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ABSTRACT

Investigation of the spectral signatures of real objects in the field can aid selection of wavebands
for remote sensing experiments and can facilitate interpretation of the results. This research focused on
developing a multispectral imaging spectrometer for this purpose. The implemented spectral range of
detection is from 400 nm to 900 nm, covering visible and near infrared light. To allow freedom in choosing
the bandwidths and number of wavebands for various applications, the wavebands are made programmable.
An area CCD (Charge Coupled Device) detector with 256x1024 pixels, a 16-bit analog to digital converter,
and a pushbroom scanning mechanism enable the system to detect the radiance of an object in one intensive,
one spectral and two spatial dimensions. In the extreme case of imaging, 1024 wavebands, 0.1 nm bandwidth,
16-bit resolution of intensity, and a 10 cm square footprint on the object plane can be achieved. The
hardware consists of a monochromator, an CCD camera, a light source, an X-stage and a processing unit,
which are successfully integrated to perform spectral imaging functions. During operation, the system is
supervised by operating software, which is designed to automate the imaging procedures. The resulting
spectral data can be saved on a hard disk for further study. For immediate display of the spectral images,
gray-scale, 16-color and artificial RGB-color schemes are provided to enhance the presentation. For the
sake of testing and demonstration, the spectral characteristics of a geometric pattern and a leaf samples
have been investigated by using this imaging spectrometer. Its capability in observing objects using six
OCI wavebands has been demonstrated as well. The results show that the goal of the design has been

successfully implemented.
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I. Introduction

When electromagnetic waves are used for remote
sensing, surface units and geological or biological
materials, can be separated, classified, and identified
based upon their spectral signatures. For pure mate-
rials, the spectral signature is considered to be some
unique characteristic in the reflectivity or emisivity
spectrum, such as a diagnostic absorption band or a
combination of absorption bands, a diagnostic
reflectivity change at a certain wavelength, or the ratio
of the reflectivity in two separate spectral regions
(Elachi, 1987). High resolution radiometric measure-
ments over a fairly broad region of the spectrum can
provide information needed to find spectral signatures.
However, the difficulty in identifying objects in the
field is the varying composition of geological materials
and the mixture of biological materials with underlying
materials. Therefore, the spectral features obtained
from an area of interest of a sample object constitutes

the basic information needed to design a remote sensing
experiment and to interpret the data. Laboratory spec-
troscopic arrangements for observing the spectral sig-
natures of sample objects can be classified into reflec-
tion, emission and absorption (or transmittance) types.
The major considerations are the wavelength range, the
type of physical phenomenon and the design of the
observation system. Practical implementations vary in
light sources, dispersing elements, and detecting de-
vices. Buschmann et al. (1994) developed a spectrom-
eter called VIRAF (Visible Infrared Reflectance Ab-
sorptance Fluorescence) for ground truth measurements
of vegetation. It is capable of obtaining spectra of
reflectance, absorptance, and fluorescence in the vis-
ible and near-infrared range (400-910 nm). Pomeroy
et al. (1995) developed a CCD-based system that uses
fiber-optic inputs, which results in a spectroscopic
system capable of carrying out both absorption and
fluorescence measurement. The individual fiber chan-
nels are resolved spatially based on the two-dimen-
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sional imaging capabilities of the area array CCD.
Using filters, Ning et al. (1995) implemented an im-
aging fluorometer for measurement of the fluorescence
signals of plant leaves. This paper proposes a design
for and implementation of a multispectral imaging spec-
trometer for observing the spectral characteristics of
sample objects in the visible and near infrared range
(400-900 nm). Spectral imaging is carried out using
an area CCD detector and a pushbroom scanning
mechanism. The wavebands of interest are program-
mable. In the extreme case, 1024 wavebands, 0.1 nm
bandwidth, 16-bit resolution of intensity, and a 10 cm
square footprint on the object plane can be achieved.
Test results of the system for observation of two sample
objects will be given.

The remainder of this paper is organized as
follows: Section II describes the architecture of the
spectral imaging system, Section III proposes a
design for the operating software, Section IV gives
the results of experiments on observing a geometric
pattern and a leaf sample, and Section V is the con-
clusion.

Il. The Multispectral Imaging Spec-
trometer

1. Architecture of the Multispectral Imagin‘g
Spectrometer

The multispectral imaging spectrometer is com-
posed of a monochromator, a CCD camera, an X-stage,
a white light source and a processing unit as shown
in Fig. 1. Figure 2 depicts the working environment
of the system. The wholé€ system can be divided into
four parts. The monochromator and CCD camera are
responsible for dispersing and detecting the incoming
radiation. The X-stage and its motion controller
(computer) form one of the two dimensions of the
pushbroom scanning mechanism. The white light
source mimics the situation of illumination in passive
remote sensing. The processing unit is responsible for
the system control, including scanning and data pro-
cessing. The operating software, which operates under
WINDOWS-95, is designed to automate the spectral
imaging procedure. The user can simply set up the
experimental conditions and then acquire the spectral.
images of the tested object. Gray-scale,<16-color, and
artificial RGB-color schemes have been developed to
enhance the presentation of spectral images for imme-
diate investigation.

2. The Monochromator

A monochromator, MultiSpec 257 from Oriel Co.

Digitized Spectral Signal

@ CCD Camera
/,/j Dispersive Element
[// Processing Unit
——~, || Focusing
_ 2
— —lsme Lij/ﬁ{L R
N -
<> || Collector Color Printer \J
0
AN =
Monochromator g S
/\\Lighl Source ﬁ /L Motion Interface
,-D 4\

Visualization

1

Pushbroom Mechariism

Fig. 1. Architecture of the multispectral 1maging spectrometer.
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Fig. 2. Working environment of the system.

(Oriel, 1994), is used to disperse incoming radiation
into many colored rays. It has a focal length of 257
mm. The complete layout scheme is shown in Fig. 3.
The gratings, rapid motor drive, and concave lens are
basically optical light-dispersing elements. The inte-
grated shutter, adjustable focus lens, and micrometer
slits are used to control the amount of light. The built-
in microprocessor board is the main control unit of the
monochromator, and two detector ports are supported.
The communications interface is the main element for
communication with other components. The wiring
which connects this device with a computer is shown
in Fig. 4.

To provide the function of waveband programma-
bility, two gratings instead of filters are used and set
up on a grating turret to disperse the radiation. The
two gratings are 1200 lines/mm blazing at 700 nm and
300 lines/mm blazing at 400 nm, respectively. The

—417 -



W.S. Lin et al.

Integrated Shutter

RS 232, IEEE-488
And TTL Communication

Adjustable
Focus Lens

Micrometer Shts

Rapid Motor Drive - \
[ .

%
Ol
] I

i

Lk
O
[

O

Port \
Two Detecmri/\'é
Ports Lateral Port

Fig. 3. Layout of the MultiSpec 257 monochromator (Oriel, 1994).
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Fig. 4. The wiring between the computer and the monochromator.

grating turret can be rotated by the rapid motor drive.
The blaze wavelength is the wavelength at which the
most energy is dispersed. The best efficiency we can
expect for a grating at the blaze wavelength is about
80%. The blazing wavelength should be set at the
extreme short wavelength end of the region of interest
because the CCD detector is more sensitive at longer
wavelengths.

The mechanical shutter can be used to block the
radiation for dark current measurement or to control
the exposure. The slit is the major device used to
control the amount of incoming radiation. The width
of the slit is adjustable with micrometer resolution. The
focus lens is a convex lens used to project the image
onto the slit plane. In our design, the convex lens has
a focus of 32 mm. A standard RS-232 communication
interface is used to receive commands from the com-
puter.

3. The CCD Detector and the X-stage

The CCD detector is an area array of photo
sensors. We use InstaSpec IV (Oriel, 1994). It con-
sists of an CCD sensor chip EEV 15-11. The sensor
chip is in 256 (row) X 1024 (column) pixel format. Each
pixel size is 27 um square. One whole row (1024
pixels) of the pixels can be read out at the same time.
During operation, the CCD can be cooled to a low
temperature to reduce'dark current. Although dark
current is unavoidable, it can be suppressed through
low level by temperature control. In general, for every
temperature rise of 5~7°C, the dark current doubles.
Therefore, for keeping the operating temperature as
low as possible, we can minimize the effect of dark
current. Without cooling liquid, the CCD sensor can
be cooled down to -5°C by air. If 10°C water is adopted
for cooling, the temperature of the CCD sensor can be
brought down to as low as -20~-28°C.

The spectral signal detected by the CCD is con-
verted into digital data by a 16-bit A/D converter.
Therefore, the dynamic range can be up to 65535 levels.
The CCD detector has an interface card to transmit the
data. It uses a 20 Hz clock to transmit the shift register
(1024 pixels) data at one time. The interface is an ISA-
based card as shown in Fig. 4. To obtain noise im-
munity, the spectral signal is sent through a coaxial
cable.

For multispectral imaging, whiskbroom and
pushbroom scanning mechanisms are.frequently adopted
to obtain the spatial dimensions of an image (Vane et
al., 1983; Goetz et al., 1989; Diner et al., 1989;
Salomonson et al., 1989; Neville et al., 1995; Yamamoto
et al., 1996). Developments in solid-state array de-
tectors and new optical spectroscopic components have
further made it possible to achieve high precision and
high spatial resolution results. In our design, since one
of the dimensions of the area array CCD is used to pick
up the radiance of spectra, to obtain the second spatial
dimension of the image, a scanning mechanism is
constructed by moving the object with a X-stage.
The X-stage (Parker Hannifin Co.) is driven by-a
microstep motor. The characteristics of this X-stage
is its convenient control interface and language syntax.
It uses standard RS-232 for communications. The
finest step is 10 nm. It is adjusted to give 50800 steps
for each revolution. Before operating this device, the
desired distance, velocity and direction must be set
appropriately. The acceleration can also be pro-
grammed, but this is not necessary in this application.

lll. Design of the Operating Software

Figure 5 shows a block diagram which indicates
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Fig. 5. A block diagram of the setup.

all the required operations of the multispectral imaging
spectrometer. The light source delivers radiation
from the visible to the near-infrared range. The major
functions of the sensor system are to disperse
radiation and to measure the intensity of each
waveband. The desired number of wavebands is ap-
plication dependent and can be up to 1024 bands.
Therefore, a band selection function is used to choose
the required wavebands and bandwidths. The program-
mable bandwidth is obtained by integrating pixels in
the direction of the wavelength. The calibration
function removes noise, such as dark current, of the
CCD from the observed data. The registration
function reconstructs the data obtained by pushbroom
scanning into images, and then correction of environ-
mental effects can be done on the image. Finally,
spectral images are saved in a data bank for presen-
tation and further application. Presentation of the
spectral images in gray-scale, 16-color, and artificial
RGB-color schemes is provided.

Figure 6 shows the principle of multispectral
imaging. The radiation which is reflected by the
area of interest of the sample object is dispersed

Sample Area Line Associated Area Line

Light Dispersing

Sample Object

Fig. 6. Principle of multispectral imaging.

into many different wavebands by the monochromator.
After choosing the desired wavebands, the appropriate
spectra which go through the slit are measured by
the CCD detector. The slit in the direction of
height is mapped to the CCD in 256 instantaneous
fields of view (IFOV), and the radiation observed
by each IFOV is further dispersed into 1024 spectral
bands. As a whole, a slit image is composed of
256x1024 CCD pixels. The pushbroom mechanism is
constructed by means of slit imaging and X-
stage scanning. The X-stage moves linearly so
that the area of interest of the sample object can be
brought line by line into the field of view through
the slit. The spatial resolution on the sample
object is determined mainly by using the IFOV,
focal length and slit width. Figure 7 presents the
complete process of taking spectral images. In
order to make the process of taking spectral
images as easy as possible, software has been
developed to take care of the shaded blocks shown
in Fig. 7.

The operating software can enable the user to
avoid doing time consuming programming and setup.
The whole idea is that the user does not need to take
care of technical details, such as movement of the
X-stage, programming of the CCD camera and so
on. Adjustment of the slit width and the optical
lens are the only required work on the hardware.
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Fig. 7. Process of taking spectral images.
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Fig. 8. The Band Setup window.

Everything else, including band selection and many
other functions, can be finished by checking and
answering the messages shown on the monitor. All
physical actions are automatically controlled by
the operating software. The operating software is
installed on a personal computer running WINDOWS-
95 (Microsoft Co.). An important advantage of
using WINDOWS-95 is that it offers visual objects
and compatibility with DOS (Disk Operating System).
DOS is requested by the operating software when
direct commands to the monochromator, CCD
detector, and X-stage are required. The commands,
feedback status and data are routed through a
hardware dependent driver (Is4e1024.exe) under DOS.
All the commands are fully supervised by the operating
software. However, during execution of the driver
software, the operating software switches automati-
cally between WINDOWS-95 and DOS from time to
time.

One of the commands for the monochromator is
to note the grating and central wavelength selections.
The CCD detector must be commanded to select the
wavebands of interests, including each central wave-
length and the corresponding bandwidth for integra-
tion. Figure 8 shows an example of setting up the
wavebands. Moreover, commands for data trans-
mission and triggering of the shutter to block the entrance
of incoming radiation are also required. The time
interval of shuiter opening should be chosen appropri-
ately to prevent the CCD detector from becoming
saturated. The commands for the X-stage concern
movement to finish the scanning procedure. The re-
sulting spectral images can be displayed in any of the
three color schemes: gray-scale, 16-color, and false

RGB-color. For 16-color, the intensity of the spectral
data is divided into 16 levels, and each level is dis-
played in a different color. For gray-scale, the intensity
is presented in 256 gray levels. The artificial RGB-
color shows three wavebands simultaneously. The
t!l_ree selected wavebands displayed correspond to red,
green, and blue, respectively.

IV. Experimental Results

In this section, the multispectral imaging spec-
trometer was tested by observing two sample objects.
The first one was used to test the geometric property.
The second one was a leaf with green, brown and yellow
regions to show the spectral characteristics. Section
IV.1 shows the experimental arrangements. -Section
IV.2 presents the observation results for the first
object. Section IV.3 gives the results of the leaf
experiment.

1. Arrangement of the Experiments

Figure 9 shows the arrangement of the ex-
perimental system. The distance from the sample
object to the focal plane determines the size of the
scanning area. In the experiments, this distance was
fixed to an appropriate value. The scanning per-
formed by the X-stage was set to have a step size
which matched the footprint of the slit width on the
object plane. Since the light source is not collimated,
the intensity is proportional to the inverse of the square
of the distance. To avoid glitter, the monochromator
and the light source are put on the same side of the
object.

2. Geometric Property

To test the system in scanning and reconstruction
of the image, a sample object as shown in Fig. 10 was
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Fig. 9. Experimental arrangement.
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Fig. 10. A geometric image (true RGB-color).

used. The geometric image was plotted by using two
different kinds of inks. Four horizontal black lines
were printed by an ink-jet printer. Between the first
and second black lines, there was a block which was
made using a black marker pen. Black was chosen
because it could be easily observed by the spectrometer
in most of the wavebands.

The first step of the experiment was to set up
suitable bands for observation. Figure 8 shows the band
setup window. In this experiment, the X-stage move-
ment was 1.5 mm per step, and it moved for 60 steps.
We selected 6 bands and used grating 2 (300 lines/mm).
The central wavelength of the monochromator was set .
to 500 nm. The slit width was 30 mm. The shutter’
elapse time was 25 ms.

Figures 11-13 show the experimental results
obtained using the above settings. In Fig. 11, the
spectral image has a waveband of 410~420 nm. All
the black lines can be clearly identified in the images.
Comparing Fig. 11 with Fig. 10, the major difference
is the line edge. In Fig. 11, the line edge is blurry in
the horizontal direction, but this isn’t the case in the

Fig. 13. Band 650~660 nm (gray-scale).

vertical direction. Mechanical scanning and image
reconstruction could cause blurring in the horizontal
direction, but because the CCD pixels abutted each
other, the resolution in the vertical direction was much
better.

The spectral image shown in Fig. 12 was taken
with a 590~600 nm waveband. The four black lines
produced by the ink jet printer have become blurred,
but the block made using the marker pen is the same
as in Fig. 11 except a little bit brighter. This shows
that the black lines had weaker reflection in band
590~600 nm. When the wavelength increased, the
difference became more obvious. Figure 13 shows the
result using band 650~660 nm. The black lines are
much weaker, and this clearly shows the difference in
the ink.

Fig. 11. Band 410~420 nm (gray-scale). 3. The Leaf Experiment
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