55 42 55 8 ) * F oF W Vol. 42 No. 8
20134 8 H ACTA PHOTONICA SINICA August 2013

doi.10. 3788/gzxb20134208. 0891

RIS TE I RE B B2 1918 1R 57 ik

Fa ARV AL PRRL X E L LR A, KA
(1 ot B2 5 P 2 e A DL R B S L 9% 710119)
(2 R BHE B A L 100049)

B ENLEBTRARFHEEHOLCEBAENGORGERERLFEN  BETHRFREE NS
AXRPEEMEEF R T REE AT FEAFERZRAOAL. BT REABREITSE, RS
TS ES k. R bk B TR 69 7 AL R B AR AT SR BAR L R 4B S OE S R i
AT B AR AT ABFLIASE. AT RS LR BRGRB T, 55 B4R A 0F 6 8
R RS EE EREAN . FEAERTRENB AN L EB AR BBRR, AL LiEwE L
AEALIER T EH R0 A 2%

KB R E MBS, W\Lf%x%ﬁ&,%i?: Z A

RESES TP751.1 XERFRIZED . A XEHS:1004-4213(2013)08-0891-6

A Correction Algorithm on Reducing Energy Excursion Phenomenon
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Abstract: The imaging principle and the structure of a Hadamard transform spectral imager with a
digital micro-mirror device are presented. A phenomenon of energy excursion which is caused by
mismatching of the mask unit size and the detector pixel size is expatiated. To fix the recovery
images, a matrix correction algorithm is proposed. The 7-order images of plants acquired by the
Hadamard transform spectral imager are used and the correction algorithm is operated on the
recovery images with error, which reduces the phenomenon of dark stripes effectively. In order to
improve the image quality of the recovery images, two dots in and off two adjacent dark stripes
are selected to show the spectrum curves. The results show the close spectrum curves of the dot
off dark stripes and the different curves of the dot in dark stripes. The comparison illustrates the
validity of the correction algorithm.
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target, and has been widely used in fields of

0 Introduction L .
spectral data acquisition, target recognition and

Hadamard  Transform ( HT )  spectral classification, weak signal detection, etc.
technology'! is a novel spectral modulation Imaging spectrometer based on HT theory which
technique developed in recent decades. It can has advantages of high energy input, single
obtain spatial and spectral information of the detector multi-channel imaging ability through
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single detector and high signal-to-noise ratio. '’

Programmable mask, which is wused to
accomplish space and spectrum coding, is the key
component of the Hadamard Transform Spectral
Image(HTSI). ™ The HTSI introduced here uses
(DMD ) as the

programmable mask. Due to the different sizes of

Digital Micro-mirror Device

the mask unit and detector pixel, energy excursion
phenomenon occurs to reduce the quality of
recovery images.

There are a mass of ways to process spectral

images. The representative methods are, space-

frequency filtering,  histogram  matching™’,
principal components analysis, moment
matching'™, etc. In our laboratory, spectral

modified

interpolation algorithm'™ are used in previous work

revision  algorithm™  and linear

to improve the spectral images. In this
experiment, to improve the energy excursion
phenomenon, a new correction matrix for the
recovery images is proposed and used to ameliorate

the recovery images.

1 Principle and structure of HTSI
of Hadamard

transform spectral imager for object detection is

An engineering prototype®

built at the Key Laboratory of Spectral Imaging
Technology of Chinese Academy of Sciences. The
prototype works in the visible band ranged from
550 nm to 680 nm and is composed with five parts
named foreoptics, dispersing system, spatial light
( DMD ),

acquisition module.

modulator assembling system and
The dispersing system and
assembling system are consist of refractive lens and
the spatial light modulator (DMD) treated as the
blazed diffraction grating and the programmable
mask, is set on the second image plane to
implement the function of spectral domain
encoding. Fig. 1 shows the optical system of the

HT spectral imager.

Target Foreoptics Refractive
i B S
DMD

Light from the detected object is imaged on to
a focal plane, dispersed, and reimaged onto a DMD
that selects specific spectral and spatial regions of
the dispersed image. The reflected light is then
recombined to form a polychromatic image on a

[o]

detector. Images are obtained through time

modulation for setting the mask encoding

information.

2 Coding theory of HT

HT mask is the key to HT imaging principle.
For a mask of n units, the detected signal y is

%zégxi )
where y; is light energy modulated by mask j, and
X, is the energy of the element i on the mask. It
can be written in matrix form.

Y=§S-X (2)

In the experiments, HTSI based on DMD uses
the 7-order mask. Namely, the matrix S is a 7-

order square matrix.

Mm 1 1 0 1 0 0]
1101 0 0 1
1 01 0 0 1 1
S=|0 1 0 0 1 1 1 3
1 0 01 1 1 0
0o 0o 1 1 1 o1
o 1 1 1 0 1 0]

The spectrum information of the recovery
image is obtained by using § ', the inverse matrix
of S.

X=S§'.Y (4)

3 Emergence of energy excursion

The encoding mask used in the experiment is a
7th-order square matrix, and composed by the one-
cyclic code
0 0]. The mask is shown in

dimensional left
[1 1 1 o0 1
Fig. 2.

1 1101 001

110100

Fig. 2 Encoding mask
Theoretically, light imaged on to the detector
is modulated and encoded by the mask strictly.
According to the mask, pixel j is encoded as
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yw=xtax,tx;+0Xx,+as F0X 2, +0Xx; (5)

Based on the composing of HT spectral imager
in part II, the spatial light modulator in our system
is DMD" (a patented product
0.55XGA) produced by Texas Instruments which
is a key to the encoding module.

Discovery™

It can be
programmed to generate a dynamic series of spatial
patterns that implement the transform
functions', The detector is a CMOS imager
sensor'?  that integrates the functionality of
complete analog image acquisition, digitizer and
digital signal processing system on a single chip
IBIS5-B-1300
Semiconductor Corporation.

The DMD has an 1 024 X 768 array of

aluminum in 10. 8 pm micro-mirror pitch. And

named produced by Cypress

detector selected in our system contains 1 280 X
1 024 square pixels of 6. 7 X 6. 7 mm® each.
Obviously, they do not match each other. The
encoded lights pass through the assembling system
and image on the CMOS detector which can't cover
the corresponding pixels. Some parts of the
assembling light' s energy is mapping on two
adjacent pixels which causes energy reducing
periodically. It is the phenomenon of energy

[13-14]

excursion which is shown in Fig. 3 and it

reduces the quality of spectral images and the

veracity of object detection.

Q DMD
Light Dispensing ’Q~

system / ’

Dispensing

system

E L T MR

Light energy after
encoded by DMD

Fig. 3 Energy excursion

Assuming the light energy through pixels in
every mask is uniform, the excursion of every pixel
is same. Pixel j+1 is encoded as

yw=U—x,+ @@ x,+U—Nay)+ (5 x,+

(—=Oxs) 0 e 25+0 2)+(5* 2+

(1= a;)+0 s 25F+0 ¢ 25)+(0 ¢ x5+

Ocx)toe =t +A—Nas+0* o, +

A= +0 x5+ a7 (6)
where § is energy excursion. A new coding form,

based on mask H, can be expressed in (6).

11 1=8 & 1= 0§
Y2 1 1I—=¢ & 1—6 O ) 1
RE 1—=6 6 1—6 O ) 1 1
yv|=1] & 1—6 0 9 1 1 1—6]|-
Vs 1—¢ O 0 1 1 1—¢ ¢
Ve 0 ) 1 1 1—=6¢ & 1—9¢
L7 | L o 1 1 1—=¢ & 1—6 O

X

X2

X3

X, 7

X5

X

X7

That is Y= HX. Inversing transform of Eq. (7),
the recovery image is X=H Y.

Due to the difference of encoding matrix and
recovery matrix, dark stripes emerge in the
standard recovery images recovered by Eq. (4)
which exists energy excursion phenomenon. This
is the main reason discussed in this paper, without
considering other possible reasons like device
response difference and slit width uneven, etc. '
To improve the quality of the spectral image, a
correction matrix is proposed to amend the

standard recovery images and reduce this

phenomenon.

4 Correction algorithm derivation

Theoretical coding matrix § is given in Eq.
(3). Because of the limitation of the hardware
equipment, errors may emerge by energy
excursion. Therefore the actual coding matrix is

given in Eq. (7). Split the matrix H

Vi m 1 1 0 1 0 0][x
¥ 1101 0 0 1|]|x
¥s 1 01 0 0 1 1|]|xs
Y=|y|=|0 1 0 0 1 1 1||x|+
vs 1 001 1 1 0f]ax
ye 00 1 1 1 0 1||x
v, o1 11 0 1 of|s
ro o —1 1 —1 0 17 [x]
-1 1 —1 0 1 0 ||
-1 1 -1 0 0 0 ||
sl 1 —1 o 1 0 —1||a|=
—1 0 1 0 —1 1 ||
0 1 0 0 —1 1 —1||z
L1 0 o —1 1 —1 0]|]

HX=SX+00X (8)
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where matrix Q is the coefficient matrix for the
excursion §, and it' s a non-invertible matrix.
Multiply Eq. (8) both sides with §
S'Y=X+68 QX (9)
The recovery images with energy excursion are

acquired by the standard mask

X' =8y (10
Use Eq. (10) to substitute §'Y
X'=X+68 '0X (1D

and obtain the recovery images after correction
X=R-X 12)
where X’ is the recovery image with energy

excursion, the correction matrix R is

Mm—s 0 0 0 0 0 s 17!
8§ 1—=6 0 0 0 0 0
0O & 1—=6 0 0 0 0
R=| 0 0 & 1=6 0 0 0 (13)
0O 0 0 & 1—=86 0 O
O 0 0 0 & 1—=6 ©
Lo 0 0 0 0 & 1-¢

S Algorithm validity and experiment
analysis

5.1 Algorithm validity

A data source x=1[96 105 108 98 77 80 99"
which is similar to the original data is used to
validate the correction algorithm. It is assumed
that the actual coding matrix is composed by one-
dimensional left cyclic code [1 1 0.7 0.3 0.7 0
0.3]. The relative average error (RAE) & =

W

(a) 680nm (b) 659nm

(c) 638nm

(d) 617nm

=7

N/E(Xf,,,.z (G)—X*(3))/7 is used to show the
i=1

comparison of the recovery images X, with energy

excursion and the correction recovery images X, .

Table 1 Comparison of RAE

& of X, & of X,

21.719 2 21.719 2

0.1 19.251 2 21.719 2
0.2 14.342 1 21.719 2
0.3 0 21.719 2
0.4 18.230 8 21.719 2
0.5 22.916 5 21.719 2
0.6 27.987 8 21.719 2
0.7 29.464 8 21.719 2
0.8 30.611 5 21.719 2
0.9 31.3859 21.719 2
1 33.245 9 21.719 2

The table above shows that the recovery
images after correction have a smaller RAE and are
much closer to the original data. It means the
correction matrix is able to repair the recovery
images with energy excursion and has better
spectral recovery precision.

5.2 [Experimental analysis

The 7-order plants images is acquired by HT

Fig. 4 the

recovery images of 7 orders from 550 nm to 680 nm

imager in the experiment. shows
that are using the standard recovery matrix. It is
obviously to see many dark stripes in the recovery

images due to the energy excursion.

(€) 592nm

(f) 57Inm

(g) 550nm

Fig. 4 Recovery images with energy excursion

Use Eq.

with error above by using the correction matrix R,

(12) to amend the recovery images

and acquire the recovery images of 7 orders from
550 nm to 680 nm after correction which are shown
in Fig. 5. The dark stripes in the recovery images
after correction by matrix R can hardly see. To see
the comparison clearly, enlarge the part of the
flowers for further observation and show in Fig. 6.

Evidently, dark stripes in the recovery images after

correction are reduced significantly, and even non-
existent.

Three of the recovery images of band 659 nm,
592 nm and 571 nm are selected to form a
synthesized image. It can be clearly seen in Fig. 7,
after modification by correction matrix, the dark
stripes caused by energy excursion are markedly
improved, and greatly improved the quality of the

recovery images.
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(a) 680nm (b) 659nm (c) 638nm

(d) 617nm

(e) 592nm () 571nm () 550nm

Fig. 5 Recovery images after correction

(a) Before (b) After

Fig. 6 Comparison of 7-order images

AV

(a) Before

(b) After

Fig. 7 Comparison of synthesized images

As is known to all, spectrum curves explain
the recovery of spectral images intuitively. The
spectrum curves of two dots in and off two adjacent
dark stripes that are in the yellow box in Fig. 8 are
shown in Fig. 9 to see the changes of the spectrum
curves before and after correction.

The spectrum curves of the dot off dark
stripes shown in Fig. 9 (b) are close in recovery
images before and after correction. In Fig. 9(a),
the spectrum curves are obviously different in dark
stripes. The comparison shows the great correction
effect on the stripes of the recovery images when

using the correction matrix. It enhances the

spectral imaging quality significantly.

Fig.8 Two dots in and off two adjacent dark stripes

120 v
—&— After correction
100 p —— Original 4
—~ 80} E
=
S
E 60 b J
5
£ 40 E
20 } J
O i i i 2 A i I 1 1
500 540 580 620 660 700
Wavelength/nm
(a) In dark stripe
120 v

—S— After correction
100 } —— Original J

80 f B

Intensity/(a.u.)
3

40 1

20 f B
0 P A N P
500 540 580 620 660 700
Wavelength/nm
(b) Off dark stripe

Fig. 9 Spectrum curves in and off dark stripe
6 Conclusion

This paper expatiates the HT theory and
discusses the energy excursion phenomenon caused

by mismatching of DMD slit size and the detector
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pixel size. To improve the imaging quality, a prototype of hadamard transform spectral imager based on
correction algorithm is proposed to correct the digital micro-mirror device[J]. Optics & Laser Technology .

. . . 2012, 44(2012): 210-217.

recovery images Wlth energy excursion. MOreOVer, [9] GOLDSTEIN N, VUJKOVIC-CVIJIN P, FOX M. et al.

experiments also explain the validity of the DMD-based adaptive spectral imagers for hyperspectral

correction matrix. imagery and direct detection of spectral signatures[ C]. SPIE,
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