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1.0 INTRODUCTION

l.l Motivation and Goals of this Project

The U.S. Department of Energy (DOE) is responsible for the security and protection of its facilities

against domestic and foreign acts of terrorism, nonproliferation of special technologies, and for

protection of the national security. In close cooperation with other agencies such as the CIA, the

FBI, and the Secret Service, the Department of Energy supports the development of innovative

technologies to detect breaches of national securily and apprehend criminals. The detection and

identitlcation of latent fingerprints constitute a powerful tool in crime investigation because

fingerprints are the only unambiguous means of positive identification. Furthermore, fimgerpfints

can link a perpetrator to the crime scene.

Signiilcant progress has been made during the last two decades in detecting latent fingerprints by

various chemical methods. With recent advances in photonic technology, researchers are

beginning to pursue optical imaging technologies as a promising alternative to the conventional

chemical approach to further enhance the detection of latent fingerprints. These technolo@es are

based on the observation of light excited fluorescence imaging. The fluorescence can be produced

either by fingerprint residue or by the products of its reaction with chemicals (such as dyes and

powders). However, fluorescence imaging is often limited by the very low signal-to-noise ratio

(SNR.) environment for latent fingerprint detection. This is especially true for the most attractive

case: observing the self-fluorescence from untouched samples.

In this Phase I project, Physical Optics Corporation (POC) demonstrated a prototype of an

innovative Hyperspectral Imaging Camera (HIC) for latent fingerprint detection

and contrast enhancement. POC’S HIC is based on Acousto-Optic Tunable Filters (AOTFS)

that provide flexible, real-time, electronic (computer) control of the transmission spectrum with an

arbitrary shape. An acousto-optic tunable falter (AOTF) features the unique capability of

transmitting light simultaneously in several spectral intervals and incorporates automatic

spectrzilly-matchedoptical faltering into latent fingerprint detection. The use of spectrally-matched

faltering enhances the visibility of the object of interest while suppressing its background. Because

of its capability to acquire the whole image, the HIC can be used for contrast enhancement (and

thus identification) of latent fingerprints as well as for latent fingerprint detection. This technology

has a history of successfully detecting low visibility, concealed, or camouflaged objects from

airborne or space platforms in numerous military and industrial applications. An electronically

controlled AOTF-based spectral camera can be readily introduced into latent fingerprint detection
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for crime scene investigation to enhance the visibility of fingerprints in field or laboratory

conditions. Because of its incorporation of multiple spectral intervals, the overall SNR is naturally

increased to pickup the faintest fingerprints, and the contrast of the fingerprints can be optimized

through the tuning of the HIC. The HIC is portable for field use. It does not contict the

fingerprints, and, in most cases, does not require chemical processing of fingerprints. Therefore,

available samples can be viewed numerous times without fear of damage or contamination.

In Phase I, POC conducted a number of development efforts that demonstrated the feasibility and

the potential of the proposed technology for latent fingerprint detection and contrast enhancement.

We designed a new generation of optical HfC hardware that spectilcdly address fingerprint

detection and enhancement applications. We also designed several software algorithms to

demonstrate the performance of the HIC. In addition, we demonstrated the IIIC algorithms

experimentally with both laser and conventional light sources. The developed Phase I laboratory

prototype has been successfully used for detecting and enhancing various latent fingerprints with

and without chemical treatment in various substrates. We have also explored the advantages of the

WC for the automatic selection of a combination of spectrrd intervals and for control of the spectral

width of filter transmission in each spectral interval that provides the best possible contrast of the

selected object over the background.

2.0 Technology Description

The HIC is capable of transmitting light at several independent spectral intervals simultaneously

within an octave-wide spectral interval. In other words, as shown in Figure 2-1, the HIC camera

provides composite hyperspectml image faltering (filtering through a linear combination of

(~ ail.i ) insteti of conventional narrowband faltering (faltering through a single XJ. Most

important, the weighting coefilcients (ai) and wavelengths (IJ can be varied in microseconds (the

response time of the optical crystal used in the camera) to change the faltering function. As a result,

an optical hyperspectrally -matched filtering function can be realized [11. This

unique property can be combined with an on-board adaptive hyperspectral image processing

algorithm to provide on-the-fly, real-time, hyperspectral image acquisition/processing.

The most important feature of the proposed HIC is its high selectivity for the “spectral signatures”

of the selected object from its surrounding background. Because of this feature, it can collect and

enhance only relevant images by exploiting very small differences in the fluorescent spectra of
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fingerprints from different persons or in the fingerprint spectra left at different times. This will

accelerate crime

investigators.

investigation and save labor costs, while providing additional opportunities for
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(a) (b)
Figure 2-1

(a) Conventional spectral imagerj which provides spectral filtering in a single Xi; (b) POC’S HIC,
which provides composite spectral filtering through a combination of ~ ai%i.

i

The proposed HIC is a new optical technology for latent fingerprint contrast enhancement that

automatically images and processes latent fingerprints, and suppresses the sumounding

background. The HIC technology can be used for the detection and contrast enhancement of latent

fingerprints or other samples (such as bodily fluids and gun residue) by observing spectral images

or fluorescent images in several spectral intervals simultaneously. The HIC can be used

immediately at a crime scene or later in a forensic laboratory. It will be capable of tie automatic

contrast enhancement of a selected object (such as a particular fingerprint) in an ambient

background and will operate in a real-time mode. Furthermore, it can be used in combination with

other well-established technologies, such as chemical processing for fluorescence yield

enhancement and time-gated fluorescent imaging.

3.0 PHASE I RESULTS

The primary Phase I goal was to demonstrate the feasibili~ of fingerprint detection and contrast

enhancement based on the HIC technology. The following speci~c

established in order to reach this goal.

Objective 1. Demonstrate contrast enhancement of fluorescent images

the HIC before the fingeqxints are chemically processed.

3
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Objective. Demonstrate contrast enhancement of fluorescent images of chemically processed

latent fingerprints with the HIC.

Objective 3. Demonstrate contrast enhancement of latent fingerprints left on various substrates

with various chemical processing technologies.

Objective 4. Preliminarily establish the commercial promise of the proposed HIC.

To achieve these goals in the course of Phase I research, we developed a laboratory prototype of

the proposed HIC (both hardware and software) and successfully conducted demonstrations of the

proposed HIC

3.1

technology. The key Phase I results will be discussed in the following sections.

HIC Hardware Design and Major Components

The proposed Hyperspectral Imaging Camera (HIC) consists of several major optical and

electronic parts and is controlled by a personal computer. All the optical elements are assembled

into one optical unit that includes the imaging objective, the AOTF, matching optics to transform

the image to the charge-coupled device (CCD) format (or image intensifier format), and the CCD

camera. This unit is connected by cables to the AOTF driver and the frame grabber that is installed

inside the personnel computer. The scheme of this camera is shown in Figure 3-1.
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Figure 3-1

of the hyperspectral imaging camera.

3.1.1 Acousto-Optic Tunable Filter

The proposed technology is built around an acousto-optic tunable filter. This fflter is shown in

Figure 3-2. An AOTF consists of a birefringent crystal bonded to a piezoelectric transducer (see

Figure 3-3). When the transducer is excited by an applied RF signal, the resulting acoustic waves

produce a periodic modulation of the crystal’s index of refraction by means of an elasto-optic

effect. This creates a moving phase grating that diffracts a portion of an incident light beam under

proper conditions. For a fixed frequency driving signal and a sufllciently long interaction path,

only a limited band of optical frequencies can maintain the proper phase relationship and be

cumulatively diffracted. The diffracted light at the selected wavelength can be separated from the

incident light spatially or by the use of crossed polarizers. This description of an acousto-optic

grating applies to both isotropic media and birefringent crystals. However, in the normal Bragg

diffraction for an isotropic medium, the filtering action is sensitive to the angle of incidence and is

usable only for collimated light.
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Figure 3-2
Acousto-optic tunable filter used

Acoustic
Term rnati on

in the HIC.

1, ,/
Transducer

Figure 3-3
Basic acousto-optic tunable

-&A
selected
Light

filter design.

In a birefringent crystal, the ordinary and extraordinary refractive indices of light are different. As

seen from the wave vector diagram in Figure 3-4, it is possible to choose the direction of the

acoustic wave propagation so that the tangents to the optical wave vector loci are parallel. When a

parallel tangent condition is met, the passband wavelength becomes, to -thefirst order, independent

of a change in the direction of the optical wave. This concept makes it possible to operate an

AOTF with a large angular aperture. This is significant, since it gives the AOTF a throughput

advantage over grating type spectrometers [2’SJ. This falter can transmit diverging light at a

specified wavelength, as well as parallel light beams, which permits the spectral filtration of

images.
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Figure 3-4
Wave vector diagram of AO interaction in an AOTF: fq, kd, and ka are the respective wave vectors

for the incident, diffracted, and acoustic waves.

The most suitable crystal for acousto-optic devices in the visible and IR regions of the spectrum is

Te02(paratellurite). This crystal is transparent at wavelengths of 370t05000nm, has very

strong acoustic anisotropy, and provides very low shear acoustic wave phase velocity in the [110]

plane (only 6.2.104

h = 633 nm. These

crystal.

crnhs). Its refractive indices ru-e high: no = 2.26 and ne = 2.41 ~

unique parameters permit highly efficient acousto-optic diffraction in Te02

This project used a non-collinear Te02 AOTF with angle a = 10°. It had a clear apetie of

8 x 8 mmz and an angular aperture of 6“. The angle of separation between the dii%acted beam

and the transmitted beam is only slightly less than the angular aperture, so special care was taken to

avoid beam overlapping that would result in strong CCD illumination even in the absence of the

AOTF driving signal. Special beam stops have been implemented in the matching optics to prevent

illumination of the CCD chip by the directly transmitted or scattered light in the matching optics.

The AOTF has a tunable range from 430 nm to 790 nm. The frequency range of the driving signal

was from 100 MHz to 200 MHz. It has the spectral resolution, AX = 3.5 nm at 1. = 633 nm.

Ignoring the dispersion of the reflecting indices in the Te02 AOTF, one can assume that its spectral

resolution is proportional to %2. The optimum choice of the AOTF spectral resolution for the I

proposed I-UC is not immediately discernible. We believe that the relatively narrow width of the

7
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spectral transmission curve is preferable because it facilitates distinguishing close fluorescent

peaks. On the other hand, less light can be collected in a narrow spectral interval, but the proposed

technology permits compensation for this shortcoming of high-resolution filters. By launching

into a piezotransducer driving signal with several frequency components, we can extend the width

of the transmission curve and collect more light. This phenomenon has been demonstrated

experimentally in the Phase I project.

The possible extension of the transmission curve is restricted by the amount of heat that can be

dissipated by the falter without image degradation from the temperature gradients in the crystal.

Our filter requires about 200 mW of driving power for more than 80% light diffraction efficiency,

q, at Z = 633 nm. With -3 W driving signal, no visible distortion of the spectral image was

observed, so that about ffieen frequencies can be used in the long wavelength portion of the

tunable spectral interval to create a filter with a transmission width of about 50 nm. At short

wavelengths (around 400 rim), even more frequencies can be used without image distortion, but

the achievable spectral width of the extended transmission curve is almost the same as for long

wavelengths. This is because Al is proportional to X2,while q is proportional to X-z. The spectral

width of the transmission curve for each frequency in the spectrum of the driving signal is reduced

with the light wavelength, so that more frequencies are needed to cover a given spectral interval.

At the same time, each frequency component carries less power for maximum light diffraction

efficiency, so that more frequencies can be used.

Common commercially available AOTFS suffer from a small, but still noticeable, displacement of

the diffracted image at various light wavelengths that is caused by the dispersion of the refractive

indices in the paratellurite crystal. For this project, we used a custom made AOTF that eliminates

this image displacement. We accomplished this by fabricating a prism-shaped acousto-optic cell.

The angle between the optical facets can be calculated so that the influence of the dispersion of the

crystal birefxingence A@) is fully compensated by dispersion of me refractive index no(~) for a

diffracted (ordinary) beam. Such a falter can work with multifrequency driving signals without

degradation of the image quality.

With an active aperture of 8 x 8 mm2 and an angular aperture of 6°, the AOTF can provide a

spatial resolution of about 1200 pixels. Typically, the spatial resolution of the entire optical system

is limited mostly by the spatial resolution of the CCD chip and therefore is not restricted by the

AOTF.
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For development of the future prototype, it is possible to acquire an AOTF with a larger active

aperture (15 x 15 mm2). This filter will collect more light with the optical system, thereby

detecting weaker fluorescence signals, and can provide even better spatial resolutions.

3.1.2 Optical System Design

The HIC optical design is driven primarily by the optical and angular apertures of the AOTF.

These optics typically work from 25 cm, with a field-of-view of about 1.5 inches at this distance.

They consist of two parts: (1) the front part creates a quasi-parallel light beam in the AOTF, and

(2) the rear part transforms the diffracted beam and creates the object image either in the plane of

the CCD chip or in the Image Intensifier @) entrance plane.

Table 3-1 contains major design parameters of the optical system with a 1/2 in. CCD chip, while

Table 3-2 presents an optical system that is designed to match a spectral image with a standard

18 mm diameter for the image intensifier entrance aperture.



$0698,3483 DOE-FINGER
DE.FGf03.98ER82638

Table 3-1 HIC Optical Design Parameters for Operation with al/2 inch CCD Chip

Surface Refractive Radii Separation Height
Number Index

1 1.000000 10.7650 250.0000

2 1,547760 5.7020 2.0000

3 1.000000 6.1940 1.5000

4 1.441850 -34.7500 4.0000

5 1.000000 6,2810 1.5000

6 1.644150 4.0930 2,0000

7 1.000000 -6.7300 5.0000

8 1,482680 -6,8860 4.0000

9 1.000000 33.1100 34.3346

10 1.530430 -33.1100 4.0000

11 1.000000 -16.0690 62.7139

12 1.644150 -18.2810 3.0000

13 1,000000 42.4600 2.0000

14 1,441850 -19.4090 4.0000

15 1.000000 -18.5780 2.0000

16 1.547760 -57.2800 3.0000

17 1.000000 0.0000 25.0000 4.0000

18 1.000000 57.2800 25.0000

19 1.547760 18.5780 3.0000

20 1.000000 19.4090 2,0000

21 1.441850 -42.4600 4.0000

22 1,000000 18,2810 2.0000

23 1.644150 16.0690 3.0000

24 1.000000 0.OOOO 67.0000

10

I

I

I

-.. . ..-. — --------., .-?-—’-, . .,4-, ... ,T .-. ‘=-r E---- .- ,.- .. . . .. ~. -...-* :-.=-.X, ;?:; ,:.,-+.%T,.. ,,. _~ - p-. .....



F’069M483 DOE-FINGER
DE-FGI03-98ER82636

Table 3-2 HIC Optical Design Parameters for Operationwith an Image Intensifier

Surface Refractive Radii Separation Height
Number Index

1 1.000000 10.7650 250.0000

2 1.547760 5.7020 2.0000

3 1.000000 6.1940 1.5000
t

4 1.441850 -34.7500 4.0000

5 1.000000 6.2810 1.5000
,

6 1.644150 4.0930 2.0000

7 1.000000 -6.7300 5.0000

8 1.482680 -6.8860 4.0000

9 1.000000 33.1100 34.3346

10 1.530430 -33,1100 4,0000

11 1.000000 -16.0690 62.7139

12 1.644150 -18.2810 3.0000

13 1.000000 42.4600 2.0000

14 1.441850 -19.4090 4.0000

15 1.000000 -18.5780 2.0000

16 1,547760 -57.2800 3,0000

I 17 I 1.000000 I 0.0000 j 25.0000 j 4.0000

18 1.000000 -144.8800 25.0000

19 1.547760 84.7200 3.0000

20 1.000000 79.2500 2.0000

21 1,441850 -44.7700 4.0000

22 1.000000 23.6000 2.0000

23 1.644150 22,2300 3.0000

] 24 I 1.000000 I 0.0000 I 168.0000 I

The front optics consists of several objectives that provide light collection from the object of

interest with the correct magni.ilcation and the maximum angle of beam incidence to the AOTF of

3° from the optical axis. The collective lens inside the front optics conjugates the entrance pupil of

the objective with the AOTF aperture. In the rear optics, several lenses are used to create an object

image in the plane of the CCD chip or in the plane of the image intensifier with corresponding

magnitlcations.

..T. —-- -
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Figure 3-5 depicts the opto-mechanical design of these optical components. There are special

diaphragms in both rear optics to separate thediffracted irnagefrom theundiffracted light that

comes from the AOTF.

Computer ray tracing has been performed in these optical systems to evaluate the aberrations in the

system. In the worst case (A = 400 nm, off-axis object point), the mean square wavefront

deformation does not exceed 0.13 of the wavelength for the CCD module and is less than 0.22 for

the 12module. For axial points, these aberrations correspond to less than 0.09 and 0.13 of the

wavelength.

12
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(a)

(b)

(c)

Figure 3-5

(a) Opto-mechanical design of the HIC front optics; (b) rear optics for operation with the CCD chip;
and (c) rear optics for operation with an image intensifier.

The optical systems designed in this project were fabricated, assembled and tested.

13



F 0698.3483 DOE-FINGER
DE-FGI03-98ER82638

Figure 3-6 presents photos of these systems with an attached CCD camera. These systems were

ready for use only at the final strigeof the project, so most of the experiments were performed with

the previously developed imaging system that is larger and does not fit the image intensiiler.

(a) (b)

Figure 3-6
HIC optical systems fabricated in the project (a) the optical system with the AOTF and the

attached CCD camera; (b) the second optical system with the image intensifier and the CCD
camera,

Figure 3-7 presents the modulation transfer function (MTF) for both systems. At a 20% MTF

level (which corresponds to contrast that is clearly visible to the naked eye), the optical system

resolves 138 line pairs per millimeter for operation with the CCD chip.

14
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(a) (b)
Figure 3-7

Modulation transfer functions for HIC optical systems: (a) CCD module; (b) Image Intensifier (12)
module.

This resolution significantly exceeds the resolution of common CCD chips with 640x 480 pixels.

The MTF plot for the commercial COHU 4815 CCD camera is shown in Figure 3-8. This camera

has a 2/3 inch format with a 13pm pixel size. Although most of the latest models of commercial

CCD cameras utilize a 1/2 inch chip format with 9 pm pixels, the MTF improvement seems

insignificant when compared with the optical system’s MTF.

o 100 200 300 .400 500 600

Hotfzwtal Resofwhn (W $@

5.7 ?1.4 17.1 22.8 28.5 34.2

Spellal Frqmcy, I (En.epaks/mm)

Figure 3-8

MTF of the COHU 4815 2/3 in. CCD camera [41.

This means that the spatial resolution of the proposed system depends mostly on the CCD. Further

improvements in spatial resolution can be achieved with more expensive CCD devices that have

larger formats and greater numbers of pixels, but work with lower frame rates. The preliminary

15
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experiments conducted in Phase I demonstrated that even an inexpensive CCD camera with a well-

designed optical system can provide a good quality fingerprint image from an 0.5 m distance.

The spatial resolution of inexpensive Gen II image intensifiers is typically around 30 to 40 line

pairs per millimeter [s]. The developed optics fit well within this ~ range. The spectral

sensitivity of Generation II image intensifiers covers the entire visible range (see Figure 3-9).

Figure 3-9
Spectral sensitivities of Gen II and Gen III image intensifiers [51.

When operating with an image intensifier, HIC operation requires a high de~ee of suppression of

the laser emission used for fluorescence excitation. POC’S Holographic Notched Filters can

provide this suppression. These filters can be fabricated for the specific laser wavelengths. They

have a typical OD >6 at a laser wavelength, and high (>70%) light transmission at close

wavelengths that differs from the laser wavelength by only a few nanometers. The spectral

transmission curve of POC’Sholographic filter is depicted in Figure 3-10.

16
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Figure 3-10
Spectral transmission of POC’S holographic notch (Raman) filter.

3.1.3 AOTF Driver

To create a driving signal with a complex frequency spectrum for the AOTF, we used an AWG

(arbitrary wavefront generator, Tektronix AWG-2040). This generator is connected to the

computer through the general purpose information board (GPIB) board and is capable of

generating high frequency (up to 200 MHz) signals with complex spectra. The AWG is a speciaI

computer with a large volume memory. It substitutes a sequence of short (1 ns) pulses for the

waveform, stores information about pulse amplitudes, and rapidly generates a pulse sequence.

This device is very convenient for laboratory work, but is too heavy and bulky for field

applications. Moreover, it cannot change the spectrum of a signal in less than a few seconds

because the change requires processing a large volume of information that must be stored in a hard

drive. To simplify the multifrequency AOTF driver, POC began developing a special computer

board with sixteen frequency channels. The scheme of this generator is depicted in Figure 3-11.

.;.



FO098.3483 DOE-FINGER
.OE-FGf03-98ER82638

I--l=l IA--44-I

. . . . . . . .

rxo 16

Ii’ *

Figure 3-11
Schematic of an array of radio-frequency generators: DCO - digitally

digitally controlled attenuator,

~~

controlled oscillator; DCA -

In this board, the frequency and the amplitude of sixteen channels can be controlled individually

through a computer PCI bus. Each channel contains both a voltage controlled oscillator and a

digital attenuator that permit the generation of a sine signal with a given frequency and amplitude.

Signals from all sixteen channels are mixed in the signal combiner and ampliiled by the linear

power amplifier. This generator needs less than 2 ps to change the spectrum of the driving signal.

The first generation of this generator and power amplifier has already been fabricated

(Figure 3-12).

18
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(a) (b)

Figure 3-12
POC’S multifrequency generator of (a) the driving signal for the AOTF and (b) the power amplifier.

In the frostgeneration of the multifrequency driver, the power amplfler was fabricated as a separate

unit. This was because the computer power supply lacked +15 V and -15 V voltage. In the

follow-on modifications, the power ampliiler will be fabricated as a standard computer board that

will be installed into personal computers as well as generator boards. With this generator and an

inexpensive frame grabber, the proposed FIIC will be capable of operating with a frame rate of

30 frames per second, and each frame can be taken with various spectral transmission curves.

3.2 HIC Software Algorithms

HIC software packages are needed to control the AOTF spectral transmission by varying the

frequency spectrum of the driving signal from the arbitmy waveform generator, to control the

operation of the frame grabber, and to perform some manipulations with the acquired spectral

images.

3.2.1 Spectrally-Matched Filtering

Spectrally adaptive light faltering technology is applied to synthesize the spectrally-matched falter

that provides the best possible contrast of an object with a given “spectral signature” (i.e., with a

given reflection or fluorescent spectrum) over a cluttered background. The theory of this falter can

19
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be found in Refs. [6-10]. To discuss the performance of this filter, let us assume that the

fingerprint spectral signature can be described by vector b. Each component of this vector

corresponds to the intensity of fluorescence emission in a corresponding spectral band.

Figure 3-13 illustrates the Gaussian clutter densi~ of a background and an additive signal b with

spectral content in a dual-band color space. As shown, the spectral correlation causes

elongation of the clutter density along the major axis that lies between the two waveband axes.

Observable in two individual bands are illustrated by projecting both the signal vector and

an

the

clutter density onto their respective axes, as shown in the one-dimensional plots below, and to the

right of the central plot in Figure 3-13. The fingerprint is blurred in the background in either input

band, and the signal-to-noise ratio is evidently too low for reliable detection.

Spectrally-matched filtering can be viewed as an appropriate weighted combination of the principal

spectral components 1111.The axes of these principal spectral components coincide with the axes

they are the eigen vectors of the covarianceof the ellipse of the data probability distribution—

matrix M.

probability

moments).

The coefficients of this symmetrical matrix are the second-order moments of the

distribution in the background data for zero-mean distribution (i.e., zero fust-order

h other words, coefficient Mij is the rne=ure of correlation between the data in the i-th

and the j-th spectral bands. If data in the two spectral bands are strongly correlated, the result is

redundant information that only adds noise.

The result of the principal component transformation is shown in Figure 3-14.
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Figure 3-13
Orientation of signal vector b and clutter

density p(n) in dual-band color space with the
removed mean values, Projections of the

signal and clutter in each band are also shown.
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Band 1

Figure 3-14
Orientation of sijnal vector b’ and clutter
density p(n’) after linear transformation.
Projections of signal and clutter in each

principal component are also shown.

If additive signal b is spectrally separated from the major axis of the correlated clutter, projection

onto the low-power component will tend to enhance the fingerprint detectability. This situation is

shown in the plot to the right of Figure 3-14, where component b’z of the fingerprint spectral

signature vector is fully separated from the background. Further improvement in the gain can be

obtained by forming an optimally-weighted combination of the principal components in the

multidnensional spectral domain.

It can be shown rigorously that the set of optimal fiiter weights Y can be written as [b-g]:

y= M-1b , (3-1)

where M is the covariance matrix and b is the target signature. It is important to reiterate that this

covariance matrix is calculated for the zero-mean data distribution. Coel%cient Mij of covtimce

J x J matrix (J is the number of spectral bands used) can be calculated, using the J spectral data

from the N pixels by the formula

Mij = 1/N ~ xikxjk
k=l

(3-2)
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where Xpk k

removal).

the vrdue of the p-spectral component in the pixel’s spectral data vector (after mean

After the falter weight component vector Y is

that can be performed in the optical channel

determined, matched faltering is a linear operation

during the image acquisition process. To do SO,

optical filter transmission must be adjusted according to the calculated values of vector Y. Of

course, some components of vector Y may be negative. This means that two filters must be used.

The first fflter must have spectd transmission according to only positive components, while the

transmission of the second filter should be designed in accordance with a full set of negative

components. The image acquired through the second fflter can be subtracted digitally from the f~st

image taken through the positive filter. Because the AOTF transmission can be changed in a few

tens of microseconds, an image with enhanced contrast can be obtained almost instantly and the

proposed camera can be used in a real-time mode. The real operational speed will be defined

primarily by the amount of available fluorescent light and will not be limited by fiiter tuning or

image processing. It is important to note that the spectrally-matched falter characteristic (defined by

the vector Y) depends on both the object and the background spectral signatures. Although only

minor variations in the fluorescent spectra of fingerprints have been reported to date (especially

after chemical processing), no single filter can provide the best contrast over various backgrounds.

Therefore, each spectral combination of fingerprint and background fluorescence

requires its own filter for the optimal contrast of the fingerprint images.

3.2.2 HIC Software Operation

The system operation can be separated into two steps. First, pushing the “Get Source” button

takes a set of spectral images, makes a sum of all the images, and displays it on the screen. The

number of spectral intervals, as well as the positions, spectm.1widths, and falter transmission in

each of these intervals, are selected individually and written in the window in the top right comer

of the interface. The accumulated spectral information can be stored in the computer memory as a

data fde. After the spectral images are collected in the computer memory, any of these images (as

well as their sum) can be displayed. An operator can use any of the images to select a suspicious

rues on the image. Clicking the computer mouse marks this area with a small red square.

Irnmediately thereafter, the system generates blue bars on the bottom of the screen. The amplitudes

of the bars are proportional to the red square averaged over the intensities in all the spectral

intervals (typically 11 x 11 pixels, but the square size can be changed in the software).
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Second, pushing the’’Calculate’’ button calculates anddisplays thecoefflcients of the spectrally

matched filter as red bars behind the image. These calculations are made with an averaged spectral

distribution of the light in a selected area (red square) and a grid of 16 x 16 pixels selected in the

background to calculate the background statistics. Of course, the number of the background pixels

used to calculate the fiiter coefficients can be varied.

Pushing the “Process” button initiates the creation of a filter transmission that corresponds to a full

set of positive coefficients and takes the image through this filter. The falter is created with a

transmission curve that corresponds to a fill set of negative coefficients, the image is grabbed

through this falter, and the second image is subtracted from the first one. Since the pixel intensities

that result from this image subtraction are typically low, an extension of the histogram of this

image is also included in the algorithm.

To detect fluorescence from chemically processed fingerprints, it is not necessary to collect the

“target spectral signatures.” In this case, the fluorescence spectrum of the processed fingerprints is

known. In such an instance, the system can work in the automatic mode, performing continuous

spectrally-matched filtering for a known a priori spectral signature for this mode of operation. The

preliminary calibration of the system’s spectral sensitivity must be performed to accommodate the

fluorescence spectrum to the sensitivity of the particular system. This calibration can be done

automatically by utilizing a light source with a known spectrum. Previously, POC used a

calibrated incandescent lamp with a known color temperature inserted into an integrating sphere

from Labsphere, Inc., as a blackbody. After the initial system calibration, the HIC can be used

continuously as long as all of its components remain in place.

The algorithm described above works well with small objects of interest. To obtain good spatial

resolution of a fingerprint image, the operator should obtain a large size fingerprint image.

Because this image will ffl a signiilcant part of the screen, there is a high probability that the pixel

selected to calculate the background statistics does not belong to the background but is a fingerprint

pixel. In this case, the background statistics can be signitlcantly corrupted, and it will be difficult

to separate a fingerprint from the background. We can solve this problem by introducing an

additional test of pixel affiliation by comparing the intensities in each spectral interval with the

average intensity. If the difference between the average intensity and the pixel intensity exceeds the

dispersion of the distribution of pixel intensities over the whole spectral image, this pixel gets a

special mark. If a given number of such marks (such as five) is collected by one pixel, this pixel is
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not considered a background pixel. This procedure allows us to operate with relatively large

objects that occupy more than half the screen area.

4.0 DEMONSTRATION OF HIC PERFORMANCE FOR

CONTRAST ENHANCEMENT

4.1 Experimental Setup

FINGERPRINT

We conducted system performance demonstrations in the experimental setup shown in Figure 4-1.

This setup ~included an HIC with the AOTF. The faltered image was detected by a

COHU 2215 1/2 in. CCD camera with 640x 480 pixels. Note that the optical spatial resolution

of the HIC hardware typically exceeds 1200x 1200 pixels. Thus, in this case, the Phase I HIC

resolution was limited by the CCD camera. A Tektronix AWG-2040 with a Mini-Circuit TIA-

1OOO-1R84 W power amplifier was used as the AOTF driver. A portable computer (Prism from

BSI, Inc.) was used to control the system performance. A frame grabber (Matrox Meteor) was

installed in this computer, together with a general-purpose interface board (GPIB) that provided

communication between the computer and the arbitrzuy waveform generator. An Ar laser

(Coherent Innova 200) was used to excite the fingerprint fluorescence. It can be tuned to operate at

several wavelengths from 514 to 476 nm. Several other light sources (such as an W lamp and a

small Xe lamp) were also available.

Hyperspectral Imaging Camera setup
Figure 4-1
for latent fingerprint
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The laser beam was extended to approximately 3 inches in diameter by a 10x microscopic

objective. To improve the uniformity of the illumination, we used POC’S holographic light

shaping diffusers with a small angle (<10°) of light spread. These diffusers will be very useful in

the initial crime scene investigations because they illuminate a large area homogeneously. Like all

diffusers, holographic diffhsers produce speckles under coherent illumination. These speckles can

be removed by slowly rotating the diffuser.

4.2 Investigation of the Image Quality

To check the quality of the fingerprint images obtained through the 13C system, we f~st placed the

fingerprints on various substrates and used various fluorescent powders to visualize the

fingerprints under laser illumination.

The photo shown in Figure 4-2 demonstrates the experimental setup during its operation with an

Ar laser at k = 476 nm as an excitation source. Figure 4-3 presents a photo of a fingerprint on a

paper substrate.

Figure 4-2 Figure 4-3
Experimental setup operating at Fingerprint spectral image taken at

A = 476 nm. A. = 505 nm.
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The photo in Figure 4-3 was taken at L = 505 nm after fingerprint dusting with Greenwop~

fluorescent powder and excitation by an Ar laser at k = 476 nm. This photo was taken from a TV

monitor to demonstrate the quality of the spectral image obtained through the AOTF and the optical

assembly, Note that POC’S scientific team has no previous experience in fingerprinting and

fingerprint chemical processing. Therefore, the resulting fingerprint images may not be as ideal as

those processed by professionals. However, the results of HIC-based processing can be clearly

observed.

Figure 4-4 shows a photo of a fingerprint on a glass substrate. This photo was taken from a TV

monitor. Since the operator had no previous experience in fingerprinting, excess RedwopTM

powder made some parts of the image too bright. However, the ridges are clearly visible.

Figure 4-4
Fingerprint on a glass substrate taken at 590 nm (Redwopm powder, excitation at A = 514 nm,

driving signal frequency f = 132 MHz).

To evaluate the influence of the falter transmission wavelength on tie image quality, we grabbed

several images (see Figure 4-5) of fingerprint fluorescence at various wavelengths (i.e., applied

various frequencies of the AOTF driving signals). Note that the fingerprint images can be viewed

either through a photograph of the TV monitor screen (e.g., Figures 4-3 and 4-4) or through a

printer file of the recorded computer images (e.g., Figure 4-5). This fingerprint was Ieft on white

paper and dusted by Redwopm powder.

fluorescence yield at various wavelengths.

depicted in Figure 4-6.

Variations in the image quality can be attributed to the

The plot of the Redwop~ powder fluorescence [la] is
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(a) (b)

(c) (d)
.

(e) (f)

Figure 4-5

Fluorescent images of a fingerprint left on white paper (Redwop~ powder, excitation at 1. = 514
nm: (a) f = 138 MHz, A = 564 nm; (b) f = 136 MHz, ?L = 573 nm; (c) f = 134 MHz, X = 581 nm;

(d)f= 132 MHz, A = 590 nm; (e) f = 130 MHz, X = 599 nm; (f) f = 128 MHz, A = 608 nm.
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i

Figure 4-6
Excitation and emission spectra of RedwopTM powder fluorescence [121.

4.3 Demonstration of Spectrally-Matched Filtering

In the previous experiment, the HIC was tuned to a particular wavelength for fingerprint

observation, The HIC can also be programmed to an arbitrary spectral interval (see Section 3.2.1).

To demonstrate the potential of spectrally-matched filtering, several driving frequencies were

launched into the AOTF simultaneously to extend the fiiter transmission according to the emission

spectra of Redwop~ powder fluorescence. Figure 4-7 shows fingerprints taken with a narrow

filter (one driving frequency) and extended filter transmission (three frequencies that correspond to

three separate wavelengths). As expected, the extension of the transmission curve improves the

visibility of the ridges.
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(a)

Figure 4-7
Fingerprint images taken through the AOTF with various widths of spectral transmission (white

paper substrate, Redwopm powder, excitation at % = 476 rim): (a) f = 133 MHz, 2, = 587 nm;
(b) three signals of equal amplitudes at f = 131 MHz, f = 133 MHz, and f = 135 MHz.

Besides RedwopTM powder, several other chemicals were used to demonstrate the HIC

performance. Figure 4-8 shows photos of a fingerprint dusted wi~ GreenwopTMpowder. These

photos were taken from a TV monitor under fluorescence excitation at 2,= 476 nm. Figure 4-9

presents the images of a fingerprint on paper after processing with 1,8-diazafluoren-9-one (DFO),

which is a highly fluorescent ninhydrin analog (courtesy of Dr. A. Cantu of the Secret Service).

These images were recorded under illumination by a 50 W incandescent lamp with a green filter.
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(a) (b)

Figure 4-8
TV spectral images of a fingerprint on white paper obtained after dusting by RedwopTM powder

and excited by Ar laser at A = 476 nm: (a) f = 155 MHz, h = 520 nm; (b)f = 160 MHz, A = 503 nm.

(a)

TV spectral images of a fingerprint on
incandescent lamp with green filter:

(b)

Figure 4-9
white paper obtained after DFO processing and excited by 50 W
(a) f = 132 MHz, 1. = 590 nm; (b)f = 135 MHz, A = 577 nm.

Figure 4-10 shows a spectral image of the same fingerprint under laser illumination. More

powerful illumination (1.1 Win the entire laser beam at L = 476 nm) improves the quality of the

spectral image.
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Figure 4-10
Spectral image of a DFO processed fingerprint under laser illumination at X=476 nm:

f = 132 MHz, _ = 590 nm.

4.3 Fingerprint Contrast Enhancement Without Chemical Processing

The most appealing (and the most difficult) task was recording the fluorescent image of a

fingerprint without chemical processing. Initially, we obtained an original image of fingerprint

self-fluorescence under illumination by a CW Ar laser with a power of about 1 W at X = 476 nm.

Figure 4-11 shows a photo taken from the computer display. It is anticipated that this natural

(without chemical processing) fingerprint processing can be further enhanced by inserting image

intenstilcation in the HIC. In future, this image intensifier attachment can be an option for the

HIC.
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Figure 4-11
Computer display of fingerprint self-fluorescence (without chemical processing) excited by a CW

laser at X=476 nm (f = 127 MHz, A=613 rim),

Toirnprove thecontrast of Figure 4-11, HIC’S software algorithm, the image differentiation (or

subtraction) algorithm, can be applied. Many substances used for the chemical processing of

fingerprints produce fluorescence with a sharp peak in the spectrum 1121.Even the spectrum of the

laser excited natural fluorescence (without chemical processing) of fingerprints has a maximum

emission at a particular wavelength 1131. The visibility and contrast of a fingerprint can be

enhanced simply by subtracting two images. The first image can be taken at the peak of the

fluorescence spectral signature of the fingerprint, while the second image must be taken at an

interval or a wavelength where no fingerprint fluorescence exists (i.e., the spectral signature of the

background). The result of the image subtraction can be accumulated to enhance the fingerprint

visibility.

The photo in Figure 4-11 shows the computer interface developed for this type of HIC spectral

image processing algorithm. An operator can choose the first wavelength that corresponds to the

maximum of the peak fluorescence. In the future, this selection will be done automatically,

according to the substance used for the fingerprint processing. A similar choice must be performed

at the second wavelength. In both cases, an operator must select the amplitude of a driving signal

(i.e., the maximum AOTF transmission). For the best contrast, the background intensities must be

close to each other in both the images. Therefore, several attempts may be needed to find the best

amplitudes for each frequency. To detect the weak signals, the algorithm permits the accumulation

(i.e., time integrating) of several image frames. At 30 frames per second, 15 cycles of image

substitution can be finished in one second.
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The result of this image subtraction process, which was obtained by subtracting the spectral

signature of the background taken at k = 502 nm from the original image (i.e., Figure 4-11)

taken at A = 613 nm, is shown in Figure 4-12. This figure shows a much better contrast than

the original image (Figure 4-1 1). Note that the above image subtraction is an ad hoc process. In

other words, we arbitrarily examined several spectral signatures of the background and used one of

them for our experiment. This is not an optimized process in which an optimization algorithm will

be developed with the HIC to achieve the best SNR performance.

Figure 4-12
Result of the image subtraction (subtracting background information from Figure 4-11).

Significant improvement in the performance of the algorithm described above can be achieved with

a more sensitive optical system and a better frame grabber. In the experiments we conducted, used

a frame grabber with an 8-bit gray level resolution (256 gray levels). Our algorithm significantly

reduced the CCD noise, but it could not overcome the limitation imposed by a small number of

available gray levels.

5.0 DIRECTIONS FOR FUTURE

The experiments we conducted demonstrated the

IMPROVEMENTS

potential and flexibility of the proposed HIC

technology. Nonetheless, there is room for further technical improvement. These improvements

will include:
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1. Utilizing an AOTF with a larger aperture and a wider spectral transmission curve for

improvement of the light collection eftlciency.

2. Improving signal sensitivity by inserting an image intensifier in the HIC.

3. Extending the gray levels scale by utilizing a frame grabber with the better gray scale

resolution (at least 10 bits).

4. Utilizing light polarization as an additional discriminant for contrast enhancement.

Several possible technical solutions for future development are described below.

5.1 Enhancement of HIC Sensitivity

The correct choice of spectral resolution is a common problem associated with spectral imaging.

There is an obvious trade-off between the amount of the light transmitted in a given spectral

interval and the number of spectral intervals (i.e., the amount of information that can be collected in

different spectral intervals).

In our Phase I experiments, we intentionally used an AOTF with a very narrow spectral

transmission curve (M -3 rim). This filter was selected to demonstrate the opportunity to extend

the spectral transmission curve with a multifrequency driving signal. In Phase II, we will use an

AOTF with W -15 nrn to 20 nm that will be capable of extending its transmission curve up to

50-100 nm. AOTFS with 15 nm spectral resolution are currently commercially available from

several vendors. This resolution matches the number of frequency channels in the latest

multifrequency generator.

As mentioned above, the AOTF is the key element that defiies the optical system design and

thereby the efilciency of the light collection. In the future, we will use an AOTF with a

significantly larger active aperture. We intend to use an AOTF with an aperture of about

15 x 15 mmz to achieve an almost fourfold enhancement of the light collection efficiency.

Together with a nearly threefold increase in AA,we can achieve a gain in system sensitivity that is

more than an order of magnitude.

The high operating speed of the new multifrequency signal generator allows us to control the

exposure time with the electronic shutter in the CCD camera. Even the least expensive shutters can

vary exposure time from a few microseconds to tens of milliseconds (at least three orders of
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magnitude). Therefore, automatic exposure control can be introduced into the system to avoid

over-exposure and to work within the linear portion of the CCD’s response to incident light. More

expensive, cooled CCD cameras can also be used with great success in this system. These

cameras have a very low dark current and can accumulate light in several minutes or even several

hours. If these cameras are prohibitively priced, POC will apply an algorithmic solution by

utilizing multiple frames and image accumulation in computer memory. Although this solution

cannot overcome the limitations imposed by a relatively large dark current, it will be cost-effective

for many applications.

We expect the most dramatic improvements in system sensitivity to come from the use of an image

intensifier, which will provide a typical gain of the order of 103. Low-cost second generation

monocular image intens~lers rue available on the market. These image intensifiers are sensitive in

the entire visible range. During the Phase II system design, we will investigate the linearity of the

intensifier response that can be broken by the automatic gain control in this device. We also will

consider the possibility of modulating the intensifier’s gain to introduce a time-gating mode of

system operation and frequency-domain spectral imaging.

5.2 Polarization Discrimination of a Fingerprint

In addition to image contrast enhancement algorithms that manipulate the transmission curve of the

optical filter, the proposed camera can use light polarization as an additional discriminator for

improving fingerprint visibility. Although fluorescent light typically has no preferable polarization,

reflected light has a preferable polarization. Observation of the reflected light in a correctly chosen

light polarization and light wavelength can detect the specific features of ink or pencil, particularly

in a surface relief. In fact, sample examination under polarized light is a common practice in

criminal laboratories.

An AOTF used for spectral selection in the proposed HIC automatically uses light with ordy one

polarization. To improve the convenience of HIC operation, an additional low-cost option can be

installed before the HIC (as a common filter is attached to a photo objective). An achromatic light

polarization rotator will control the polarization of the light incident to the HIC entrance pupil. In

contrast to conventional polarizers, this device can rotate the polarization of the transmitted light by

applying a small (<10 V) voltage.
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Several liquid crystal achromatic polarization rotators are presently available on the market. For

example, Displaytech, Inc., of Boulder, CO, produces an achromatic LC polarization rotator (PL)

with ferroelectric liquid crystals (FLC) that provide the fastest response of less than 50 ms [141.

This FLC PL works as a common uniaxkd crystal ?J2 wave plate with its optical axis in the plane

of the layer. When an electrical field is applied, the optical axis assumes a uniform direction

throughout the layer. When the polarity of the electrical field is reversed, the optical axis rotates

45°. This gives the cell exactly two stable states, which are determined by the polarity of the

applied electrical field. By selecting an appropriate thickness of the FLC layer (i.e., where the

retardance is one-half of the operating wavelength), it functions as an electrically switchable

half-wave plate (Figure 5-l).

Figure 5-1
FLC polarization rotator in ON and OFF states,

By combining several birefiingent materials, it is possible to obtain a near-perfect 90° rotation of

light polarization not only at one wavelength, but in a wide spectral intend 1141.Variations from a

perfect 90° rotation of polarization can cause uncertainty in the interpretation of spectral images, so

achromatic polarization rotators with a twisted nematic (TN) LC layer are more attractive because

their performance is independent of the light wavelength 1151. Figure 5-2 illustrates the principle

of LC cell operation in common LC displays, in which these cells are widely used because of

excellent contrast and color-free images.
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Figure 5-2
Operating principles of TN LC displays: (a) no voltage is applied and LC molecules create a twisted

chain that rotates light polarization; (b) the crystal is reoriented following the direction of the
applied electrical field, and no rotation of light polarization occurs.

TN LC materials are rod-like molecules (typiiled by the cyanobiphenyl compound). These

molecules possess the property of rotating the direction of polarized light passing through. In a LC

cell, the long axis of molecules follow a specillc alignment. At the cell boundaries (i.e., at the

transparent electrodes), the orientation of a molecular axis is defined by special microgrooves on

the surface of a very thin polymer layer deposited over the transparent electrodes. This type of LC

polymer tends to form chains that rotate from one side of the gap between the plates to the other

side. The degree of rotation can be controlled during cell fabrication. The pol~zed light passing

through this cell has its polarization direction rotated, following the physical rotation of the liquid

crystal. The degree of polarization rotation is independent of the light wavelength until the

Mauguin condition 4L An/k >1 is satisfied 1161(L is the thickness of the LC cell, and An is the

effective birefringent in the twisted stage). With an L of the order of several micrometers, this

condition is usually satisfied in the entire visible range. If the voltage is placed across the cell gap,

the LC molecules reorient to follow the applied electrical field, and the material is “untwisted;’ aS

shown on in Figure 5-2(b). Without the applied voltage, the incident light (with linear

polarizations in directions parallel and perpendicular to the microgrooves) remains linear polarized

at the TN LC cell output with its polarization rotated exactly 90 degrees.

Observation in both orthogonal polarizations can be combined with spectrally-matched faltering if

images taken with different polarizations at the same wavelength are considered as an additional

independent dimension in calculating a spectidly-rnatched filter. ~ this case, tie f~~ (filtered)

image will consist of four images: two of them taken with the customary horizontal polarizations,

and the second pair taken with rotated light polarization (i.e., vertical polarization). A computer

will add the faltered images at both the polarizations.
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6.0 CONCLUSIONS

The following is a summary of the findings and achievements accomplished during Phase I:

(a) POC designed a new optical hardware for the proposed HIC that features improved optical

characteristics (such as sensitivity and field-of-view) and reduced size.

(b) POC developed an HIC algorithm to accumulate (i.e., by time integrating) weak fingerprint

spectral images at selected light wavelengths or in selected spectral intervals.

(c) POC developed an HIC algorithm for spectral image differentiation to enhance the

fingerprint visibility by subtracting a background-noisy image taken at the spectral intervals

without fingerprint fluorescence from an image that contains fingerprint ffuorescence.

POC conducted a proof-of-the-concept demonstration of the proposed HIC technology with

various substrate materials, different chernicaI processing methods of fingerprint processing

(including the observation of laser-induced natural fmgerptit fluorescence without chemical

processing), and various light sources (such as an Ar laser at various wavelengths, a W lamp, a

Xe4arnp, and an incandescent lamp). In all these cases, one could clearly observe the fingerprints

from a fingerprint fluorescence that is nearly invisible to the naked eye (through a TV monitor

attached to the HIC).

Directions for the future development of the HIC technology for the detection and contrast

enhancement of latent fingerprints have been outlined.
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