser spot edges is too low to

retrieve the accurate reflectance spectra. Figure 6(c) plots the

measured spectra of the yellow carton and the camouflage net.
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Fig. 6. Spectral classification results. (a) Pseudo-colored image; (b) classification results; (c) reflectance spectra of camouflage net and yellow
carton.

4. Conclusion and perspectives
With the above demonstrations in this paper, one can see

that with the active illumination to HSI system, high accurate
spectral information of objects can be obtained. When com-
pared to other laser-based spectral detections such as spectral
lidar,[18] active HSI system provides much higher spatial and
spectral resolutions. The hyperspectral data can be obtained in
just one-time push-broom measurement, which is time-saving.
We believe that the active HSI system consisting of a SC laser
with higher illumination intensities and a hyperspectral cam-
era with optimized parameters will performance much better
in the future. Given that the short distance of this investigation,
the influence of the atmosphere is not considered. However,
when the work distance of active HSI system is increased to
hundred meters, the atmospheric turbulence[19,20] and absorp-
tion should be considered.

To summarize, this work presents an active HSI system
illuminated by a coherent SC laser. For the first time, the in-
tensity profiles of SC laser for HSI detection have been con-
sidered. As demonstrated, this consideration increases the ac-
curacy of detections by reducing the spectral STDs in half.
The results show that the active HSI system has obvious ad-
vantages over passive HSI system. Two short standoff active
hyperspectral measurements in the dark together with PCA
clustering and spectral classification have been presented, in-
dicating the possibility of active HSI system usage in future
complicated conditions.
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