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Abstract
In a murder trial, the Police produced CCTV footage, which the prosecution claimed
showed the car owned by the accused. Analysis of still image frames extracted from
the sequence sought to answer the simple question: “Is this car blue?” Answering this
question, however, turned out to be much more complicated than expected, and
ultimately raised fundamental issues about uncertainty and the value of surveillance
imagery. The limited quality of the images from the camera, combined with loss of
information in signal encoding and videotape recording, made it virtually impossible
to prove the colour in spite of many a priori promising lines of attack being followed.

1 Introduction
The trial related to events in Hanley, near Stoke-on-Trent, on the evening of 11th February,
2001. CCTV footage provided by the Police showed a car driving along a street in a city
centre at 9.24 pm, shortly before the time when a witness reported the abduction of a
prostitute, Nikola Higgins, who was found murdered the following morning. The video
had been taken at night on an inner ring road in a city centre, illuminated by high-pressure
sodium lamps, and recorded on an analogue interlaced CCTV system, using quarter-frame
videotape. A series of still-frame images was extracted from a frame grabber and stored as
24-bit bitmap images in RGB colour space. The first image in the sequence is shown in
Figure 1.
The approach taken to the investigation, on behalf of the defence counsel, was first to
analyse the given digital image, then to gather as much information as possible on the
scene illumination, the colour of the car, and the response of the camera. The expectation
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was that if the spectral characteristics of each of these three elements could be determined
accurately then the image colour could be predicted and hence the validity of the CCTV
image tested.

2 Analysis of CCTV Image
The image of Figure 1 was analysed. It shows a rear view of the suspect car passing a
traffic island in the lower left of the picture. The scene is illuminated by a variety of street
lamps and building lighting. The digital image was examined using Adobe Photoshop.
The overall image size was 762 x 572 pixels, within which the bounding area containing
the car was approximately 70(W) x 80(H) pixels. Two small rectangular regions of the
paintwork above the licence plate on the car boot were isolated, the first on the rear-facing
surface (Figure 2) and the second on the upper surface. Within each area a histogram was
generated to show the distribution of pixel values, summarised in Table 1.

Figure 1. Frame from CCTV footage of suspect car in Quadrant Road, Hanley.

Area

Position

Size

Median
R,G,B

Median
L,a,b

Median
L,C,H

1

Rear

39x5=195

157, 138,
115

58, 5, 15

58, 16, 71

2

Top

39x3=117

65, 52, 32

23, 4, 15

23, 15, 75

Table 1. Pixel values derived from two areas on boot of car in CCTV image.
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The LCH values, converted from RGB by Photoshop, represent the lightness, chroma and
hue of the two surfaces. The lightness of the rear surface was higher, apparently due to
reflection from the glossy paint surface of an adjacent street lamp (to the left) and overall
from the distributed lighting above the camera. The lower lightness of the upper surface
was due to the absence of specular illumination, or reflection of the dark sky above. The
chroma and hue of the two surfaces were very similar, and the spread of the chromatic
components in their histograms was much smaller (see Figure 2). The colour corresponds
to a yellowish orange of moderate chroma.

Figure 2. Lightness (L*) distributions of an area of rear-facing boot surface (outlined
rectangle above licence plate). The chromatic components (a*,b*) exhibit little variance.
The CIE formulae for calculation of colorimetric L*,a*,b* values relate all colour stimuli to
a white reference, in order to simulate the response of the adapted human visual system.
Because no colour profile was included in the image file from the CCTV camera, the
Photoshop software assumed the default sRGB colour space, for which the reference white
is typical daylight at 6500K (also known as D65). The white reference is usually taken to be
the stimulus produced by a white surface (or highly reflecting object) in the scene under
the average illumination.
In this image an estimate of the white reference can be obtained from examination of the
white line on the road below the right tail light of the car. Some areas of the line are overexposed (R pixel values equal to the maximum of 255) but an average of five pixels within
the normal exposure range yielded mean R,G,B values of 249,232,192 corresponding to
L,a,b of 93,1,22, or L,C,H of 93,22,87. This indicates a strong yellow colour, probably
produced by the high-pressure sodium sources in the street lamps. All that can be said
from examination of the image in isolation is that the actual colour of the car appears to
have been less yellow than the illumination.
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3 Scene Illumination
A visit was made to the site at Quadrant Road by the Potteries Shopping Centre in Hanley
town centre. It was observed that the location of the car in Figure 1 was illuminated almost
entirely by two street lights, both mounted on tall poles approximately 6 metres in height.
Figure 3 shows the scene from behind the camera. The distance of the base of the nearer
(primary) light from the location of the suspect car was approximately 6m, and the
distance of the further (secondary) light was approximately 22m. Both lights were of the
high-pressure sodium type, which is used for its high electrical efficiency, but is wellknown to render colour rather poorly [5].

CCTV
camera

Primary
light

Secondary
light

Figure 3. Scene at Quadrant Road viewed from behind the pole on which the CCTV
camera was mounted.
The spectral radiance of the overhead light source was measured directly with a Specbos
Jeti 1200 spectroradiometer. This instrument records the power at each wavelength
throughout the visible spectrum, at 1nm intervals. Three readings were taken, and the
average determined as shown in Figure 4. It is evident that the majority of the power from
the lamp was in three narrow regions of the spectrum, with peaks at 571, 582 and 602 nm,
corresponding to yellow-orange hues. The luminance of a white card held in the position
of the rear boot panel of the suspect car was approximately 9 candela/m2 at a correlated
colour temperature of 1900K.
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Figure 4. Spectral power distribution of the primary overhead high-pressure sodium street
lamp (average of three measurements)

4 Analysis of Paint
The car known to have been available to the defendant, and suspected to have been driven
by him on the night in question, was a Vauxhall Carlton 1.8GL saloon, registered in 1989,
painted in its original colour of Monaco Blue. It was therefore possible to make a detailed
analysis of the reflectance of the paint.
Cans of aerosol spray paint were obtained from a Vauxhall dealer, and four test samples
were prepared. Two coats of the recommended neutral grey primer were applied to a sheet
steel base, followed by two coats of Monaco Blue metal-flake paint. On two of the samples
three coats of clear lacquer were also applied. The dark metallic finish of the paint proved
to be quite subtle in appearance, with the embedded metallic flakes giving the effect of a
very fine granular texture.
The samples when thoroughly dry were measured with a Gretag Spectrolino reflectance
spectrophotometer with a standard 45º/0º geometry, to determine their reflectance factor
at intervals of 10 nm throughout the visible spectrum from 380 to 730 nm. Ten
measurements were made at different locations on each sample. The mean results are
shown in Figure 5. The overall reflectance factor was quite low, with a single broad peak of
maximum value approximately 6% at a wavelength of 460 nm, indicating a dark blue
colour. At longer wavelengths the reflectance was only about half the peak value. The two
lacquered samples had very similar characteristics. The unlacquered samples were
different from one another, although both had a higher reflectance throughout the
spectrum than the lacquered samples, presumably because their lower gloss meant that
the reflected light was more widely diffused.
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Figure 5. Reflectance factors of four samples of Monaco Blue paint, plotted as a function of
wavelength. The two unlacquered samples exhibited a slightly higher reflectance,
corresponding to a lighter colour.
The spectral reflectance data were converted into tristimulus and chromaticity values
using the CIE (1931) system of colorimetry with an assumed D50 illuminant
(corresponding to warm daylight) and the 2-degree standard observer [8]. The results are
given in Table 2. The visual lightness (denoted L*) was in the range 21 to 24 (on a scale
from 0 = perfect black to 100 = perfect white), the chroma (C*) was in the range 11 to 12 (on
a scale from 0 = neutral to 100 = vivid), and the hue angle (h) was in the range 269 to 271
(on a circular scale 0 to 360 degrees). The paint colour could thus be characterised as a dark
blue of low chroma, exhibiting neither redness nor greenness.
Sample
Lacquered
G1
Lacquered
G2
Unlacquered
P1
Unlacquered
P2

X

Y

Z

x

y

L*

a*

b*

C*

h

3.30

3.43

4.54

0.2931

0.3043

21.7

-0.0
4

-11.
1

11.1

269.8

3.22

3.32

4.50

0.2912

0.3009

21.3

0.23

-11.
6

11.6

271.1

3.99

4.15

5.38

0.2948

0.3070

24.1

-0.2
2

-11.
3

11.3

268.9

3.45

3.59

4.86

0.2896

0.3017

22.3

-0.1
9

-11.
9

11.9

269.1

Table 2. Colorimetric values calculated from measured spectra of four samples painted
with Monaco Blue paint.
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One of the lacquered samples (G1) was further measured with a Bentham goniospectrophotometer, to determine how the reflectance spectrum changed with angle. The sample
was arranged so that the incident beam was at a fixed angle of 45 degrees to the surface
normal. The reflectance spectrum was recorded from the detector positioned successively
at a series of angles on either side of the specular angle. Figure 6 shows the reflectance
plotted against the angle between the incident and reflected beams, for the single
wavelength of 550 nm in the centre of the visual spectrum. A logarithmic scale is used on
the vertical axis.
Gloss Sample G1
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Figure 6. Relative reflectance of a painted and lacquered (glossy) sample as a function of
angle. There is a strong peak at the specular angle of 90 degrees.
The peak reflectance at the specular angle of 90 degrees was nearly two orders of
magnitude (100x) greater than the reflectance at 10 degrees off axis (80 and 100 degrees).
Near the specular angle the surface had the colour of the incident light rather than the
intrinsic material. Also the reflectance was higher at more obtuse angles (>100°) than at
acute angles (<80°), apparently because of the forward scattering of light from the
embedded metallic flakes.
Sample G1, prepared as described above, was a good simulation of the new finish of a car
painted in Monaco Blue. Because the scene was illuminated by yellowish light, however,
the apparent colour of the car in the image may have been dominated by the illumination
rather than by the painted surface itself. To prove whether a paint of a given spectrum
(such as Monaco Blue) would produce a given triplet of RGB values in the image it was
necessary not only to know the spectrum of the illumination falling onto the car panels,
but also to characterise the camera in terms of the responses of the RGB channels to a
range of colour stimuli.

5 Estimation of Camera Response
The CCTV camera at Quadrant Road is a relatively old Philips model, which has been in
place since before 1999. These cameras are now supported in the UK by Bosch Security
Systems, who provided technical information. The sensor, a charged-coupled device
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(CCD) array manufactured by Sony, was specifically designed for PAL colour video
cameras. Colour separation is performed by the integral mosaic filter array, but unusually
the filters are arranged not in the conventional three channels of red, green, blue (RGB),
but in four channels of cyan, magenta, yellow, green (CMYG), with spectral sensitivity
shown in Figure 7. These have the potential to give superior colour encoding accuracy, at
the cost of greater complexity and lower spatial resolution.

LDH0805 CCTV camera filter sensitivities
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Figure 7. Spectral sensitivity characteristics of the four channels of the Sony CCD sensor in
the CCTV camera, sampled at 10nm intervals.
A complex algorithm advised by Bosch was followed to convert sensor CMYG outputs
into the red, green and blue (R,G,B) signals generated by the camera when imaging the
panel painted in Monaco Blue illuminated by the high-pressure sodium lamp illumination.
First the response of the camera to the white card under the prevailing illumination from
the high-pressure sodium illumination was calculated, by multiplying at each wavelength
the measured radiance of the light reflected from the white card by the sensitivity of the
filter. The results were summed over the full spectrum for the four respective filters (Cy,
Ma, Ye and G). From these four signals were derived the luminance and chrominance
(Y,Cb,Cr) signals for television transmission, and from these the trichromatic (R,G,B)
signals to drive the display primaries. These signals represent scene luminance, scaled to
the electrical drive range 0–400 mV. Finally, the R,G,B signals were corrected for the white
balance of the camera, which automatically adjusts its response in order to make the
overall average scene colour grey.
The resulting values showed that the corrected R,G,B signals were very nearly equal to one
another, representing a dark grey colour, agreeing with the colorimetric prediction of the
CIELAB formula. The white balance adopted by the camera was assumed to correspond to
high-pressure sodium illumination across the entire scene. This is a reasonable
approximation, although from Figure 1 it is clear that the scene was complex with many
sources of illumination, some of which were fluorescent lamps with different spectra and
white balance. These latter seem to have contributed no more than 10% of illumination to
the total scene captured by the CCTV camera.
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6 Conclusions
A detailed investigation and complex process of analysis was performed on the image
captured by the CCTV camera. This involved a visit to the site, measurement of the
spectral power distribution of the scene illumination, and measurement of the reflection
spectra of painted metal panels and colour targets. Also the response of the camera was
modelled, based on the sensitivity of its four channels at 10nm wavelength intervals
throughout the visible spectrum. The standard practices of colorimetry were carefully
applied to calculate how an observer would see the colour of each object under the
prevailing illumination.
No definite conclusion could be reached, however, and it was difficult even to determine
whether or not the suspect car was blue, let alone whether it was specifically Monaco Blue.
Some reasons for the uncertainty were as follows:


The scene illumination was complex, with many sources casting light onto the
location from many different angles. Although the majority of light was cast by the
“primary lamp” nearby, the variable and changing geometry of a car body moving
along the road made it difficult to determine exactly how each body surface was
illuminated.



The scene illumination was produced mainly by high-pressure sodium lamps which
are notoriously poor in rendering colour, because they have a spectral power
distribution far from the broadband uniform quality of daylight. There was
consequently a strong yellowish orange colour cast over the entire scene, under
which most colours tended towards lighter or darker shades of orange.



Standard CIE colorimetry was problematical in this application because it was
actually a mesopic viewing environment, in which the vision of an adapted observer
would have experienced a contribution to luminance from the retinal rod
photoreceptors. Under these conditions mesopic photometry [2] should be employed
rather than the conventional photopic methods. Also it was not obvious which white
reference should be adopted under such conditions of mixed illumination.



The CCTV camera proved to be far from ideal in a number of important respects:
o Its optics were poor, leading to distortion and loss of focus in the periphery. Optical
point spread produced a substantial halo around bright points in image (see, for
example, the car’s tail lights in Figure 1, which should be square);
o Its behaviour was not easily characterised because it constantly adapted exposure
settings to the changing scene, both the level of illumination and colour balance
(relative gain of the three channels);
o The derivation of the colour signals was very complex and difficult to model from
insufficiently detailed performance data available from the manufacturer;
o The sensor was limited to standard television resolution, with interlaced raster
scanning, and did not resolve fine detail well. Spatial resolution was further
reduced by the quarter-frame analogue video recording technique;
o The image was anamorphic, compressed horizontally by approximately 10%;
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o There was a substantial level of noise in the images, from both thermal noise in the
sensor and grain noise in the magnetic videotape. It was evident visually as a
graininess in areas of uniform tone and colour, which caused a significant statistical
spread of pixel values;
o Encoding of the sensor colour channels into the luminance and chrominance
signals of the PAL television system greatly reduced the colour fidelity;
o It was not certain whether or not an infra-red (IR) cut-off filter was in place when
the images were captured. This could have substantially changed the signal
strength in the red channel;


The age and obsolescence of the camera may have meant that its behaviour had
drifted from the original specifications provided by Sony and Philips;



No metadata about the camera settings were stored with the image, making it
difficult to ascertain the operating state of the camera when the image sequence was
captured, and equally difficult to set the camera to the same operating state for
characterisation.

From the viewpoint of the defence in the trial, this uncertainty surrounding the
identification of the colour was felt to be an advantage, because it meant that the
prosecution could not prove without doubt the colour of the suspect car in the original
CCTV recording. It may indeed have been blue, but in practice it was difficult to prove
that it was blue, and impossible to prove that it was specifically Monaco Blue. The fact was
that the pixel values in the image could have been produced by various car body colours,
ranging from silver to strong blue. There were so many sources of uncertainty in the
identification, that the assertion of Monaco Blue had to be regarded as speculative at best.
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Appendix: Quality issues with videotape recording
There has long been concern about the degradation of image quality caused by recording
on analogue videotape. Custance et al. [3] noted that even high specification videotape
formats such as Umatic are prone to stretching and drop-outs. With a small number of
recording cycles (say 10), moreover, the picture can exhibit frame-to-frame pixel jitter or
drift in the order of 2 to 3 pixels. McLeod [7] observed that a standard videotape recorder
has a bandwidth that limits the resolution of the recorded image to 300–350 lines, and that
worn tapes and poor maintenance of the video recording heads are the most common
reasons for poor images.
Mather and Neil [6] investigated the assumption that videotapes should be used no more
than 12 times, after which the image quality becomes degraded. They found that the use of
a fixed number is unreliable because even high quality tapes may fail before as few as four
passes, whereas for others more than 20 plays may be obtained, a variance due in part to
the environmental control room conditions at different sites.
The Home Office has encouraged the proliferation of CCTV cameras as part of its efforts to
control crime and disorderly behaviour, with the implicit assumption that more cameras
must mean more deterrence. A recent report, however, notes that the technical
specification of a system may well impact on its effectiveness [4]. Everything depends on
the quality of the captured image, the deficiency of which is very difficult to recover later
in the image processing chain [1].
The transition in recent installations to higher quality cameras and digital video recording
has undoubtedly resulted in systems that yield better image quality. But, as this study has
shown, the imagery from the huge installed base of analogue CCTV systems has serious
quality limitations that compromise its use in criminal investigations. Even if the images
were perfect, the problems of interpreting surface colour under illumination of low colour
rendering index would persist.

