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Abstract: This paper describes the field imaging spectrometer system (FISS) based on a cooling area CCD, describing its
imaging principle, structural design, main technology parameters, and data processing flow. Geometric rectification of the FISS
was implemented using precise indoor markers and outdoor measured data. Spectral calibration of the FISS was conducted using
self-programmed spectral calibration software which determined the center wavelength and the full width at half maximum of
each band. An integrating sphere was used to achieve absolute radiometric calibration of the FISS with less than 5% calibration
error for each band. In addition, a look-up table of radiometric calibration coefficients for various measured conditions was gen-
erated and various laboratory and field tests were carried out. Crop-weed discrimination, offshore marine environment monitor-
ing, milk discrimination, and estimation of vegetation biochemical information were studied using previously acquired data. The
FISS provided successful results for all of the above examples, suggesting its potential application in other fields, including geo-
logy, food science, agriculture, forestry, and urban research.
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INTRODUCTION
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micro level, we must increase ground resolutions, reduce

Imaging spectrometry combines traditional two-dimensional
(2-D) remote sensing technology and spectroscopy, enabling
acquisition of both the images and spectra of objects and thus
combining ‘an image and a spectrum’. The emergence of ima ging
spectrometers has resolved past problems of obtaining either
images without spectra or spectra without images (Tong et al.,
2006; Zhang et al., 2005). China’s aviation imaging spectrome-
try industry is now relatively mature, and researchers have
made a series of breakthroughs and achievements that place
China in an important position internationally in airborne imag-
ing spectrometry (Liu et al., 2002).

Data observed by airborne imaging spectrometers can only
be used to monitor or evaluate objects from the macro level,
with spatial resolution of a few meters to tens of meters (Green
et al., 1998). Because of the effects of observation scale, angle,
and background, the spectra extracted from images are not pure
single-feature spectra; this leads to a certain degree of bias in
the resulting analysis and applications. To study objects at a
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background effects, and improve the stability and accuracy of
spectral measurements. To promote the further development
and improvement of both field spectral measurements and avia-
tion imaging spectrometry in China, the Institute of Remote
Sensing Applications and the Shanghai Institute of Technical
Physics, both of which belong to the Chinese Academy of Sci-
ences, developed the field imaging spectrometer system (FISS).
The FISS is based on the aviation push-broom imaging spec-
trometer (PHI) also developed in China. In field measurements,
the FISS can obtain high-resolution images (spatial resolution
up to the centimeter or millimeter scale) of measured targets as
well as extract a spectrum curve of any pixel from these images.
The FISS both improves the efficiency of field spectral meas-
urements and provides better information and data for analyz-
ing the structure of spectra, decomposing mixtures of spectra,
and extracting pure spectra. Compared to spectra by traditional
field spectrometers, those obtained by the FISS may be consid-
ered pure spectra and will be helpful for studying mixtures of
spectra and analyzing the composition and structure of pixels at
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variable spatial scales.

Previous studies have applied field imaging spectrometers to
various regions and applications (Borregaard et al., 1999; Ye et
al., 2007). At present, many foreign companies and institutions
specialize in the development of such devices, including Spec-
tral Imaging Ltd. (Finland), Resonon Inc. (U.S.), and Surface
Optics Corporation (U.S.). However, before the FISS, no field
imaging spectrometer based on a cooling area CCD had been
developed in China; the FISS thus represents original innova-
tion of a scientific instrument for basic research in remote
sensing. In addition, breakthroughs in key technologies that
were achieved during development of the FISS may promote
advancement in other fields including detector technology,
imaging spectrometry, spectroscopic techniques, high-speed
data acquisition, and storage technologies, and may enhance
independent innovation.

2 DEVELOPMENT AND REALIZATION OF THE
FISS

2.1 Basic principle of design

Development of the FISS, using examples from the PHI, focu-
sed on improvement or redesign of the imaging system, optical
spitting system, and control software. The imaging principle of
the FISS is similar to that of the PHI: one direction along the slit
forms a spatial line image, while the direction perpendicular to
the slit measures the spectrum for each line pixel made by the
dispersion component, and another dimension is scanned by the
scanning mirror (Fang et al., 2009; Li et al., 1999).

Fig. 1 shows the imaging principle of the FISS. The front
optics image the object line onto the entrance slit plate and then
successively through a collimating mirror, making collimated
light. A dispersing unit, in which the incident radiation is spread
according to wavelength in the vertical direction, and a collec-
tive lens finally form an image in the CCD chip. In the image,
the spectra of the object line are represented by values in the
rows (parallel to the slit; called the spatial axis), while the radia-
tion, within a narrow spectral band received from the line, is
found in the columns (dispersion direction; called the spectral
axis). The CCD can generate a spectral-spatial image for each
object line and, by scanning with the scanning mirror within a
certain angle and record rate, spectral data can be continuously
recorded to obtain an image cube.

2.2 Structural design

The FISS consists of three main parts: the computer, optical,
and electronic systems. The computer system includes hard-
ware (a portable laptop used for real-time monitoring and
storing the imaging data and other ancillary data) and software
(the program used to operate the FISS and some basic data
processing and analysis programs).

The optical systems consist of a scanning mirror, an objec-
tive lens, a dispersing unit, and a CCD camera and are the core
parts of the FISS. Fig. 2 shows the actual FISS optical systems
that have been successfully developed.
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Fig. 1 Basic principle of the FISS

Fig. 2 Photograph of the developed FISS optical systems

The optical systems perform scanning, imaging, dispersion,
photoelectric conversion, A/D conversion, and other functions.
The scanning mirror, composed of an elliptical reflecting mirror,
a stepper motor, and their mechanical framework, is driven by
the stepper motor to swing back and forth within a certain angle
to achieve imaging of an object in one spatial dimension. The
objective lens images objects clearly onto the entrance slit plate
laid on the focal plane of the dispersion unit. Together with the
objective, the dimensions of the slit determine the field of view.
The dispersing unit, using a “prism-grating-prism” (PGP) spec-
trograph, disperses the light beam from the entrance slit, and
then rays with different wavelengths separated by the
PGP-element are captured by the focal plane of the CCD cam-
era. The dispersing unit, together with the slit, determines the
number of bands and the spectral resolution of the FISS. In the
CCD chip (Model INFINITY3-1), the radiation is converted
into proportional electrical signals which determine the clarity
of the obtained image, i.e., whether it can achieve the spatial
and spectral resolution determined by the PGP.

The major components of the electronic systems are the
power supply to the CCD camera and the motor control circuits
responsible for receiving computer commands to drive the motor,
controlling communications between the USB interface and the
computer, and taking power from the USB port.

To make field measurements, a multi-use platform was desi-
gned that is durable, compact, mobile, flexible, and easy to
set-up and dismantle. A high-strength support and spiral arm
were designed using a stable triangle form, and a revolving
shaft and bolt were used to revolve and fix the spiral arm. The
location and angle parameters of the spiral arm are provided by
a linear and circular dial. Fig. 3 shows a diagram of the compo-
sition of the FISS.



TONG Qingxi et al.: Development and application of the field imaging spectrometer system

411

Multi-use platform

Mechanical device

Computer|
system

Scanning
mirror

»>| Objective lens |—>| PGP-clement H CCD camera }»av

Electronic
system

Objects

Fig. 3 Composition diagram of the FISS

Balance weight FISS 3, Scanning mirror

Precision lever] oty
ﬁ ecision leve . e,
d'l::ﬁ ,“\
1Y
i
A

1
%
3

A ! 1
Platform ! !
A 1 Y I
k]
/ \ ' -
Objects

Tripod

The multi-use platform consists of a tripod and a precision
lever, which are used to carry the optical and electronic systems.
The length of the lever can be controlled and measurements can
be conducted within a 360° horizontal plane. Precise location
information can be provided by using the system together with
a high-precision GPS. Fig. 4 presents a schematic diagram and
an actual picture of the FISS field measurements.

2.3 Main technical parameters

There are various technical parameters for the FISS, includ-

Fig. 4 Schematic diagram and actual photograph of FISS field measurements

ing the spectral range, spectral and spatial resolution, and scan-
ning rate. Table 1 lists the main technical parameters and per-

formance of the FISS.

Table 1 Main parameters and performance of the FISS

Band number 344
Spectral range /nm 379—870
4—7

Spectral resolution /nm

Space resolution /mm The maximum is better than 2

Radiance calibration precision in
laboratory /%

Imaging rate / (lines/s)

Better than 5
Maximum of 20

Scan field /° —-20—20

Quantitative value /bit 12

Signal to noise >500 (60% of bands)

Spectral sampling interval /nm About 1.4

2.3.1 Spectral range and spectral resolution

The spectral range of the FISS depends on the light splitters
and the spectral response range of the CCD camera. The spec-
tral response of the CCD sensor is 400-1000 nm, and the spec-
tral response of light splitters (Inspector V9) is 430-900 nm.
Thus the FISS spectral range is mainly determined by the spec-
tral range of light splitters. Spectral calibration was conducted
using a monochromator in the laboratory. Results show that the
FISS responded to the light of the monochromator within

420-860 nm.
The spectral resolution of the FISS is determined by the ent-

rance slit (60 um width) of the light splitters and the size of the
CCD photosensitive component. To meet the required signal to
noise ratio, the pixels were merged by 3><3, which reduced the
CCD resolution from 1392><1040 to 464><344, where 464
denotes the spatial dimensions and 344 denotes the spectral
dimensions, i.e., the FISS has 344 spectral channels. As a result,
the photosensitive component size is about 20 um. Due to the
1 1 imaging mechanism of the CCD, the spectral resolution,

expressed as the half-height width of each spectral response
curve, depends on the entrance slit.

2.3.2 Spatial resolution
The spatial resolution of the FISS is related to both the paral-
lel and perpendicular directions of the entrance slit. The spatial
resolution of the direction parallel to the entrance slit (expressed
as Eq.(1)) depends on the size of the imaging unit in the CCD
camera focal plane and the focal length of the objective lens:
p=dif (1)
The spatial resolution of the direction perpendicular to the
entrance slit (expressed as Eq.(2)) depends on the width of the
entrance slit and the focal length of the objective lens:
o=wif (2)
where £ is the view angle parallel to the entrance slit, d is the
size of the imaging cell, « is the view angle vertical to the entra-
nce slit, w is the width of the entrance slit, and f is the focal
length of the objective lens.

2.3.3 Frame rate
The frame rate generally depends on the data transfer rate
and the data acquisition mode of the CCD camera. Data are
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transported through USB interfaces from the CCD camera in
the FISS, with 12-bit data sampling. To avoid image blurring as
a result of asynchronization between data acquisition by the
flow mode (camera mode) and the stepper motor, the photo
mode was chosen for data acquisition. The photo mode means
that at each step the stepper motor may issue a synchronous
signal to trigger the camera to take a picture. In the photo mode,
the frame rate of the CCD camera may be up to 20 lines/s but is
often set to 10 lines/s in field experiments.

3 FISS DATA PROCESSING

Before specific application, it was necessary to run a series of
processes on the original FISS data including data format con-
version, geometric correction, radiometric correction (radiomet-
ric calibration), image segmentation, interception and splicing,
and other processing techniques for specific applications. Fig. 5
shows a general flow chart of data processing for the FISS.

3.1 Geometric correction

With the swing of the reflecting mirror within a certain angle
range, instead of the movement of a flying platform, the FISS
obtains one-dimensional spatial information of surface features
that are not imaged at the same time. The differences in imag-
ing distance during scanning by the scanning mirror may create
unevenly distributed resolutions among different columns,
causing geometric distortion. Moreover, resolutions may also
differ among lines because of instability of the scanning mirror.
To correct these geometric deformations, it was necessary to
measure lens distortion coefficients, establish precise markers,
and determine the geometric correction model. To validate and
calibrate the stationarity and scanning uniformity of the scan-
ning mirror, continuous markers should be established. The
geometric deformation information obtained may also help in
controlling the motor. Fig. 6 shows the general flow chart of the
geometric correction process for the FISS.
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Fig. 5 General flow chart of data processing for FISS
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Fig. 6 Flow chart of geometric correction for the FISS

Using the markers above, the system deformation parame-
ters for calibrating FISS data were calculated based on the
polynomial geometric correction model.

3.2 Spectral calibration

Using a WDG30-2 monochromator, made by the Beijing

Optical Instrument Factory, and the self-developed spectral
calibration software, FISS spectral calibration was performed in
the laboratory to determine the center wavelengths and full
width at half maximum (FWHM) for each spectral channel. The
calibration results recorded spectral bandwidths corresponding
to different wavelengths and center wavelengths of 344 spectral
channels. Table 2 lists the spectral bandwidths corresponding to
420-860 nm that verified a fine spectral response.

Table 2 Spectral channel bandwidths corresponding to 420-860 nm

Range of
wavelength/nm 420-470  475-625 630-715 720-820  825-860
FWHM/nm 7 4 5 6 7

3.3 Radiometric calibration

Radiometric calibration of the FISS was achieved by adopt-
ing combinations of the absolute radiometric calibration in the
laboratory and relative calibration on site. A well-calibrated
integrating sphere was used as an indoor light source to fill the
entire field of view to obtain absolute radiometric calibration by
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band (Tong et al., 2006). By changing the radiance of the inte-
grating sphere (i.e., by controlling the number of bright and
dark standard lights within the integrating sphere; total of eight
levels), and changing the aperture size of optical lens, integra-
tion time, and CCD cooling temperature to meet the application
requirements, the quantitative relationship between the entrance
radiance at the pupil of the FISS and the digital number was
established as follows: L, = axDN + b (where L, is the entrance
radiance at the pupil, and DN is the digital number value). The
values of a and b, which are the calibration coefficients of each
band under all kinds of temperature, aperture, and integration
time, were computed by linear fitting. In addition, a look-up
table for absolute radiometric calibration coefficients of the
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FISS was built under different measurement conditions. Fig. 7
(a), where the straight line is the linear regression fitted line and
the scatters are the actual measured values, shows the calibra-
tion results of band 30 (central wavelength of 417.5 nm) under
the condition that the optical lens aperture was set to 11, the
CCD cooling temperature was 0°C, and the integration time
was 5 ms. The abscissa denotes DN values while the ordinate
denotes the corresponding entrance radiation. In the calibration
coefficient look-up table, the calibration coefficients of band 30
and its calibration accuracy can be found easily (a = 0.058063,
b =-0.30929) and the calibration accuracy is 3.6%. Fig. 7 (b)
shows the calibration accuracies of 344 spectral channels under
the same measurement conditions.

Fig. 7 Absolute radiometric calibration results in the laboratory
(a) Radiometric calibration results of band 30(central wavelength = 417.5 nm); (b) Calibration accuracies of 344 spectral channels with optical lens aperture
of 11, CCD cooling temperature of 0°C, and integration time of 5 ms

As indicated in Fig. 7 (b), the radiometric calibration accu-
racies of most bands are better than 5%, particularly in bands
32-338 (420-860 nm), meeting the requirements of absolute
radiometric calibration accuracy in the laboratory.

In the field, relative radiometric calibration of the FISS is
achieved with a reference board, i.e., before ground targets are
measured the reference board is measured under the same con-
ditions.

4 PRELIMINARY APPLICATION RESULTS OF
THE FISS

To obtain various kinds of imaging hyperspectral data and
debug the system, many indoor/outdoor measurement tests have
been carried out with the FISS prototype. Fig. 8 presents a
photograph of the FISS in the field.

Fig. 8 Photograph of the FISS being used in the field

4.1 Indoor spectroscopy experiments with milk

Twelve kinds of milk were purchased from a supermarket,
including the Yili, Mengniu, Guangming, and Sanyuan brands.
Milk samples were measured in the laboratory by the FISS and
by the SVC HR-1024 radiometer (developed by SVC) with a
halogen lamp as the light source. To demonstrate the stability,
accuracy, and practical performance of the FISS, data obtained
simultaneously by the HR-1024 were used as base information.
The FISS spectral data were evaluated using spectral angle
mapping (SAM), spectral feature fitting (SFF), and binary enco-
ding (BE). Fig. 9 shows milk cube data by the FISS and a con-
tinuous spectral curve extracted from one pixel. Fig. 10 shows
the evaluation results (SAM, SFF, and BE share 1/3 weight
each, and the spectral matching accuracy is over 97%), which
indicate that the FISS has good spectral response performance.
This promising result provides a theoretical basis for follow-up
applied research on the FISS.

In addition, the milk data obtained by the FISS were
randomly sampled, with 100 pixel sampled from each kind of
milk. These pixels samples were then pre-processed using
first-order derivatives and moving averages (Wang et al., 2006).
Twelve characteristic wavelengths selected by the Wilks’
lambda stepwise analysis method were used to discriminate
different varieties of milk by the Fisher linear discriminator.
The results show overall correct discrimination accuracy of
94.1% for all 12 kinds of milk, with particularly high discrimi-
nant accuracies of up to 100% for Mengniu original yogurt and
Yili original yogurt.
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Fig. 9 Milk cube data obtained by the FISS

4.2 Crop-weed discrimination

In-field hyperspectral data were obtained by the FISS for
crop-weed discrimination in farmland in Wugezhuang, Beijing
Daxing district. After sampling and normalizing the data,
crop-weed discrimination was performed using the same
method as above (Fisher linear discriminant analysis) (Liu et al.,
In press). When considering each species as a different class,
discrimination accuracy reached 85% with eight selected bands.
When considering overall weed species as a class, classification
accuracy was higher than 91% with eight selected bands.
Furthermore, a “red edge” was found to supply much informa-
tion for discriminating between weeds and crops. Fig. 11 (a)
shows crop and weed cube data by the FISS, and Fig. 11 (b)
shows the discrimination result.

4.3 Estimating biochemical information for vegetation

Chlorophyll and nitrogen are important biochemical parame-
ters indicating the biochemical status of plants and provide
important information for site-specific application of fertilizers.
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Fig. 10 Spectral matching between the FISS and SVC HR-1024

Fig. 11 Crop-weed discrimination
(a) Cube data of crop-weed; (b) Discrimination result

In August 2009, using the FISS and a traditional point-record
spectrometer (ASD), hyperspectral data of 102 soybean leaf
samples were obtained in the Huanjiang Experimental Station
of the Karst Ecosystem, Chinese Academy of Sciences. After
preprocessing soybean spectral data and removing an abnormal
sample, the soybean leaf chlorophyll and nitrogen content esti-
mation model was established. Results show that the FISS data
can be used to quantify inverse biochemical parameters of soy-
bean leaves. The prediction accuracy was higher than 95%
using a partial least-squares regression (PLSR) model, based on
data mixed with image deviation and mean data. Compared
with the ASD data, the FISS data provided higher prediction
accuracy for chlorophyll and nitrogen content. Table 3 shows
the inverse results based on the principal component regression
(PCR) and PLSR model; prediction accuracies were 33% and
42% higher using the FISS data than by using the ASD data,
respectively.

Table 3 Comparison of estimation results based on FISS data

and ASD data
FISS ASD
RMSE R RMSE R
(prediction) (prediction)
PCR 0.272332 0.873925 0.405452 0.720781
PLSR 0.236337 0.95001 0.406416 0.84673
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4.4 Offshore marine environment monitoring

An offshore marine environment experiment was carried out
with the FISS on 28 November 2009. The FISS was mounted
on a car and elevated over 30 m high. High-resolution imaging
data of the offshore marine environment in Qingdao were captured
with the FISS. Many useful hyperspectral data could be obtained
by analyzing these data, such as the chlorophyll distribution of
seawater, seawater turbidity, and marine pollution and distribu-
tion. Thus the FISS may be helpful for quantitatively analyzing
marine environments. These initial analyses indicate that the
FISS is effective for the examples given above and has impor-
tant application value.

5 CONCLUSION AND PROSPECTS

The self-developed field imaging spectrometer system (FISS)
is able to measure spectra while acquiring high-resolution im-
ages of objects and achieving full integration of high spectral
and high spatial resolution data. Thus the system may represent
not only an important innovation in scientific theory but may
also contribute to the development of practical field imaging
spectrometer products in China. This paper has introduced the
basic principle of the FISS, describing its structural design and
main technology parameters. Geometric correction, spectral
calibration, and laboratory absolute radiometric calibration for
the FISS were achieved. In addition, a look-up table of absolute
radiometric calibration coefficients was established under a
variety of measurement conditions. Based on the results from
the FISS prototype, various indoor and in-field tests were car-
ried out for typical features of different regions. The experi-
ments obtained many spectral imaging data for different objects,
such as crops, weeds, roads, water, milk, and corn seeds. The
results were studied and in each case showed the success of the
FISS.

The combined “image and spectrum” imaging mode of the
FISS greatly improves working efficiency and discrimination,
especially in comparison to traditional point-record field spec-
trometers. Compared with airborne imaging spectrometers, the
FISS can acquire higher spatial resolution images from which a
relatively pure pixel may be extracted, which may aid in ana-
lyzing mixture spectra and modeling and provide a new solu-
tion for classification, discrimination, and target component
estimation. Therefore, as future research, we will focus on
studying mixed spectra, analyzing the spectral composition of

pixels under various scales, and developing a mixed pixel
model based on the FISS. To ensure that research based on the
FISS advances, all parameters should be adjusted or improved
according to the latest developments both in China and abroad.
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