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This paper proposes a spectrally selective imaging system called “spectral matching imager,” which consists
of the variable wavelength monochrome light source and the correlation image sensor. The variable wave-
length monochrome light source illuminates thé scene while sweeping its wavelength with time to expand the
spectral reflectance/transmittance function of objects along the time axis. At each pixel, the correlation image
sensor produces the correlation in the time domain between the expanded spectral function and a reference
spectral function. Consequently, pixels that establish a good spectral match have large values in the output
image. The spectral matching imager satisfies 1) high spectral resolution, 2) efficient data compression, and
3) tunability to arbitrary optical filter characteristics. Experimental results demonstrate successful detection
of objects having detailed narrowband structures, such as glass pieces doped with rare-earth elements.
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1. Introduction.

Spectral property serves a strong clue in identifying
materials of objects. Therefore, the imaging of spectral
reflectance/transmittance functions has recently drawn
greater attention, driven by the growing need for dig-
ital archives or for precise reflection models for realis-
tic computer graphics ™. One approach describes the
spectral function with a finite number of basis func-
tions. This includes studies on separation and esti-
mation of illumination and reflectance spectra by mul-
tichannel cameras® ®, and estimation of reflectance
spectra by use of variable spectral illumination . The
other approach pursues much higher spectral resolution
by use of a spectrograph imager that expands a 1-D slit
image to a 2-D spatial-spectral image on its CCD fo-
cal plane ® ®_ Unfortunately, the former approach is
greatly limited in spectral resolution whereas the lat-
ter suffers the problem of data volume and speed. This
trade-off is never solved unless the measurement of spec-
‘tral function pixel-wise is no more an inevitable step of
the object recognition.

To develop a spectral imaging system for object de-
tection that operates in real time without losing spectral
resolution, we propose the “spectral matching imager”
(Fig. 1). Tt consists of two key components—the vari-
able wavelength monochrome light source and the cor-
relation image sensor. The light source illuminates the
scene with a monochrome light sweeping its wavelength
over the visible range with time, thus expanding the
spectral function of objects along the time axis. The
correlation image sensor (' ® which produces temporal
correlation between incident light intensity f;,(¢) and a
global reference signal g(t) at each pixel
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Fig.1. Schematic illustration of the spectral

matching imager.

then produces the correlation between the expanded
spectral function encoded in f;;(t) and a reference spec-
tral function encoded in g(¢) in the time domain. Con-
sequently, pixels that establish a good spectral match
have large values in the output image ¢;;(t). From an-
other viewpoint, the spectrum expansion and correla-
tion detection as a whole work as an optical filter char-
acterized by the reference signal ¢g(¢). The above sens-
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ing architecture allows the spectral matchlng imager to
satisfy the following properties:

* High spectral resolution that is only limited by the
peak bandwidth of the monochrome illumination
spectrum and the frequency response of the corre-
lation image sensor.

¢ Efficient data compression through correlation
matching in the time domain.

® Tunability to arbitrary optical filter characteristics
by choosing the reference signal g(¢).

These properties will make the spectral matching im-
ager useful to detection of spectrally watermarked pat-
terns, or discrimination of fake ob jects based on spectral
property. !

In the following part of this paper, we first formulate
the principle of the spectral matching imager. Next,
we describe the design of the imager, with emphasis on
the variable wavelength monochrome light source. We
then show experimental results and finally summarize
this paper.

2. Principle of Spectral Matching Imager

2.1 Spectral Matching on the Corrlation Im-
age Sensor Consider the imaging system in Fig. 1.
The variable wavelength monochrome light source illu-
minates the object with a spectral intensity distribution
expressed as a function of wavelength A and time ¢:

EAt) = Eo(A)o(A — Ao(t)).

We assume that the peak wavelength Ag(t) sweeps lin-
early over the range [Amin, Amax| during a frame period
T of the correlation image sensor:

/\max - /\min
Ao(t) = “mex — min

The intensity of the incident light at a pixel (4, 7) of the
correlation image sensor is then given by

fi(®) = /0 TIBOGE) + By O 5] Bi ()S(N) dA
= Eo(Ao(t)) Riz(Mo(t))S(Ao(t))
+ [ BRSO,

where Rij(/\) denotes the spectral diffuse reflectance of
the object, S(A\) the spectral sensitivity of the corre-
lation image sensor and FEpg(A,t) the spectral power
distribution of background illumination. We see from
the first term of Eq. (4) that the variable wavelength

t+ /\min-

monochrome light has expanded R;;()) along the time

axis.

To take an image on the correlation image sensor, let
us create a reference signal g(¢) from a reference spectral
function Ro(X) as

Ro(Mo(®)
|| Ro(Xo ()]
Eo(Mo(t)S(No(t))’

where the tilde (~) above Ry(\) denotes its ac compo-
nent and ||-|| the £2 norm and Ey(A\)S()) # 0 is assumed

g(t) =
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Ro) = Ro(¥) = 5—5— [ Rol)
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With g(t) given by Eq. (5), the background illumina-
tion Epg(A,t), which may be daylight, incandescent or
fluorescent, is likely to have small temporal correlation
with ¢(t) in general:

T
/ Epg(A, t)g(t)dt ~ 0.
0

Hence, feeding g¢(t) to the correlation image sensor
yields its output as

T
¢m‘5/0 fij(£)g(t)dt

T )\max

min

Ro(X)
|| Ro(N)]]

which is just the cross correlation between the spec-
tral functions of the object R;;(\) and reference
Ro(N\)/[|Ro(N)||. Note that ¢;; is independent of the
spectral functions of the light source intensity Eo(\)
and the sensor sensitivity S()) thanks to the cancella-
tion by the term Fo(Ao(t))S(Ao(t)) in the denominator
of g(t). In view of Egs. (6), (7), the integral in Eq. (9)
is rewritten as

)‘max
/ Ri;(N)
/\min
Amax - éO(A)
= Ri; (A
/A:nin. ( )”R ( )H
= (IR (V] p(Ri; (X, Ro(N),

where p(Ri;(\), Ro()\)) denotes the correlation coeffi-
cient between R;;(\) and Ro(\). Thus, if || Rij (A =1
¢i; yields just the correlation coefficient between R;; ()
and Ry()\), the absolute value of which is maximized
when R;;()\) = kRo()\) (k : constant), that is, the spec-
tral function of the object exactly matches that of the
reference except the scale factor. On the other hand, ¢;;
is reduced to zero when R;;()\) is orthogonal to Ro(A).

2.2 Orthogonal Differential Discrimination
Suppose that we want to discriminate two objects hav-
ing different spectral functions R;(\), R2()). We define

Ri()) Ro(N)
IR RN
Note that R, (\) and R_(\) are orthogonal (Fig. 2).

Then the correlation between R;(A) or Ra()\) and
Ry ()) yields

~

Wy, -(9)

RoV)
[[Ro (M|

dX

Ri(N) =

[ B Re)ir = IR - 1RO, -(12)
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. Fig.2. Vector interpretation of orthogonal differ-

ential discrimination of two objects with different
spectra.

[ BaVRs()ax = £3 1R - 1R ] 13)

This means that the reference signal for the differential-
mode spectral function R_()) detects the two objects in
opposite polarities, whereas the reference signal for the
common-mode spectral function R () detects them in
the same polarity. This method helps discriminate an
object the spectral function of which has smaller ac en-
ergy than that of the other.

2.3 Response to Specular Reflection The
derivation in Sec. 2.1 assumed diffuse reflection for sur-
face reflectance R;;(\). It is well known that the sur-
face reflection of inhomogeneous dielectrics such as plas-
tics or opaque glass follows the dichromatic reflection
model D~® which consists of two components—diffuse
reflection and specular reflection. In inhomogeneous di-
electrics, the spectrum of the specular reflection compo-
nent coincides with that of the incident light except the
scale factor. Taking specular reflection into account, we
can modify Eq. (4) as

fii(t) = /0 OO[E(/\, £) + Epg (A, )] Rij (W) S(A) dA

+ry / TIEOGE) + By (L BIS(V) d
0
= Eo(Ao(t))Riz(Mo(t))S(No(t))
/ oy O\, ) Ris () S(V)dA
+ rigEo(Ao(t))S(Ao(2))
+ TijA Ebg()\,t)S(A)d)\,

where the last two terms account for specular reflec-
tion with coefficient 7;; denoting its strength. Taking
the temporal correlation of these terms with g(t) given
by Eq. (5), however, we find that the last term can be
eliminated by Eq. (8), and using Eq. (6) we find for the
third term

T
/0 Eo(Mo(£)S (Mo(t))g(t)dt

_ /T Eo(Xo(1))
o |[Ro(Ao(t))]]

T - [ree R
___/ RN
Amax — Amin Ja.,  |[Ro(N)]|

min

dt

=0, (15)
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Therefore, the spectral matching imager yields only the
correlation match with the diffuse reflectance R;;(\) re-
gardless of the presence of specular reflection, as long as
the specular reflection component, which usually con-
tains high energy, does not cause nonlinearity in the
image sensor outputs by saturation.
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Fig.4. (a) Expermimental setup of the spectral
matching imager. (b) Timing chart of the wave-
length of the light source and the reference signal.

3. Variable Wavelength Monochrome Light

Source

The simplest design of the variable wavelength mono-
chrome light source would be to diffract a white light
and scan the diffracted light directly by moving the
grating or prism. Instead, we took an easier implemen-
tation as shown in Fig. 3(a), which separately uses a
diffraction grating and a scanning mirror that are com-
mercially available.

Based on this design, we fabricated a light source
unit as photographed in Fig. 3(b). In order to in-
crease both the intensity and monochromaticity of the
diffracted light, we used a 200-W linear halogen lamp
as the white light source. Fig. 3(c) plots the measured
spectral power distribution of this light source for a
number of positions of the scanning mirror, as well as
the envelope of the distribution peaks that corresponds
to Ep(A). We found that the light source achieves a
peak bandwidth of about 15 nm as its spectral resolu-
tion, which implies that the spectral matching imager
can discriminate spectral functions in a 20-dimensional
subspace over the visible range of 400-700 nm. In gen-
eral, high spectral resolution is desirable for the variable
wavelength monochrome light source because the higher
* the dimension of the subspace of spectral functions, the
more precisely spectral matching is performed.

4. Experimental System

Fig. 4(a) shows the experimental setup of the
spectral matching imager. The variable wavelength
monochrome light source sweeps its wavelength back
and forth during each frame period by moving the scan-

EYME, 122548, ER145E
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Fig.5. Correlation image sensor used in this ex-

periment. (a) Photograph of the 64 x 64-pixel chip.
(b) Photograph of the sensor camera. (c) Measured
spectral sensitivity S(X) of (a).

ning mirror (General Scanning Inc. XY30M3S + MIN-
ISAX Driver). In order to synchronize the reference
signal to this scanning scheme, we concatenated the
original reference signal and its flipped version along
the time axis, and also programmed the scan controller
(General Scanning Inc. SC2000) to send the reference
signal generator a trigger pulse at the beginning of each
scan (Fig. 4(b)).

The correlation image sensor we used in this study has
64 x 64-pixel resolution (Figs. 5(a)(b)), which was fabri-
cated with a CMOS process provided by VDEC T at the
University of Tokyo. The sensor camera in Fig. 5(b) op-
erates under the frame period 7' = 1/30 s. We obtained
its spectral sensitivity S(A) in Fig. 5(c) by measurement
using the variable wavelength monochrome light source
in Fig. 3(b).

5. Experiments

5.1 Discrimination of Color Glass Pieces
We tested the experimental system using color glass
pieces doped with rare-earth elements, which are known
to introduce detailed narrowband structures into spec-
tral functions. This is why rare-earth elements are often
mixed in glaze on ceramic wares to give rise to visual
effects such as changes in their apparent color under
different illumination spectra. We carried out discrim-
ination tests using metamer glass pieces as well that
have much smoother spectral functions despite having
almost the same apparent color as that of the rare-earth
counterpart.

fVLSI Design and Education Center.
URL: http://www.vdec.u~tokyo.ac.jp/
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Fig. 6(a) shows the spectral reflectance functions of
two glass pieces doped with either Pr (praseodymium),
a rare-earth element, or Cr, both of which look green

with CIE 1976 L*a*b* color difference ® AE* = 30.3.

The Pr-doped glass piece (let us simply call this “Pr
glass”) shows much more detailed narrowband struc-
tures in its spectral function than the Cr-doped one
(“Cr glass”). We generated reference signals from the
spectral functions for the Pr glass (let us call this sig-
nal PR) and the Cr glass (CR) according to the for-
mula in Eq. (5). Figs. 6(b)(¢c) show output images of
the spectral matching imager captured with reference
signals PR and CR, respectively. The upper and lower
parts of the images correspond to the Pr and Cr glasses,
respectively. Horizontal cross sections of Figs. 6(b)(c)
are also plotted in Figs. 6(d)(e). We can observe that
only one of the glasses was successfully detected with
larger pixel values for its corresponding reference signal
as expected.

Next, we examined the orthogonal differential dis-
crimination method proposed in Sec. 2.2, based on
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Fig.7. Results of orthogonal discrimation of Er
and Se glasses. (a) Spectral transmittance func-
tions of the glasses. (b)—(d) Correlation image out-
puts for reference signals (b) ER+SE, (c) ER—SE,
and (d) SE—ER..Top: Se glass. Bottom: Er glass.
(e)(f) Horizontal cross sections of the correlation
image outputs (c) and (d), respectively.
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transmittance instead of reflectance just described.
First, we used two pink glass pieces (AE* = 29.8)
doped with either a rare-earth element Er (erbium,
“Er glass”) or Se (“Se glass”), which have spectral
transmitance functions shown in Fig. 7(a). Similarly
to Fig. 6(a), the spectral function of the Er glass in
Fig. 7(a) has much more detailed narrowband struc-
tures. From the waveform in Fig. 7(a) we gener-
ated common- and differential-mode reference signals
ER+SE, ER—SE following the formula in Eq. (11),
with R1(A) and Ry(\) here denoting the spectral func-
tions of Er and Se, respectively. We then obtained out-
put images for ER4+SE, ER—SE and its inverted signal
(SE—ER) as shown in Figs. 7(b)—(d). Horizontal cross
sections of the differential-mode images in Figs. 7(c)(d)
are also plotted in Figs. 7(e)(f). We observe that the re-
gions of the Er (lower part) and Se (upper part) glasses
were detected in opposite polarities for the differential-
mode reference signals ER—SE and SE—ER, whereas
they yielded the same polarity for the common-mode
ER+SE. The region for the Se glass has smaller pixel
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Fig.8. Results of orthogonal discrimination of
Nd and Mn glasses. (a) Spectral transmittance
functions of the glasses. (b)—(d) Correlation im-
age outputs for reference signals (b) ND+MN,
(c) ND—MN, and (d) MN—ND. Top: Nd glass.
Bottom: Mn glass. (e)(f) Horizontal cross sec-
tions of the correlation image outputs (c) and (d),
respectively.

values than that of the Er glass, which is probably be-
cause its spectral function has less energy in its ac com-
ponent, or ||[Ryi(A)|| > [||Ra(A)]|, as can be expected
from Fig. 7(a). \

A similar result was obtained for two purple glass
pieces (AE* = 26.5) doped with either a rare-earth el-
ement Nd (neodymium, “Nd glass”) or Mn-Co (“Mn
glass”). For the spectral transmittance functions of the
glasses in Fig. 8(a), we obtained the images shown in
Figs. 8(b)—(d) (cross sections in Figs. 8(e)(f)) by apply-
ing the orthogonal differential discrimination method.

5.2 Application: Detection of Spectral Wa-
termarks We applied the spectral matching imager
to detection of spectral watermarks, for which we used
a natural green mineral pigment as hidden markers
and an artificial one as background. The spectral re-
flectance functions of these mineral pigments are plot-
ted in Fig. 9(a), showing a significant difference above
650 nm. To detect the regions of the natural mineral
pigment, we used a reference signal generated from its
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Fig. 9. Detection of watermarks made of natural
and artificial green mineral pigments. The out-
put images were taken with a reference signal cor-
responding to the natural pigment. (a) Spectral
reflectance of the green mineral pigments. (b) A
hidden barcode-like pattern. (c) Output image for
(b) taken with a reference signal for the natural
pigment. (d) Hidden characters “d-r-e-a-m.” (e)
Output image for (d) taken with a reference signal
for the natural pigment.

spectral function. Fig. 9(b) shows a photograph of a
hidden barcode pattern made of the mineral pigments.
For this pattern the spectral matching imager detected
only the regions for the natural mineral pigment with
positive pixel values, as shown in Fig. 9(c). As another
example, Fig. 9(d) shows a photograph of watermarked
characters read as “dream.” Again, these characters
were successfully detected as observed in Fig. 9(e).

6. Summary

We proposed the spectral matching imager, which,
consisting of the variable wavelength monochrome light
source and the correlation image sensor, performs cor-
relation matching between the spectral functions of an
object and a reference at each pixel. It satisfies high
spectral resolution, effective data compression and tun-
ability to arbitrary optical filter characteristics. These
properties were confirmed in the experiments using
color glass pieces doped with rare-earth elements, which
have detailed narrowband structures in their spectral
functions. We also expect from the experimental results
that this imager will be useful to detection of spectrally
watermarked patterns as an application.

We thank Sakai Glass Co., Ltd. for providing the
glass pieces doped with rare-earth elements.

(Manuscript received June 15, 2001, revised Novem-

ber 30, 2001)
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