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Background Correction in Forensic Photography |.
Photography of Blood Under Conditions of
Non-Uniform lllumination or Variable Substrate
Color—Theoretical Aspects and Proof of Concept*

ABSTRACT: The combination of photographs taken at two or three wavelengths at and bracketing an absorbance peak indicative of a particular
compound can lead to an image with enhanced visualization of the compound. This procedure works best for compounds with absorbance bands
that are narrow compared with “average” chromophores. If necessary, the photographs can be taken with different exposure timesto ensure that suf-
ficient light from the substrate is detected at all three wavelengths. The combination of imagesis readily performed if the images are obtained with
adigital camera and are then processed using an image processing program. Best results are obtained if linear images at the peak maximum, at a
slightly shorter wavelength, and at a slightly longer wavelength are used. However, acceptable results can aso be obtained under many conditions
if non-linear photographs are used or if only two wavelengths (one of which is at the peak maximum) are combined. These latter conditions are more
achievable by many “mid-range” digital cameras. Wavelength selection can either be by controlling theillumination (e.g., by using an alternate light
source) or by use of narrow bandpassfilters. The techniqueisillustrated using blood as the target anayte, using bands of light centered at 395, 415,
and 435 nm. The extension of the method to detection of blood by fluorescence quenching is also described.
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Photography of crime scenes and forensic evidence consists of a
well-devel oped suite of techniques that are able to provide graphic
illustrations of many different types of evidence (1,2). However,
the introduction of video and digital imaging has led to new possi-
bilities in this field (3-5). Most forensic photographic techniques
use combinations of lighting and camera angle to maximize the
contrast between the evidence and any underlying substrate (1,2).
Monochromatic light or narrow band pass light from lasers or al-
ternate light sources, respectively, have provided significant
increases in specificity of photographic reproduction or visual
identification for certain types of evidence such as bloodstains and
fingerprints (6,7). However, there are some circumstances where
either non-uniform lighting of the surface of interest or patterning
of the surface on which the evidence sits can lead to non-optimum
visualization of the evidence in a given photograph. The non-
uniform lighting may be aresult of the lighting sources available or
a result of the three-dimensional nature of the item being pho-
tographed. In addition, it is possible that the substrate is patterned
with sufficiently strong colors that the evidenceis not readily visu-
alized or photographed. These problems can be reduced or elimi-
nated by performing background corrections on photographic
images.

The principle of the technique discussed in this paper is that
while most colored compounds have broad absorptionsin the visi-
ble region, with full widths at half maximum height (FWHM) in
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the range of 100 nm or more, some compounds have much nar-
rower absorption bands. For example, blood contains hemoglobin,
in which the iron porphyrin chromophore has an absorption band
(the Soret band) centered near 415 nm with a FWHM of around
20 nm. This narrow bandwidth has been noted in aforensic context
previously, leading Stoilovic to advocate the use of an alternate
light source with a band centered at 415 nm for examination of
blood evidence (7). However, if the substrate has variable ab-
sorbance at 415 nm, or isunevenly illuminated, the visualization of
blood is made difficult even if anarrow-band light source is used.

An analogous problem exists in colorimetric analysis of solu-
tions (e.g., blood or urine) for their concentrations of hemoglobin
in the presence of other absorbing substances. The effect of the
other absorbers can be eliminated by measuring the height of the
narrow Soret band above an interpolation of the broad background
absorbance. The simplest estimation of the background absorbance
at the Soret wavelength is to measure the absorbance of the solu-
tion at wavelengths equidistant above and below the absorbance
maximum and average these values. This procedure is referred to
asan “Allen correction” in the clinical setting (8-11). Other wave-
lengths can al so be used, with appropriate linear interpolation (10).

The application of background correction in image processing is
well developed in astronomy and geographic remote sensing
(where it is sometimes referred to as continuum correction)
(12-14). The background estimation ranges from a simple linear
interpolation to more complex curve-fitting of spectral data at
many wavelengths. In both these fields, the light sources (stars, in-
cluding the sun) are independent of the measurement device, and
the detectors are scientific grade CCD detector arrays. Application
of this concept to imaging with an artificial illuminant is less well
developed. Background correction has also been applied to fluo-
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rescence microscopy (15-17), although it has usually involved es-
timation of the background using data from a single additional
wavelength.

This paper discusses applying a background correction tech-
nique to photographic images to provide increased discrimination,
using bloodstain evidence as a particular example. The technique
provides the possibility of locating additional possible bloodstain
evidence beyond that identified visually or with standard forensic
photography, without recourse to chemical enhancement. This has
the advantage of reduction of the usage of potentially hazardous
chemicals, particularly in the non-laboratory context, and is also
advantageous if the bloodstain so located is to be used for subse-
quent analysis such as DNA typing.

Theory

The theory of the background correction method will first be
developed in a quantitative manner for transmission mode photog-
raphy, and will then be extended to approximate treatments of
“normal” (reflectance) photography. The treatment is based on the
use of aconsumer digital camerathat can provide linear imagesand
that has controllable variable shutter speeds. Many high end con-
sumer color digital cameras are able to export such linear images,
often described as“RAW” images by manufacturers. Although we
have used a color camera in our studies, the technique will work
equally well for alinear monochromatic digital camera. Note that
film cameras and standard processed digital images produce output
where the image is approximately logarithmically related to light
intensity, rather than linearly. Digital cameras operating in alinear
mode provide values at each pixel that are proportional to both the
intensity of the light incident on that pixel and the length of time
of the exposure—i.e., they act as integrating detectors. The pixel
valueson acolor digital cameraare reported asred, green, and blue
channels, each of which can have values from 0 (no light detected)
to 255 (saturated). An “8-bit” cameraor image only reportsinteger
values within this range, while “10-bit” or “12-bit” cameras report
values separated by 0.25 or 0.0625, respectively. The digital cam-
era sensor itself responds to all visible wavelengths, common
digital cameras use agrid of colored dyesto cause each pixel tore-
spond to either red, green, or blue. The camera or computer soft-
ware then interpolates this information to provide a value for red,
green, and blue at each pixel. The dyes used to define the three
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FIG. 1—Uncorrected response function of the red, green, and blue sen-
sors in a Canon D30 digital camera. Values were obtained by pho-
tographing a white card under constant camera settings while the illumi-
nation (the output from the excitation monochromator of a Hitachi F2000
fluorescence spectrophotometer, bandwidth 10 nm) was varied from 380 to
800 nm). Camera white balance was set at “ flash” .

channels have broad and overlapping responses; for example, the
signals detected by a Canon D30 digital camera as a function of
wavelength are shownin Fig. 1. Theresponsesin thisfigure are not
solely indicative of the sensitivity of the sensor array in that cam-
era since they aso contain contributions from the light source in-
tensity (a xenon lamp), the monochromator used, and the camera
lens. However, they do show that the red channel still responds to
wavelengths in the blue region of the spectrum and vice versa. In
our research only the values from the channel or channels that
match best to the wavelength are used, since under most circum-
stances, the other channels will have alower signal and therefore a
higher relative amount of noise (vide infra). In this paper, the blue
channel is used for most measurements since this channel has the
greatest response near 415 nm. These considerations, obviously,
would be unnecessary for a monochromatic camera.

In transmission mode, the absorption of light by blood follows
the Beer-Lambert law

A=c¢ecl D

where c is the concentration of light absorbing substance, ¢ is the
molar absorptivity (a quantity characteristic of a given light ab-
sorber at a given wavelength), 1 is the distance through which the
light must pass, and A is the absorbance, defined as

_ |incident _ I
A= Ioglo< It,ansmmed> - Ioglo< Transmittance) @

where lincident aNd lransmitted @€ the intensities of light incident on
the substance and transmitted through the substance, respectively.

Digital Photography of Blood on a Homogeneous Surface under
Uniform Illumination

In this section, we discuss optimum conditions given a digital
camerathat is able to provide araw output of at least 10 bitsin a
linear mode, meaning that it should be able to discriminate 1024
levels of light in each channel.

If the surface on which the blood is deposited is evenly colored
and the lighting is uniform, then the most optimal method for pho-
tographing blood will normally be to take a photograph using nar-
row bandwidth light at 415 nm or with a narrow bandwidth 415 nm
filter on the camera (Note, however, that under some circum-
stances, the color of the substrate may lead to better discrimination
using the visible absorption bands of hemoglobin near 550 nm or
even further to the red.) The filter or source should have a band-
width of 20 nm or less, although we have obtained satisfactory
results with 50 nm wide light sources. The image should be as
highly exposed as possible without getting saturation, while keep-
ing theratio

difference between light intensity
_ _ of bloodstain and of background
signal to noise = yariapility of background in image ©)

as high as possible. The variability of the image intensity due to
the camera under these conditions will be determined by the noise
of the detector pixels, and if thisis determined by shot noise (with
Poisson distribution) this noise will be proportional to the sguare
root of the detected number of counts. The reason for the recom-
mendation of high exposure is as follows: the more highly ex-
posed a photograph is, the greater the average pixel value will be.
Passage of light through a given amount of blood leads to a set
absorbance at a given wavelength. Thus, a blood layer with an ab-
sorbance of 0.005 on a substrate will lead to a change from 200
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to 198 if the average pixel level in the absence of blood is 200,
but only a change from 50 to 49.5 if the average pixel level in
the absence of blood is 50. (Note that on an 8-bit camera (256
levels) this latter change would be impossible to detect.) Having
a“10-bit” or “12-bit” camera might suggest that blood stains cor-
responding to pixel changes of 0.25 or 0.0625, respectively, might
be detectable. However, digital cameras tend to have some inher-
ent variability between individual pixel responses and most sur-
faces are not completely uniform, so that a faint bloodstain will
only be noticed if the pixel change is greater than the variability
of the camera and greater than the variability in the substrate sur-
face. The interpixel variability can be as large as £5 at an aver-
age level of 200 with the nominally 12-bit camera we have tested,
although this value depends on the exact conditions of camera us-
age. If the photographer is willing to lose some spatial resolution
by averaging pixels, the sensitivity can be increased due to the
consequent reduction in interpixel variability (the decrease in
variability being proportiona to the square root of the number of
pixels averaged). If the bloodstained region is less exposed, the
light is non-uniform, or the substrate is patterned, then the detec-
tion limit will be increased from the ideal. There is an important
caveat to this analysis. while nonlinear images from digital cam-
eras have pixel values ranging from 0-255, the linear output from
our particular camera saturates at alower value—typically around
160 for the blue pixels (although this varies with camera settings).
Thusit is either necessary to fully characterize the camera used or
to bracket shutter speeds to ensure appropriate exposure.

When a photograph has been obtained under the optimal condi-
tions for the homogeneous surface with uniform illumination, then
contrast controls (or level controlsin an image adjusting program
such as Adobe Photoshop®) can be used to enhance the visibility of
the image. This is no more image manipulation than atering the
background (or zero) level and gain on a spectrophotometer.

Digital Photography of Blood on an Inhomogeneous Surface or
under Non-Uniform Illumination—Transmission Mode

It is more likely that photography will be performed under con-
ditions of non-uniform illumination, or blood will be on substrates
that are not uniform in color. Natural wrinkles and folds of cloth-
ing or the three-dimensional nature of other casework exhibits can
make it very difficult to have truly uniform lighting. Under these
conditionsit is possible to use pictures taken at wavel engths brack-
eting the absorbance maximum for blood to compensate for varia-
tionsin the background or the light intensity.

As noted earlier, most absorptions in the visible region are
broad, with widths in excess of 50-100 nm, while the hemoglobin
in blood has a Soret band with a FWHM of about 20 nm. This dif-
ference in peak widths means that changes in absorption due to a
variable background can be reduced or eliminated by applying a
linear baseline correction using an appropriate choice of wave-
lengths, as shown in Fig. 2. As noted in the opening section of this
paper, this baseline correction has already been reported for calcu-
lating hemoglobin concentrationsin solution (8), and for analyzing
specific absorption bands in remote sensing applications (12). The
absorbance difference associated with the presence of blood is the
height of B-D in thefigure. This baseline correction will also com-
pensate for a reasonable amount of variation in light intensity
across the area being photographed. The three wavelengths used in
this study were 395, 415, and 435 nm, with the outer two wave-
lengths being used to provide background correction for the 415
nm image. These outer two wavelengths are slightly closer to the
Soret maximum than some previous authors have suggested for so-
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FIG. 2—Diagram showing how background correction is performed for
a narrow peak superimposed on a broad background. The distance BD will
be proportional to the concentration of the compound corresponding to the
narrow absor bance peak.

lution analyses (8,10). Thisisfor two reasons: first, patterned sub-
strates may well have color changes that would lead to additional
spectral changes at longer wavel engths, and second, the throughput
of light from a standard aternate light source that is detected by a
standard digital camerafallsoff rapidly at wavelengths shorter than
400 nm. The decrease in light throughput also led us to develop a
dlightly different form of the absorbance equation than is usually
given, so the full derivation is provided.

For generdlity, let the wavelengthsbe A1, \,, and A3, where N, is
the wavelength most appropriate for the stain of interest and A, and
\3 are wavelengths equidistant above and below \, (The equidis-
tance constraint is readily removed by appropriate weighting as
noted earlier (10), but leads to more complicated arithmetic.) Let
thelight intensity at wavelengths A1, A, and A3 detected at the cam-
era after passing through a non-absorbing substrate be l; 4, I; », and
li 3, respectively. These detected light intensities will be controlled
by thelight source, the monochromator, any light-transmitting me-
dia(e.g., alight guide and/or any lenses or filters), and the camera
response. Let the light intensity at wavelengths \1, Ao, and \3 de-
tected at the camera after passing through an absorbing substrate be
lt1, lt2, and Iy 3, respectively. Linear digital cameras work as inte-
grators, so the level at each pixel in a photograph will be directly
proportional to both the light intensity falling on that pixel and the
exposure time. Let the exposure times used at the three wave-
lengths be ty, to, and ts, respectively.

The Beer-Lambert law at a given wavelength \; can now be
giveninanintegra form:

Absorbance; = ecl = Ioglo<::—:2> 4

If the background correction is taken as

Background absorbance at \,
_ Absorbance; + Absorbances  (5)
- 2

then the corrected absorbanceis

Corrected absorbance at A\, = Absorbance,
Absorbance; + Absorbances  (6)
2
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Using the definition of absorbance at a given wavelength (Eq 4)
thisleadsto

Corrected absorbance at \, =

liat) 1 li,aty liats
IOglO( |t,2t2) Z(IOglO( |t,1tl) * lleO('t,3t3>>
(7)
) N Iogm( Vigaty: It,3t3)

liot2

|0910< m I oto
The first log term is a combination of ratios of the detected light
at each wavelength when no absorption by the substrate is occur-
ring, and is thus only a function of the instrumental set-up. Fur-
thermore, if ty, tp, and t3 are appropriately chosen then this term
can be made very small. This can be done by choosing exposure
times such that a neutral density image has been approximately
equally exposed at each wavelength or by using exposure times
such that I;st, = (Ii1tal; stz)V?, either by prior calibration of the
system with a uniform neutral density target or more simply by
relying on the automatic exposure facility of the camera. This lat-
ter method works if it is assumed that the extent of the bloodstain
is sufficiently small that it will not impact on the selection of ex-
posure time and if the average spectra response of the substrate
is comparatively constant over the wavelengths used. If neces-
sary, the recorded images at each wavelength can be corrected by
a multiplicative factor to alow for the fact that camera shutter
speeds have discrete values that will not always be exactly ap-
propriate. This multiplicative correction is aided by the inclusion
of a uniform neutral density target of similar opacity to the sub-
stance of interest in the image. In addition, the relative exposure
times can be monitored if the correct ratio of shutter speeds at the
different wavelengths is known for the given light source—cam-
era combination. We have found that incorporation of a standard
is not usually necessary for qualitative detection of bloodstains
with our system.

This then leaves the second log term in Eq 7. Standard image
arithmetic programs only provide the four arithmetic operations of
addition, subtraction, multiplication, and division. Therefore the
geometricmean 'V | 1t - I 3tz isreplaced with the arithmetic mean
(Ig1ts + liats)/2. Thisapproximationisvalid aslong asly ity = Iy sts
and thisis true as long as the exposure times are chosen appropri-
ately as suggested above and as long as the substrate absorbance at
any given point is not changing too rapidly over the wavelength
range 435-395 nm. This |leads to the approximate equation

leats + I st
Corrected absorbance at A; = l0g;o L o) ®
21t
In practice we do not proceed this far, but rather use the related
transmittance equation

Corrected transmittance at A, = IZ& 9

tats + lgats
both because it avoids the need to perform a logarithmic transfor-
mation and because it leads to blood looking darker than the
substrate (which is what crime scene investigators are used to ob-
serving). However, if desired, an approximate logarithmic trans-
formation can be performed using an appropriate mapping trans-
form for pixel intensity (In Adobe Photoshop®, this can be
performed using the “Curves’ instruction together with an appro-
priate transformation curve.)

Digital Photography of Blood on an Inhomogeneous Surface or
under Non-uniform I1lumination—Reflectance Mode

If the reflectance measurement is from a non-scattering sub-
strate, then the treatment isidentical to the above transmittance dis-
cussion, with the appropriate replacement of transmitted light by
reflected light.

215t

Corrected reflectance at \, =~ Tt
r,ita r,3t3

(10)
where | is the detected reflected light intensity at wavelength j.

For the more common situation where the reflected light is sub-
jected to scattering as well as reflection there are severa options.
The easiest one (and the one most appropriate for non-quantitative
inspection for potential bloodstains) is to ignore scattering effects
and use Eq 10. This approach has been used in remote sensing ap-
plications, with the negative logarithm of the corrected reflectance
as calculated by Eq 10 being referred to as the “apparent ab-
sorbance” (12). It has also been used for other quantitations using
reflectance data, with phenomenological, rather than theoretical,
justification (18,19). This equation is only an approximate treat-
ment, and in particular, breaks down when specular reflection is
significant.

Andlternativeisto use the Kubelka-Munck treatment for diffuse
reflectance, assuming that most scattering is occurring from the
substrate (20,21). The treatment described below involves extend-
ing the Kubelka-Munck theory into arange of reflectanceswhere it
does not hold quantitatively without the incorporation of additional
factors (such as use of Fresnel coefficients) (20,21). However, the
equation derived from this treatment can still be used in aqualita-
tive manner. The simplified Kubelka-Munck treatment gives two

equations
K)_(Q-R) 1

K k k
< =l< +c < 12
( S )j ( S )substrale,j analyte( S )analyte,j ( )

where R, is the observed reflectance at a given wavelength, (K/S);
is the ratio of absorption to scattering at that wavelength, and the
k/sterms are the individual contributions to the K/Sratio from the
substrate and the analyte (with concentration Canayte). EQuation 12
showsthat K/Sislinearly related to the concentration of agiven ab-
sorbing species (in the present case, blood). These equations can be
applied to the analysis of blood stains by using K/Svalues at wave-
lengths 1 and 3 to estimate aval ue of K/Sat wavelength 2 in the ab-
sence of blood, giving the following equation

545 bl o

and

and therefore
K - (K} L[k K
corrected§ at wavelength 2 = ( 8)2 2(( S>1 + ( S>3> .
o (14)
analyee S analyte,2

Production of an image using this equation would require consid-
erable mathematical manipulation of the original three images, so
asimplified version is suggested below. | the observed reflectance
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<<1 (valid for many casework samples) then

(1-Ry=1-2R (15)
and
Ky (1-2R) 1
<§>j~24Rj—2—Rj—l (16)
and therefore

2R,

Ao

_1oaf1 1
2R, 2\ 2R;  2R;

corrected % at wavelength 2 = <i -1

Thus an image cal culated using

: . - 1y, 1
pixel level inimage =~ constant * <R2 Z(Rl + R3))(18)

should have pixel levels proportional to the amount of blood at
each point. Once again this equation can be adapted for use with a
digital camera. If we select the exposure times such that Igq1t; =
lrsta,2tz = lrsta3ts Where | gq j isthe detected reflected intensity from
aneutral density standard at wavelength A; and t; is the exposure
time used at wavelength \; and furthermore, if we approximate that
at al points (I 1t; + I, 3tg)/2 is directly proportional to I «q,jtj, then
the above equation can be rewritten as

pixel level = A *
(Irata + 1eats) 2 (rats + lrats) n (Irats + v ats) (19)
Ir,2t2 2 |r,1t1 Ir,3t3

~ B * concentration

where |, j isthe detected light intensity at wavelength \;. The con-
stant A is chosen so that the resulting pixel levels range from O to
approximately 200. As written this equation will lead to blood ap-
pearing as bright spots on adark background—images processed in
this manner can then have their brightness levels inverted so that
blood appears dark. Since this equation requires more mathemati-
cal calculations than the earlier treatment represented by Eq 10 we
have used Eq 10 in amost all of our photographic studies. Thisde-
cision has precedent, since as noted earlier, many other authors
have also chosen to use phenomenological equations relating con-
centration and reflectance from scattering substrates rather than
physically-derived equations, even when performing quantitative
measurements. It should be noted that if the right-hand side of Eq
10 isinverted, it corresponds to the first term in Eq 19, so that the
second term in Eq 19 can be regarded as a correction factor. We
have examined whether thisis a valid correction factor on a few
patterned substrates, and find that it does sometimes lead to im-
proved removal of the background pattern.

Non-linear Images

Most digital cameras simulate traditional photography by sup-
plying images in a “non-linear” format. The camera sensors still
act in a linear mode, but their information is processed in the
camera or by the computer software to provide an image where
increments in pixel brightness are linearly related to optical den-
sity rather than light intensity. Thus, the images are approxi-
mately logarithmic in light intensity. Such images can aso be

treated to background correction, but the correction is now done
by subtraction of the estimated background image (i.e., the aver-
age of the 395 and 435 nm images) from the 415 nm image.

Corrected apparent absorbance at A,

(20)
~ log(l, otp) — log(lr ata) '; log(l; sts)

If the “non-linear” transformation was exactly logarithmic and the
camera and software had adequate resolution, this should lead to
identical results to division of the linear images. In practice, sub-
traction of the non-linear images does not give as good results as
division of the linear images, suggesting either that the transforma-
tionisnot exactly logarithmic or that someintensity informationis
lost in the transformation. This is particularly true if the image is
“8-bit”. Furthermore, if non-linear imaging is to be used, pho-
tographs should be exposed to give pixel brightnesses on the back-
ground substrate in the “mid-range” (i.e., the auto-exposure setting
is often close to the ideal) as opposed to the earlier suggestion
that for linear images an image may be better to be slightly over-
exposed compared with the autoexposure setting (aslong as no pix-
elsin theregion of interest are saturated).

Experimental

The camera used was a Canon D-30 digital single lens reflex
camera, with either a Canon 24-85 mm zoom lens or a Canon EF
100 mm F2.8 mm macro USM lens attached. This camera has a
CMOS detector with 2160 X 1440 active pixels for atotal of 3.11
M pixels. The camerawas mounted on acamerastand or tripod and
was activated from acomputer using the programs Remote Capture
(Canon) or D30Remote (Breeze Systems) to avoid camera motion
and thereby ensure registry of the images. Photographs were taken
in a black box or in a dark room. The camera was manually fo-
cused, the aperture was set at its maximum, and the camera was
then either set on automatic shutter speed or the shutter was set
based on earlier calibrations. The 1SO setting was either 200 or
400. In some photographs a “50%" grey card (18% reflectance
compared with astandard white) was used asastandard. A cap was
placed over the viewfinder after the lens had been focused to pre-
vent inaccuraciesin the exposure calculation. Thiswas particularly
important for the 395 nm photographs due to the low detected light
intensity at this wavelength.

The detected light intensity using the Polilight—Canon D-30
combination decreased by approximately 100 times from 435 to
395 nm, so variable shutter speeds were used to obtain similar in-
tegrated light levels for each photograph (see companion paper for
justification of this approach). Substrates were chosen to represent
arange of possible fabrics, colors, and patterns. Bovine blood ob-
tained from a local abattoir was preserved with 0.2% w/v EDTA
and stored at 4°C. Possible bloodstains on the casework clothing
were tested with Combur®-Test® E test strips (Roche). The files
(RAW format) were either transferred directly to the computer us-
ing the above-mentioned programs or saved onto a64 MB card in
the camera and then transferred to the computer using the Canon
program ZoomBrowser. The raw files so obtained are in a propri-
etary 12 bit linear format. These were then converted into 16 bit
TIFF files using Canon ZoomBrowser, with the conversion set to
linear mode and with the white balance set to “flash” or “cloudy”
(these appeared to be the closest white bal ance settings to the white
light of our Palilight).

The light source used was a Rofin Polilight alternate light
source, which consists of a xenon lamp, narrow bandpass filters,
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and aliquid light guide with aglass collimator lens. Thefiltershave
nominal bandwidths varying from 40-80 nm, although our partic-
ular instrument now has slightly degraded performance compared
to the original specifications. The most appropriate settings for ob-
taining light centered around 395, 415, and 435 nm were deter-
mined by monitoring the Polilight output with a laboratory spec-
trophotometer as the interna filters were fine tuned. For some of
the early characterization, experiments, the light exiting from the
excitation monochromator of a Hitachi F2000 fluorescence spec-
trophotometer was used. This light had a bandwidth of 20 nm.
Characterization of filter transmission, Rofin Polilight output, and
substrate reflectivity was performed using an S2000 Ocean Optics
fiber optic spectrophotometer.

The TIFF files obtained were combined mathematically using
the filtersin Fovea Pro 2.0 (Reindeer Graphics) installed in Photo-
shop 6.0 (Adobe Systems). The 395 and 435 nm photographs were
averaged, and then the 415 nm photograph was divided by the av-
erage result. This corresponds to Eq 10 in the theory section. The
program performs both mathematical calculations separately for
each channel (red, green, and blue) at each pixel. To ensure that the
final image has a spread of values within the range 0-255 the divi-

FIG. 3—Photographs (in transmission mode) of petri dishes filled with
diluted blood (nominal depth 5 mm). &) Image taken with 415 nmlight from
a Palilight. The image has had the pixel levels adjusted for optimum con-
trast. b) Image obtained by processing images taken at 395, 415, and 435
nmusing Eq 9 then multiplying all pixels by 200. The solutions are bovine
blood diluted as follows: top row, left to right 50400 times, 2nd row
6001500 times, 3rd row: 2000-3500 times, bottom row 4000-5000 times,
with water at bottom right.
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FIG. 4—Graph showing the logarithm of the ratio (average brightness
of the 395 and 435 nm images in the center of each petri dish)/(average
pixel brightness of the 415 nmimagein the center of each blood-filled petri
dish) in image 3b vsthe relative concentration of blood in the petri dishes.
Thelineisa weighted least squaresfit with each weight being proportional
tothereciprocal of the square of therelative standard deviation of the pixel
brightnesses in the center of each petri dishin Fig. 3b.

sion of the images was usually followed by a mathematical trans-
formation (Fovea Pro allows this to be done as part of the image
mathematics process, to prevent loss of image information). For
example, adivision of the processed image by 0.005 followed by a
subtraction of 128 would cause the following: If the 415 nm image
isidentical to the average of the 395 and 435 nm images, theimage
division should lead to an initial value of 1, which would then be-
come 72 after the calculation. Therefore, given random noise in
each photograph the processing should lead to a narrow range of
pixel brightnesses centered at 72. If greater absorption occursin the
415 nm photograph than predicted from the average of the 415 and
395 nm photographs, then thiswill lead to avalue significantly less
than 72, and vice versa. The final step was to use the Levels con-
trol in Adobe Photoshop to expand the calculated levelsto use the
full range of 0255 levels. Thiswould not be necessary for machine
detection, but is necessary for human interpretation of the images
as aresult of the human eye' s inability to see small differencesin
shades of grey. The transmission mode images used to test the lin-
earity of the cameraand applicability of Eq 9 were not subjected to
levels adjustment and instead the image division was followed by
adivision by 0.005 to obtain pixel levels spread over the brightness
scale.

Results

This paper focuses on general aspects of this image analysis
technique, and application of the three Eqs 9 (transmission), 10 (re-
flection), and 19 (diffuse reflection). Specific experimenta issues
will be dealt with in a subsequent paper. Figure 3 shows a photo-
graph of petri dishes containing blood solutions taken using trans-
mitted light at 415 nm, together with the image corresponding to
the transformation in Eq 9 applied to photographs taken with illu-
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mination centred at 395, 415, and 435 nm, respectively. It should
be noted that blood does absorb to some extent at all three wave-
lengths, but that it is significantly more absorbing at 415 nm. The
origina images at all wavelengths show effects of non-uniform
lighting due to the limited size of the illumination source (see for
example Fig. 3a). The processed image (Fig. 3b) showslittle or no
effects due to the non-uniform lighting. The difference in intensity
near the edge of each petri dish is due to the meniscus affecting the
solution depth. Figure 4 shows a plot of the logarithm of the ratio
of themean pixel level inthe middle of each petri dish (as obtained
by averaging the 395 and 435 nm images) to the mean pixel level
of the same region in the 415 nm image versus the relative blood
concentration. The line shown is a weighted least squares fit al-
lowing for the dight differencein pixel variability asthe brightness
increases (the weights used were the squares of thereciprocal of the
estimated relative standard deviation, fitting the noise in the ob-
served data to an equation of the form noise = A + B*(brightness
level)Y2, The figure shows that the camera can behave in a quanti-
tative manner under these conditions over a reasonable concentra-

tion range. However, this technique is more appropriate for quali-
tative or at best semi-quantitative identifications of bloodstains and
that is the focus of the remaining experiments reported here.
Figure 5 shows a 415 nm photograph: (a) and athree-wavelength
processed photograph, (b) of astrongly patterned piece of cloth, this
time obtained by reflectance imaging under more uniform lighting
conditions. The numbersin the images are bloodstains, with the nu-
merical value representing the dilution of the blood prior to appli-
cation. Note that the processed image has a greatly reduced back-
ground pattern relative to the intensity of the blood stain. Figure 5¢
showsthis sameimage treated using the simplified Kubelka-Munck
transformation given in Eq 19. In this instance the intensity differ-
encesin thepatternintheimage are greatly reduced by the treatment
of Eq 19leadingto adlightly better definition of theblood especially
for the twenty-fold dilution. Figures 5d through f show the results
obtained by using only two wavelengths (415 nm with background
estimated using 435 nm) in linear mode, using three wavelengthsin
non-linear mode (the “normal option” with a digital camera), and
using only two wavelengthsin non-linear mode, respectively. While

FIG. 5—Photographs of patterned cloth with blood stains at 10-fold and 20-fold dilution (as shown by the numerals). Pattern included orange, white,
blue, and green, with some weak fluorescence. a) Image taken with 415 nm light from a Polilight. b) Image obtained by processing images taken at 395,
415, and 435 nmusing Eq 10. ¢) Image obtained by processing images taken at 395, 415, and 435 nmusing Eq 19. d) Image obtained by ratioing images
at 415 nm and 435 nm. €) Image obtained by subtracting non-linear images according to Eq 20. f) Image obtained by subtracting image at 435 nm from
that at 415 nm. All images have had the pixel levels adjusted for optimum contrast.
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these last three images provide better discrimination of the blood
from the pattern than does the 415 nm image (Fig. 5a), they do not
provide as good background removal asthe three-wavelength linear
processed images (Fig. 5b and c).

This background correction technique should be appropriate for
the photography of blood on any substrate that does not have a
sharp peak or valley in absorbance near 420 nm. Given that this
technique is non-destructive, it can be attempted after single wave-
length examination for bloodstains. If no additional stains are evi-
dent, the item can then be enhanced chemically, and the enhanced
stain examined normally or again by this technique, using the ap-
propriate wavelengths for the enhancing agent used. We have only
observed one problematic substrate so far—a brown/red carpet
fragment. Processing of images taken at 395, 415, and 435 nm us-
ing Eq 10 led to a processed image in which the blood was either
indi stingui shable from the background or was even lighter than the
background. This latter effect was almost certainly due to specular
reflection from the blood surface. Two strategies were used to vi-
sualize blood on this substrate: First, the substrate was pho-
tographed under 650 nm light with the result shown in Fig. 6a. Sec-
ond, since it had been noticed that the carpet showed weak red
fluorescence when irradiated with blue light a long pass filter
(>550 nm) was placed on the camera, photographs were taken
while the carpet was illuminated with light at 395, 415, and 435
nm, and the red channel of the obtained images were processed ac-
cording to Eq 10 to give Fig. 6¢. In comparison, Fig. 6b is the flu-
orescence image obtained without the background correction using
illumination at 415 nm and the longpass filter, showing much
greater background variation than the processed image. It should
be noted that other red-brown fabrics have performed well using
the standard background correction technique, so that the problems
encountered in absorbance mode photography were due to the spe-
cific dyesin this piece of carpet.

Case Examples

Three examples of difficult substrates from casework were ex-
amined to evaluate the usefulness of this technique.

Case 1: Dark red rumpled shirt with glossy finish—The rumpled
nature and glossy finish of the garment made it very difficult to de-
tect blood on this shirt by eye using abright white light or anarrow
bandwidth blue light. Although the three wavel ength technique us-
ing the light from a Polilight lightguide made it considerably easier
to see suspected patches of blood compared with avisual examina-
tion under either white or blue light, it did not completely remove
the effect of the specular reflectivity of thefabric. It ispossible that
diffuselighting would have provided a better final result. The mul-
tiwavelength technique readily lead to the location of all the blood
which had been located by a manual search (one of these areas is
marked as a white rectangle in Fig. 7a). In addition, blood on the
lower part of the shirt was also detected. Of interest (Fig. 7b) isthe
arrowed area corresponding to the whiterectanglein Fig. 7a, which
shows where the forensic technician had used a moistened Com-
bur® stick to test a patch of blood. This rubbing pattern could not
be observed visually, with only the two darker patches in the area
being visible to the naked eye.

Case 2: Dark blue stretch jeans—These jeans had some obvious
bloodstains which had been located by visua forensic examination
(shown marked with white rectanglesin Fig. 8a). The photographs
at each wavelength were taken with exposure settings such that the
blue channel of the pixels representing the dark blue jeans had

FIG. 6—Images of a red-brown carpet fragment with undiluted (* 0”)
and 5-fold diluted (“ 5" ) blood stains. @) Image taken at 650 nm. b) Fluo-
rescence mode image taken by illuminating carpet at 415 nm and pho-
tographing through a long pass filter (>550 nm). c) Image obtained by
combining fluorescence mode images taken by illuminating carpet at 395,
415, and 435 nm and photographing through a long pass filter, using Eq
10. All images have had the pixel levels adjusted for optimum contrast.

average brightness levels of 50-60 in the linear photographs. The
three wavelength background correction technique using the linear
images (Fig. 8b) showed additional, paler areas of staining, se-
lected regions of which were tested with Combur® sticks with re-
sults that supported the stains being blood. The photographs of
thesejeanswere a so analyzed by the two wavelength (415 and 435
nm) background correction method using ratios of linear images
(Fig. 8c) and differences of non-linear images (Fig. 8€). Analysis
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FIG. 7—Portion of image of dark red crumpled glossy shirt. a) Image taken at 415 nm. b) Processed three wavel ength image. Note area (arrowed in im-
age b) where application of moistened Combur® stick has spread blood fromtheinitial stains (darker spotswithin rubbing pattern). Both images have had
the pixel levels adjusted for optimum contrast.

FIG. 8—Images of bloodstained dark blue jeans, illustrating effects of different image processing. a) Image taken with 415 nmlight froma Polilight. b)
Image obtained by processing images taken at 395, 415, and 435 nm using Eq 10. ¢) Image obtained by ratioing images at 415 nmand 435 nm. d) Image
obtained by subtracting non-linear images according to Eq 20. €) Image obtained by subtracting image at 435 nm from that at 415 nm. All images have
had the pixel levels adjusted for optimum contrast.
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of the three photographs obtained at 395, 415, and 435 nm using
differences of nonlinear images according to Eq 20 gave the image
shownin Fig. 8d. It isseen that all processed images are able to de-
tect the darker bloodstains, but the non-linear methods do not as
readily enhance some of the fainter blood staining. All of the im-
agesin Fig. 8 show Moire patterns on the jeans, presumably due to
interaction of the camera pixel grid and the regular weave of the
fabric. The Moire patterning is enhanced in the division of the lin-
ear images. This effect is observed on many fabrics with well-
defined weaves but does not appear to significantly affect detection
of bloodstains.

Case 3: Black jeans with blood and dirt—These black jeans
were covered with dust of a similar apparent color to blood (under
white light illumination), and visual analysis under white light had
not been able to locate any blood stains. Furthermore, Combur®
testing showed that there was weak peroxidase-like reactivity over
most of the jeans, indicative of blood dust or transfer of trace blood
at the scene or in the packaging used for the item. This meant that
it would be difficult to ascertain the positions of faint bloodstains
by chemical enhancement. Photographicimaging of the front of the
jeansusing illumination centered at 395, 415, and 435 nm followed

FIG. 9—Images of bloodstained black jeans which were covered in red-
brown dirt. a) Image taken with 415 nmlight froma Polilight. b) Image ob-
tained by processing images taken at 395, 415, and 435 nm using Eq 10.
Both images have had the pixel levels adjusted for optimum contrast. Note
the bloodstains on the fly and near the pocket (arrowed), neither of which
werevisible to the naked eye but both of which tested positive for blood us-
ing moistened Combur® sticks.

by processing equivalent to Eq 10 to reduce background variations
led to animagethat showed adark areaon thejean fly, and alighter
stain beneath the right pocket (both arrowed in Fig. 9b). Combur®
stick testing of both these areas gave a significantly stronger re-
sponse indicative of blood than did randomly selected areas of the
jeans. Again, banding due to Moire effects can be observed in the
processed image.

Discussion

The three wavelength processing of the linear photographic im-
ages clearly leads to improved detectability of blood on patterned
substrates and under conditions where the substrate color or theiil-
lumination level change. The enhancement is obtained without the
use of chemical spraysand it is non-destructive, so that it can bean
option where blood staining is suspected but is not readily detected
by eye. The nonchemical nature of the technique also meansthat it
can be used on substrates such as historical artifacts where chemi-
cal enhancement might be inappropriate, and more generally it
could lead to reduced use of enhancement chemicals at crime
scenes. The absolute sensitivity of this method is obviously
nowhere near that of the catalytic reagents such asluminol or leuco
dyes, but often that high sensitivity isnot needed at a crime scene—
rather it is the selectivity and discrimination from the substrate
which is more important.

All the photographic images in this paper except Fig. 6 have
used an alternate light source to select appropriate regions of the
visible spectrum, with no filters on the camera. This requires that
the photography be performed in a darkened area to prevent stray
light affecting the images. Photography can aso be performed us-
ing narrow bandpass filters on the camera, in which case the area
does not have to have to be darkened—a technique aready used
when single monochromatic photographs are to be made (7). How-
ever, combination of photographs taken with different filters (or
with and without filters) can lead to slight misregistration between
images that causes the processed image to have a slightly “three-
dimensional” appearance and aworse detection limit for blood due
to incomplete removal of the edges of background patterns. This
effect can be reduced by moving the images into better registration
with one another prior to image processing. This misregistration
problem is less likely to be a problem if an electro-optic filter is
used to select the wavelength, rather than the traditional narrow
band filters.

The proposed method using three wavelength linear images pro-
vides the best detectability of blood; however, the two wavelength
ratio processing and the subtracted nonlinear images can provide
adequate detection of blood under some circumstances, and these
use hardware and software that are more readily available and
lower cost, particularly if 8-bit image processing is used. The use
of 16-bit imaging does improve the image correction method
slightly compared to 8-bit processing, but given the variability of
the camera pixels and most substrates the difference does not seem
to be significant for many cases. The subtraction of the non-linear
images does not provide as good results as the ratioing of the linear
images. If the non-linear images were accurately logarithmic in
light intensity the two treatments should be identical, so that the
differenceislikely to be due to differences from an exact logarith-
mic transformation combined with loss of intensity difference de-
tail at the higher brightness levels.

It should be stressed that all the images presented in this paper
have not had any image—altering filters applied and have had no
individual pixels or groups of pixels treated differently from the
whole image. The whole process is based on the mathematical
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treatment of the whole image consistent with standard analyses of
absorbance or reflectance. The method a so has general precedent
in geographic and astronomical image processing, as discussed in
the opening section of the paper. The adaptation to include differ-
ent exposure times for images is new, but the derivation provided
inthis paper justifies this adaptation under the conditions specified.
It different exposure times were not used (asis the case with other
imaging applications) the system would need to be standardized
with a known neutral grey under the exact illumination conditions
to be used and (at least for our system) the 395 nm image would be
very underexposed (and therefore very noisy) due to the reduced
light throughput at thiswavelength compared to 435 nm. Therefore
the use of different exposure timesisan important factor in the suc-
cessful application of thistechnique.

The technique has been described with relatively stringent con-
ditionsin order for Eq 10 (the ratioing of images) to be valid. This
was done to demonstrate that the technique has a valid scientific
basis and can even be used in a quantitative manner under certain
controlled conditions. In operation where the detection of blood
staining is of more interest than quantitation the conditions can be
relaxed slightly, in particular, theimages can be dlightly differently
exposed since the contrast adjustment will adapt for small differ-
encesin intensities between the images. Furthermore, as noted ear-
lier, the substrate can often be used rather than a neutral greyscale
to balance the relative exposures of the photographs taken at dif-
ferent wavelengths since even though the absorbance of the sub-
strate will vary with wavelength it does not typically change by a
large amount over a40 nm range. In conclusion, the technique we
describe allows for increased detection of potential bloodstains on
patterned and non-uniformly lit substrates and can therefore pro-
vide avaluable adjunct to the traditional photographic visualization
techniques used by the forensic scientist or police technician. It is,
of course, still necessary to confirm that any pattern detected by
thismethod isindeed blood using any of the standard forensic tests.
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