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Abstract—A CCD-based measuring instrument aimed at the
veiling luminance estimation and the relative low-cost calibration
method are described. The system may allow the estimation of
the optimum luminance levels in road-tunnels lighting, thus both
increasing the drivers safety and avoiding energy wasting hence
unjustiﬁed higher lighting-costs.

I. I NTRODUCTION
“The aim of tunnel lighting is to ensure that users, both
during the day and by night, can approach, pass through,
and exit the tunnel without changing direction or speed with
the degree of safety commensurate to that on the approach
road” [1].
In tunnels lighting, the threshold zone lighting – the lighting
of the ﬁrst part of the tunnel, directly after the portal – plays
a key role in trafﬁc safety being the lighting of the threshold
zone of the tunnel which allows drivers to see into the tunnel
whilst in the access zone, thus avoiding drivers experiencing
the hazardous “black hole” effect. As a result, the tunnel
lighting has to adapt to the external lighting level, hence,
the minimum access-zone luminance varies with changes in
day-light conditions. Therefore, during the day, the luminance
levels in the threshold and transition zones need to be constant
percentages of the luminance in the access zone. Higher
access-zone luminance level will results in energy wasting and
higher costs and may lead to the driver dazzle too. Therefore,
it is necessary to provide automatic control of the artiﬁcial
lighting in these zones.
Standards and recommendations of European Commission,
PIARC and other professional bodies of the European Union
deﬁne minimal technological requirements for equipment and
operation of the tunnels in scope of Trans-European Road
Network. Italian tunnel lighting is regulated by the UNI 11095
national standard [2]. In accordance with CIE 88-1990 [3],
daytime lighting requirements of long tunnels may be determined from the estimation of the veiling luminance Lv .
In this paper, we propose to use a camera system connected
to a personal computer in order to estimate the veiling luminance. The developed measuring system has been calibrated
by using a luminance standard realized exploiting a reﬂectance
standard illuminated by a xenon lamp.
After a brief review of both the tunnel-lighting normative context (section II) and theoretical background (section III), the
developed measuring system and calibration method will be
presented in sections IV and V respectivelly. Then, calibration
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results demonstrating the applicability of the proposed calibration method are reported in subsection V-B and conclusion are
drawn in section VI.
II. T HE NORMATIVE CONTEXT
In daylight condition, it is essential to know the luminance
in the access zone of the tunnel in order to verify if the
standard recommendations are respected. As previously stated,
Italian tunnel lighting is regulated by the UNI 11095 national
standard [2]. From UNI 11095, the required luminance levels
in the entrance zone of the tunnel may be determined from
the estimation of the veiling luminance Lv [2]:
Lv = Lseq + Latm + Lwinds .

(1)

where:
● Lseq : equivalent veiling luminance as a result of the
straylight in the optical media of the visual system;
● Latm : veiling luminance as a result of the straylight in
the atmosphere;
● Lwinds : veiling luminance as a result of the light scattered
in the vehicle windscreen.
The UNI 11095 standard deﬁnes also the measurement
procedure for the Lseq , Latm and Lwinds estimation.
The windscreen veiling luminance Lwind could be directly
estimated from the Lseq [2]:
Lwind = 0.4 ⋅ Lseq ,

(2)

The atmospheric veiling luminance Latm , could be estimated
as [2]:
Eh
Latm = k2 ⋅
,
(3)
Vm
where k2 is a constant, Eh is the horizontal illuminance expressed in lux, and Vm is the meteorological visibility (visual
range) expressed in meters. Also the Eh and Vm values could
be estimated from measured or tabulated data [2]. However, a
typical sunny day Latm value is in general lower with respect
to the Lseq value. Moreover, the Eh and Vm measurement
procedures indicated by the UNI 11095 standard are quite
bulky and complex, thus the Latm is usually estimated from
the tabulated data.
As a result, the key quantity for the Lv estimation is the
equivalent veiling luminance Lseq . In order to easily estimate
the Lseq value, the UNI 11095 standard provides a polar

diagram similar to the one depicted in Fig. 1. Then, observing
the tunnel from an height to the ground of 1.5 m, a distance to
the tunnel equal to the stopping distance SD [2] and making
the centre of the polar diagram overlap with the tunnel portal,
the Lseq value could be estimated as [2]:
9

12

Lseq = k1 ⋅ ∑ ∑ Lij ,

(4)

i=1 j=1

where k1 is a constant, i and j are the indexes of rings and
sectors respectively, and Lij is the average luminance emitted
by the j th sector of the ith ring.
Also the Lij values of (4) could be estimated from tabulated
data or measured. The tabulated values of luminance for
various typical surfaces are provided by empirical studies
(CIE 88-1990 [3]), and are understood to represent with a
sufﬁcient frequency of time during the year for most common tunnel conditions. Hence, exploiting the tabulated Lij
values allows statistically providing safety for the drivers and
avoiding energy wasting and unjustiﬁed higher lighting-costs.
Nevertheless, it is straightforward to observe that sunny or
cloudy days may result in safety reduction or energy wasting
and higher lighting-costs respectively. Consequently, from any
point of view the measurement of the Lij values may provide
better lighting performances.

Hence, in the following three reference systems are used:
the world coordinates (x, y, z) relative to the objects, the
camera coordinates (x′ , y ′ , z ′ ) relative to the image and, the
pixel coordinates (c, r) – c and r are the row and column
indexes respectively – relative to the photosensors array. In
such coordinate systems, the x′ axis is aligned with the optical
axis of the camera system, θ is angle of incident light to the
system optical axis and the distances of the object from the
objective front focal point and of the image from the back
focal are referred with d and d′ respectively.
The analysis of relation between the object luminance
L(x, y, z) and the relative grey level g(c, r) provided by a
monochrome camera could be divided into two steps, thus
analysing the relation between the luminance L(x, y, z) of
the object and the illuminance E ′ (y ′ , z ′ ) of the image on the
image-plane ﬁrst. Then, analysing the relation between the
E ′ (y ′ , z ′ ) impinging on the photosensor array and the relative
grey level g(c, r).
An optical system can be properly approximated as a linear
shift invariant system. Therefore, it can be described by a
point spread function (psf) and the illuminance on the image
plane is given by convolving the object luminance projected
onto the image plane with the psf [4]. Hence, there is a
biunique correspondence between the L(x, y, z) and E ′ (y ′ , z ′ )
quantities.
Under far ﬁeld condition (d ≫ f , d′ ≪ f ; being f the focal
length of the optical system), the illuminance E ′ (y ′ , z ′ ) on
the image plane developed by a Lambertian radiator having
luminance L(x, y, z) could be approximated as [4]:
E ′ (y ′ , z ′ ) = T ⋅ π [

Fig. 1. Polar diagram similar to the one provided by UNI 11095 standard for
the Lseq estimation process. Such as the UNI 11095 standard polar diagram,
it is composed of 9 rings each one divided in 12 sectors; the outer sector
subtending an angle of about 28° with the apex at the position of the eye
of an approaching driver distant SD and aimed at the centre of the tunnel
entrance. The diagram is pruned in order to take into account the stop effect
provided by the vehicle windscreen.

III. T HEORETICAL BACKGROUND AND THE PROPOSED

(5)

where f /# is the f -number of the optical system. Hence, the
object luminance could be easily estimated from the image
illuminace regardless to the actual object distance d.
On the other hand, the illuminance E ′ (y ′ , z ′ ) at the image
plane is revealed by a suitable sensor (usually CCD) and
converted into an electrical signal at discrete positions. Therefore, using the pixel coordinates (c, r), the relation between
E ′ (y ′ , z ′ ) collected by the considered photosensor (r, c), and
the provided grey level g(c, r) – the digital number – is [4]:

MEASUREMENT METHOD

From (4) it is straightforward to observe that the Lseq estimation requires the estimation of any of the Lij luminances.
Actually, even considering a cosine corrected system – a
system responding equally to radiation at any point across
its surface and from any angle θ – the Lseq may not be
directly estimated using a simple photodiode. This is due to
the fact that the sectors areas of the polar diagram used in (4)
are not constant, thus the equivalent veiling luminance Lseq
is, in general, not directly proportional to the average object
luminance, but the luminances relative to different sectors have
to be differently weighted for the Lseq estimation.
The easiest way to differently weigh different object area
is to exploit a camera system. Therefore, the proposed veiling
luminance measurement method is based on a camera system.

L(x, y, z)
] ⋅ cos4 θ ,
(f /# )2

g = t∫

y ′ + 21 Δy ′

y ′ − 12 Δy ′

∫

z ′ + 12 Δz ′

z ′ − 12 Δz ′

∫

λ2

λ1

Rλ (λ)⋅Eλ′ (y ′ , z ′ ) dλdz ′ dy ′ ,

(6)
where, c and r are the indexes of the considered pixel, Δy ′
and Δz ′ are the pixel horizontal and vertical dimensions
respectively, [λ1 , λ2 ] is wavelength range of the image illuminance, Eλ′ is the image spectral illuminance, Rλ (λ) is the
digital sensor spectral responsivity relative to the (r, c) pixel
and t is the exposure time. Equation (6) has been obtained
considering an array composed of identical photosensor –
Rλ (y ′ , z ′ , λ) = Rλ (λ) –, neglecting any noise and supposing
that the image illuminance E ′ (y ′ , z ′ , λ) (the object luminance
L(x, y, z, λ)) did not change during the exposure time t.
Concluding, from (5) and (6), g(c, r) is proportional to
E ′ (y ′ , z ′ ), thus to the L(x, y, z). However, even though

Rλ (r, c, λ) is with good approximation usually the same for
all the pixel composing the CCD array [4], the photosensors
responsivity R = g/E ′ is generally known with high uncertainty. Moreover, from (5), it is straightforward to observe
that the image generated by a spatially-constant luminance
Lambertian radiator falls off with cos4 θ. Since the value of
cos4 θ falls rapidly as the angle θ increase, lens objective
system are designed to partially compensate the marginal
image illuminance reduction due to the cos4 θ law [5]. Thus
calibration of the camera systems is usually required.
It is important to notice that, even though the UNI 11095
standard did not deﬁne the maximum admissible measurement
uncertainty, the accuracy required for the Lseq estimation
process is implicitly low. As a matter of fact, as previously
stated, the Lseq estimation may also be based on tabulated
data, thus allowing high-uncertainty estimation. Moreover, in
a wide range of luminance values, humans can not resolve
relative luminance differences lower than 2% [4].
IV. T HE DEVELOPED MEASURING SYSTEM
The polar diagram of Fig. 1 and the calculation method
reported in (4) are intended to provide an estimation of
the average luminance contained in a conical ﬁeld of view
analogous to the one of an approaching driver, thus the
camera system CS has to be designed in order to provide a
ﬁeld of view as close as possible to one shown in Fig. 1.
Then, from (5) and (6), it is straightforward to observe
that a biunique relation exist between the object luminance
L(x, y, z), the image illuminance E ′ (y ′ , z ′ ) and the grey
level g(c, r) provided by a monochrome camera. Hence, the
veiling luminance Lseq may be easily estimated by analysing
the image/s provided by a calibrated camera system. It is
important to notice that the Lseq estimation process described
by (4) is interested in the average object-sectors luminance
Lij only, thus resulting quite insensitive to blurring, geometric
distortion and optical aberrations. Therefore, also low-cost
optical components could be exploited for the development
of the veiling luminance measuring instrument. As a result,
the proposed measuring system is simply composed by a
camera system (CS) connected to a personal computer aimed
at analyzing the obtained images according to both the polar
diagram shown in Fig. 1 and (4).
A. The camera system
Preliminary measurements have been performed exploiting
a FireWire monochrome camera (model DMK 21AF04, The
Imaging Source, Germany). The DMK 21AF04 camera uses
a 1/4′′ CCD solid-state image sensor (model ICX098BL,
Sony, Japan) with a square pixel array (CCD diagonal dimension equal 4.5 mm), thus a f = 4 mm focal length
objective (T 0412 FICS-3, , The Imaging Source, Germany)
has been chosen in order to obtain a ﬁeld of view (f.o.v.)
analogous to the one shown in Fig. 1. A picture of the camera
system (DMK 21AF04 FireWire monochrome camera and
T 0412 FICS-3 objective) is shown in Fig. 2.

In order to reduce the system sensitivity to the NIR (near infrared) spectral components, a UV-IR-CUT optical ﬁlter (model
486, The Imaging Source, Germany) has been placed in front
of the T 0412 FICS-3 objective, thus giving rise to the overall
camera system CS.
Even thought, the Lseq estimation process is quite insensitive to blurring, the minimum object distance dmin for an
aberration-free optical system could be roughly estimated
as [4]:
dmin ≈

f2
(4 ⋅ 10−3 m)2
=
≈ 1.2 m ,
2 ⋅ f /# ⋅  2 ⋅ 1.2 ⋅ 5.6 ⋅ 10−6 m

(7)

where  is the CCD square-pixel lateral dimension. Being
the stopping distance SD of the order of tens of meters, the
developed CS is able to properly image the tunnel scene.
Normally, the object is not a monochromatic radiator, thus
the image. Therefore, in order to perform an estimation of the
object luminance, the overall spectral responsivity Rλ−T OT (λ)
of the CS (optics, ﬁlter and photodetector) has to be as close
as possible to the photopic CIE Standard Observer function
V (λ) [4], [6], [7]. Actually, monochrome camera systems
(optics and CCD detector) are designed in order to provide
grey levels that represent the objects as close as possible
as they would have been seen by an observer. Moreover, as
previously stated, the Lv estimation process does not require
high accuracy, thus allowing us to arbitrary suppose that
the CS spectral responsivity Rλ−T OT (λ) perfectly match the
V (λ) curve shape. Obviously, no photometers can be matched
perfectly to the V (λ) function. Nevertheless, the degree of the
spectral mismatch with the V (λ) function may be evaluated
by the term f1′ given in the CIE Publication 69 [8] (the term
f1′ is an evaluation index and cannot be used for correction
purposes).
B. Camera settings
It is straightforward to observe that the image illuminance
E ′ (y ′ , z ′ ) is inﬂuenced by the objective settings even under the
far ﬁeld condition (d ≫ f , d′ ≪ f ) of (5). As a result, before
starting the calibration activities, the objective focusing and
iris aperture have to be properly set.
Because the CS has to be placed at a distance to the tunnel
equal to the stopping distance SD, the focusing has been set
in order to obtain a working distance similar to the stopping
distance SD (about 120 m) (depth of ﬁeld at least from SD
to inﬁnity).
The iris aperture has been set in order to avoid the CCD
photosensor saturation. The used DMK 21AF04 camera allows
exposure time t ranging from 2−13 s to 25 s. Therefore, in
order to choose the proper iris aperture, the exposure time
was set to 2−12 s and the iris aperture has been empirically
set as maximum aperture that avoids both grey level saturation
and blooming once the system was exposed to direct summersunlight. As shown in Fig. 2, a plastic ring has been added in
order to both ﬁx the objective settings and reduce the straylight effects.

(a)

(b)
Fig. 2. The used camera system. It is composed by the DMK 21AF04
FireWire monochrome camera and T 0412 FICS-3 objective. As shown in
(b), a grey plastic ring has been added in order to ﬁx the objective settings.
The plastic holder allows ﬁxing the UV-IR-CUT optical ﬁlter also.

V. T HE PROPOSED CALIBRATION METHOD
Calibration of imaging system requires a luminance standard – homogeneous calibrated light source – or a reference
calibrated imaging system; our calibration method makes use
of a measurement standard.
A luminance standard is traditionally established using a
diffuse reﬂectance or transmittance standard – opal glass,
integrating sphere or reﬂectance standard – and a luminous
intensity standard lamp.
Opal glass, illuminated by a known level of illuminance, has
been the most widely used luminance standard because of
its low cost, long-term stability, and ease of handling [7].
Despite the simplicity of the device, accurate measurements
with an opal glass are complicated since it is sensitive to stray
light from both sides of the glass and extreme care should be
taken to minimize ambient reﬂection from the front and the
back sides [7]. Moreover, an opal glass should be carefully
uniformly illuminated over its entire surface area [7].
On the other hand, integrating sphere may establish a luminance standard with less uncertainty and difﬁculty than the
traditional method using a diffuse reﬂectance or transmittance
standard [7]. As a matter of the fact, imaging sensors are
usually calibrated using integrated spheres [4], [9]. However,
integrating spheres are expensive (about few thousands euros),
thus not fulﬁlling the low-cost calibration method requirement.
Hence, the CS has been calibrated by using a certiﬁed Lambertian diffuser reﬂectance standard LRS (model SRS-99-020,
Labsphere, USA) (cost about two hundreds euros).
A. The calibration method
As previously reported, given the camera system CS, ﬁxed
the objective settings and under the far ﬁeld condition (d ≫ f ,
d′ ≪ f ), the grey level g(c, r) is biuniquelly related to the
object luminance L(y, z).

Actually, for the dark part of the image, the relative luminance
resolution of a CCD system is usually lower than that of
human eyes, thus video cameras generally convert the impinging illumination E ′ not linearly, but with some nonlinear
functions such as the Gamma correction or the Logarithmic
transform [4]. Obviously, such nonlinear functions routine
have to be disabled in order to properly estimate the Lseq .
As previously reported in section II, the relation between the
measurand L(x, y, z) and the system output g(r, c) depends on
both the optics of the system (5) and the pixel responsivity (6),
thus theoretically requiring the estimation of the responsivity
of any of the pixels composing the CCD array. Actually,
CCD arrays show a certain degree of nonuniform response
of individual pixels, which could be described by two terms:
different dark signal (ﬁxed pattern noise, FNP) and a different
responsivity (photoresponse nonuniformity, PRNU) [4]. However, FPN is generally remarkably low (about 0.04% of the full
grey value range), and PRNU is also very low (typically the
responsivity standard deviation is about 0.3%) [4]. As a result,
the shape of the calibration diagram is mainly determined
by the residual cos4 θ behaviour, hence it is not necessary to
estimate the responsivity of any of the pixels composing the
CCD array.
The geometry of the used calibration method is shown
in Fig. 3. The LRS was uniformly illuminated by a 75 W
xenon lamp system (model 6251, Oriel, USA) at nominal
normal incidence, and the illuminance E0 on the diffuser
surface was measured using a reference photometer (model
HD 9221, Delta OHM, Italy). As shown in Fig. 3, the CS was
placed at a 45° angle with respect to the diffuser LRS, thus
avoiding collecting the specular reﬂection components of real
Lambertian diffusers [7].
Then, the object luminance L was simply estimated as [4],
[6]:
ρ ⋅ E0
L=
,
(8)
π
where ρ = 0.9880 ± 0.005 is the LRS-diffuser average
reﬂectance-factor in the visible range.
l
LRS

z
y

h

CS
x

45°
LA
Xenon lamp

Fig. 3. Experimental setup used for the calibration activities. The LRS was
illuminated by the xenon lamp that provides an uniform illuminance E0 onto
the Lambertian diffuser surface. The limiting aperture LA allows illuminating
the LSR only, thus reducing the stray-light collected by the CS. The CS was
moved in the (y, z) plane, thus allowing calibrating the CS for different object
positions.

On the other hand, the grey level was assessed by a spatial

average. Hence, in order to reduce the noise due to: i)
the xenon-lamp illuminance E0 and LRS reﬂectivity spatial
inhomogeneities and, ii) small dirt particles on the objective,
the cover glass of a CCD sensor and the IR cutoff ﬁlter, the
grey level was estimated performing a “spatial-average” on a
CCD area of about Δc ⋅ Δr pixels, thus giving rise to spatialaverage grey level gs−m (c0 , r0 ):
⎤
c0 + 12 Δc ⎡ r0 + 12 Δr
⎥
⎢
1
⎥ , (9)
gs−m (c0 , r0 ) =
⋅ ∑ ⎢
g(c,
r)
∑
⎥
⎢
Δc ⋅ Δr c=c0 − 1 Δc ⎢r=r0 − 1 Δr
⎥
⎦
⎣
2
2
where (c0 , r0 ) are the coordinates of the centre of the
considered rectangular area.
Then, in order to reduce the noise due to: i) the CCD, ii)
the reference photometer used for the E0 estimation and, iii)
temporal ﬂuctuation the of xenon-lamp illuminance E0 , the
obtained gs−m values were averaged over Nf frames, thus
giving rise to the temporal-average grey level gt−m :
gt−m (c0 , r0 ) =

140
120

(10)

(i)
gs−m (c0 , r0 )

is the gs−m (c0 , r0 ) value relative to the
where,
i aquired frame.
Finally, for all the investigated L values ranges, the exposure
time t was set in order to virtually exploit the full grey
value range without reaching the sensor saturation, thus further
reducing the CCD noise [4].
th

Fig. 4. Snapshot acquired using the CS; the picture has been obtained
with a CS to LRS distance l ≈ 100 cm and tilting the LRS orthogonal to
the CS optical axis. As shown in Fig. 3, moving the CS it is possible to
calibrate different points. The white-line rectangle overlapped to the LRS
image, underlines the pixels considered in the spatial-average grey level
(gs−m ) estimation.

150

Nf

1
(i)
⋅ ∑ gs−m ,
Nf i=1

gs-m

B. Results
Activities have been performed accordingly to the calibration method previously described in subsection V-A.
Even though the responsivity of photometers is known to
change depending on the temperature of their components,
the environmental temperature was neither controlled nor measured. Nevertheless, both the CS, the reference photometer and
the xenon lamp system have been set up in its measurement
location with their power turned on for at least 1 h before
measurements.
In order to satisfy the far ﬁeld condition and reduce blurring,
the LSR has been placed at a distance l of about 150 cm
from the CS. As shown in Fig. 4, the CS was moved in the
(y, z) plane, thus obtaining the formation of the LRS image
on different positions of the CCD detector. The grey levels
relative to the LRS image displayed in Fig. 4 are shown in
Fig. 5.
As an example, Table I reports the estimated CS responsivity
RT OT −e for different object position. According to subsection V-A, the estimation of the LRS luminance L has been
performed by means of (8).
On the other hand, the grey levels have been assessed by
(i)
a tempo-spatial average. The grey levels gs−m have been
estimated performing a spatial-average on a CCD area of about
Δc = 20 and Δc = 10 pixels. Then, they have been averaged
over Nf = 100 frames, thus obtaining the temporal-average
grey levels gt−m (c0 , r0 ). In order to further reduce the CCD
noise, the CCD exposure time t was experimentally set to fully
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Fig. 5. Grey levels relative to the LRS image displayed in Fig. 4. In the
(c, r) pixel coordinates system, the (0, 0) coordinate refers to the center of
the CCD.

exploiting the dynamic range (grey value) without reaching the
sensor saturation (t = 2−6 s).
From (8), the RT OT −e has been estimated as:
RT OT −e (c0 , r0 ) =

gt−m (c0 , r0 )
,
ρ ⋅ E¯0 /π

(11)

where E¯0 is the mean of the NE0 = 3 E0 -values recorded during the acquisition of the Nf frames relative to the considered
gt−m (c0 , r0 ):
E¯0 =

N

E0
1
∑ E0 .
NE0 i=1

(12)

Of course, the RT OT −e values are affected by uncertainty.
Thus, the combined standard measurement uncertainties associated to the RT OT −e values have been estimated applying the
analytical procedure suggested by the International Standardization Organization [10] to (11). The considered sources of
uncertainty have been: the uncertainty associated with both the
LRS average reﬂectance-factor and the HD 9221 photometer,
and the experimental standard deviation of the gs−m , gt−m and
E¯0 quantities.
Table I reports the RT OT −e values and the relative estimated
standard uncertainty.
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−1 −1
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Fig. 6. Nine-points calibration diagram obtained using the calibration method
described in subsection V-A. In the normalized cn and rn pixel coordinates
system, the (0, 0) coordinate refers to the centre of the CCD, whereas the
−1 or 1 coordinate refers to the CCD boundaries.
TABLE I
E STIMATED RT OT −e VALUES EXPRESSED IN (m2 /kcd). I N THE
NORMALIZED cn AND rn PIXEL COORDINATES SYSTEM , THE (0, 0)
COORDINATE REFERS TO THE Δr ⋅ Δc PIXEL AREA IN THE CENTRE OF THE
CCD, WHEREAS THE −1 OR 1 COORDINATE REFERS TO THE CCD
BOUNDARIES . T HE RT OT −e VALUES HAVE BEEN OBTAINED USING A
PIXELS AREA Δc ⋅ Δr EQUALS TO 20 X 10, A NUMBER OF FRAMES Nf
EQUAL TO 1000, AND AN EXPOSURE TIME t EQUAL TO 2−6 S .

rn = −1
rn = 0
rn = 1

cn = −1

cn = 0

cn = 1

101.00 ± 4.4%
110.02 ± 4.4%
101.28 ± 4.3%

113.09 ± 4.4%
119.17 ± 4.4%
114.22 ± 4.4%

104.81 ± 4.3%
108.32 ± 4.4%
107.27 ± 4.4%

VI. D ISCUSSION AND C ONCLUSIONS
In road-tunnels lighting ﬁeld, the real-time measurement
of the veiling luminance may allow the estimation of the
optimum luminance levels, thus increasing the drivers safety
and avoiding energy wasting and unjustiﬁed higher lightingcosts or driver dazzle.
In this paper, we propose a low-cost system and calibration
method for veiling luminance estimation. The calibration cost
may be probably further reduced by using lower cost camera.
Although, the light-source-cost is common to opal glass and
integrating sphere methods also, cheaper light sources such
as halogen lamp may be used. As a matter of the fact, under
the (optimistic) hypothesis that the CS spectral responsivity
Rλ−T OT (λ) perfectly matches the V (λ) curve shape, the
calibration process results insensitive to the actual lamp colour
temperature. Moreover, also cheaper Lambertian diffuser –
white paper – may be used. However, the estimation of the
reﬂectance factor ρ of the uncalibrated reﬂectance standard
may result in a non-trivial task.
Actually, most surfaces display a combination of specular
and diffuse behaviour, with the specular becoming increasingly noticeable for large angles of incidence and observation
(measured from the surface normal), which is particularly the
case for road surfaces [11]. Although the proposed calibration
activities have been performed by using a Lambertian-diffuser
reﬂectance standard (LRS), the developed measuring system
is only little affected by the actual optical behaviour of the

imaged objects. Such is due to the fact that the CS has been
designed in order to provide a f.o.v. analogous to the one of
Fig. 1, thus, in turn, analogous to the one of an approaching
driver. As a result, the calibrated CS collects almost the same
luminance as it will be collected by the approaching driver.
Calibration activities make use of a LRS simply because its
luminance may be easily estimated using (8).
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