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Abstract. A novel proposal for low-cost photometric testing of automo-
tive headlamps is presented, using a combination of well-known optical
metrology principles. Deflectometric measurement techniques and CCD-
based photometry permit the precise measurement of the energy distri-
bution and the direction of propagation on a plane close to the head-
lamp, while simple image-processing techniques permit the far-field
photometric distribution on a distant plane to be reconstructed from the
near-field data measured. The setup constructed and the main calibra-
tions involved are presented, and results for different headlamp models
are shown. The technique may be applied to light sources other than
headlamps in order to calculate far-field distributions on any predefined
surface of interest from near-field measurements. © 2006 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.2213622�
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1 Introduction

At a time when mortality and morbidity problems linked to
the mobility of citizens are one of the main concerns in
industrialized countries, driving at night is still dangerous.
Despite all technological advances, it has been shown that
similar numbers of deaths in traffic accidents occur during
the day and at night, although at night only 25% of the
traffic is on the road.1 This fact has led to different techno-
logical improvements, including the development of night-
vision systems for automobiles,2 which, at present, are
mostly addressed to high-end vehicles. Automotive lighting
and headlamps in particular are still the most effective aid
for the majority of drivers at night, including coach and
truck drivers.

Current commercial headlamps are complex-shaped ex-
tended light sources that must comply with a series of re-
quirements, both in passing- and in driving-beam condi-
tions. Specific regulations governing the photometric
distribution that must be attained exist in different regions
of the world, by which headlamps are classified into differ-
ent categories �symmetrical, asymmetrical, sealed beam,
gas discharge, etc.�.3–5 These tests, for all headlamp types,
involve the measurement of the photometric distribution of
the headlamps in far-field conditions, usually on a plane at
a distance of 25 m from the headlamps and orthogonal to
the direction of the vehicle. Such tests are carried out in
photometric tunnels, which are specially designed facilities
in which the headlamp is placed on a mechanical goniom-
eter and its distribution is measured by a high-accuracy
photometer at the other end of the tunnel. Such facilities are
rare, expensive to rent, and usually far away from the de-
a0091-3286/2006/$22.00 © 2006 SPIE
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igner’s or manufacturer’s facilities. At a time when new
eadlamp designs and sources are put onto the market in
uick succession, it is essential to reduce the number of
imes the photometric tunnel is used to validate new head-
amp designs.

Different approaches to the problem have been proposed
n several patents,6,7 which is an indication of the techno-
ogical relevance of the problem. Some of these patents
ave managed to reach the market, for both headlamp vali-
ation and alignment. A common way of reducing visits to
he photometric tunnel and even of carrying out alignment
esting on the quality-control workbench has been to reduce
he length of the instrument by placing the headlamp at the
ocal point of a large-diameter positive lens �either refrac-
ive or Fresnel-type�, in order to measure the projected en-
rgy distribution on a nearby screen. The critical alignment
f the headlamp behind the lens and the uncontrolled effect
f the aberrations of the lens �mainly distortion� on the
hotometric distribution obtained are the main drawbacks
f this so-called reduced workbench approach. Other ap-
roaches, such as compact goniometers, are very expensive
ue to their mechanical complexity.

In this paper, we present a new, cost-effective technique
ased on sampling the near-field energy distribution using a
ombination of deflectometric and photometric techniques,
hich make it possible to quantify the amount of energy

raveling in each direction, using a calibrated CCD camera
s a light-sensing unit. Image-processing techniques can
hen be used to reconstruct the photometric distribution on
ny surface, and specifically on a plane at a distance of
5 m. The measurement procedure, however, would enable
he photometric distribution to be determined for a surface

t any distance, and the unit developed could also be used

June 2006/Vol. 45�6�



t

w
u
u
X
a
i
t
s
m

i
e
m
t
p
i
m
d
e
t
r
s
s
a
a
t

C
a
b
a
i
c
t
p
t
r
fi
s
c
s
u

3
T
c
a

3
A
c
a
a
t
c
T
s

Royo et al.: Compact low-cost unit for photometric testing¼
to characterize other types of light sources, such as lumi-
naires, LEDs, or automotive side and tail lights, using the
same measurement principle with small adjustments in the
sensor �if necessary�.

The paper is divided into five sections in addition to this
Introduction. In Sec. 2 the main features of the measure-
ment principle are presented, and Sec. 3 is devoted to the
presentation of the setup built for the unit and to the de-
scription of the calibrations needed for the sensor’s proper
functioning. Section 4 describes the theoretical model and
experimental setups used for the photometric calibration of
the unit, and Sec. 5 presents the far-field photometric dis-
tributions measured with the unit for an asymmetrical and a
symmetrical headlamp. These measurements are compared
with reference measurements performed in a 25-m photo-
metric tunnel where photometric validation tests of com-
mercial headlamps are performed daily. Section 6 sums up
the main conclusions of the work.

2 Measurement Principle
The development of a compact unit relies on an accurate
measurement strategy in near-field conditions, which per-
mits a precise calculation of the illumination pattern in far-
field conditions. A combination of deflectometric tech-
niques, which are used to measure the direction of the
energy, and CCD-based photometric techniques, which are
used to quantify the amount of energy propagating in each
direction, was chosen for near-field sensing. The complete
near-field energy distribution is then obtained by moving
the sensor across a measurement plane placed close to the
headlamp, at a fixed distance of several centimeters, typi-
cally 20 cm. From these data, a classical geometrical pro-
jection technique yields the desired far-field photometric
distribution on the desired final surface. These three proce-
dures are briefly analyzed below.

Deflectometric techniques assume that the geometrical
optics approximation is valid for sampling luminance fields
as light rays traveling in space. One of the metrological
approaches involves sampling the direction of the propagat-
ing energy with a CCD camera through a lens focused at
infinity.8 Under these conditions, a pixel with order num-
bers n ,m in the CCD array receives the bundle of rays with
average slopes �Fig. 1� that are given by

tan u = n
�x

,

Fig. 1 CCD sensor configured as a slope mapper: lens focused at
infinity means that each pixel only receives the rays arriving from a
given propagation direction.
f� t
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an v = m
�y

f�
, �1�

here we have assumed the directions of the rows �col-
mns� of the CCD aligned along the X �Y� axes, and where
�v� is the angle determining the slope of the ray along the
�Y� axis, �x ��y� the size of the pixel along the X �Y�

xis, and f� the focal length of the lens. Under these work-
ng conditions, the CCD array becomes a slope mapper of
he incoming wavefront. With the experimental setup pre-
ented in this paper, the linear approximation for slope
easurement will remain valid for all the measurements.
Using this arrangement, while the position of the pixel

n the CCD array measures the direction of luminous en-
rgy propagation, the gray level of the same pixel can si-
ultaneously measure how much energy is propagating in

hat particular direction.9 This approach relies on three key
oints: �a� having a sensor with a spectral response equal-
ng the CIE V� photopic curve to perform accurate photo-

etric measurements; �b� ensuring a reliable vignetting and
istortion correction to compensate accurately for possible
nergy losses or ray deviations at edge of field caused by
he optical system or mounts; and �c� ensuring a dynamic
ange that is as linear and as extended as possible to avoid
aturating the signal, without losing accuracy. All these is-
ues are discussed in detail in Sec. 3, with a number of
dditional factors to be considered in CCD calibrations that
re discussed in the literature,10 such as the number of digi-
ization bits or pixel response nonuniformity.

Using the sensing strategy proposed, each register on the
CD array contains information on the energy distribution
nd propagation direction at the aperture of the lens. Then,
y moving the sensor over a set of given points �xm, ym� on
measurement plane close to the source to obtain the reg-

ster of the luminance field at each of these points, the
omplete near-field energy pattern may be sensed. To ob-
ain the final photometric distribution in the far field, sim-
ly projecting the energy contained in the near-field regis-
ers onto the desired final surface enables a complete
econstruction of the far-field distribution. In this paper, the
nal surface is considered to be a plane, to allow compari-
on with measurements in a photometric tunnel, although
urved surfaces at arbitrary positions simulating traffic
igns, roads, cars illuminated from behind, etc., may be
sed to project the near-field pattern onto them.

Setup
wo different parts of the unit may be distinguished, which
orrespond to the mechanical displacements for the sensor
nd the sensor itself.

.1 Mechanical Setup
complete motorized mechanical setup with self-designed

ontrol electronics and a test user interface was designed
nd built to position the sensor accurately and repetitively
t the array of points �xm ,ym� required. Two stepping mo-
ors connected to high-accuracy encoders demonstrated ac-
uracies and repeatabilities in the displacement of 10 �m.
he distribution is captured onto a plane for simplicity’s
ake; preliminary tests showed that the inclusion of addi-

ional degrees of freedom did not significantly improve far-
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Royo et al.: Compact low-cost unit for photometric testing¼
field photometric measurements. Figure 2 shows two pic-
tures of the mechanical setup built for this purpose.

3.2 Sensor
In the sensor we may distinguish between the optical sys-
tem, which includes filters, mounts, and the camera lens,
and the CCD camera and electronics involved in image
acquisition. A 17.2-mm-focal-length commercial lens with
negligible distortion at edge of field �below 0.5%, about
one pixel, at the edge of the CCD sensor� and a large work-
ing aperture �N=1.7� was selected. Two sets of filters were
placed in front of this lens in an external mount fixed to the
lens structure. On one side, an equalizing filter plus a pho-
topic filter yielded the spectral response of the sensor close
to the photopic curve of the eye. On the other side, a group
of neutral filters with flat spectral response were used in
order to adjust the radiance levels up to a point at which the
camera was not saturated at the minimum exposure time.

The camera selected was a 2/3-in. CCD camera with
external shutter control. The shutter was controlled using
self-developed electronics, in order to automatically adjust
the optimum shutter value and thus prevent the saturation

Fig. 2 Mechanical setup: �a� complete; �b� detail of vertical axis and
sensor.
of the signal. This allowed a significant extension of the b
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ynamic range of the system. The camera and digitizer
sed provided one 8-bit image at each measurement point,
hich was saved onto the computer’s hard disk. Although

ome commercially available systems provided a greater
umber of digitization bits, this feature increased the cost
f the unit considerably. The lower number of digitization
its was partially compensated for by using an externally
ontrolled shutter. The dark-field signal of the camera was
etermined and subtracted from all the registers. The pho-
oresponse nonuniformity of the CCD array was measured
nd found to be negligible.

The spectral response of the final sensor �camera+lens
filters� was then accurately measured by comparing the

esponse of the sensor in gray levels with a number of
alibrated radiance values at different wavelengths, from
80 to 690 nm in 10-nm intervals. Figure 3�a� plots the
pectral response curve of our sensor �symbols� besides the
tandard CIE photopic curve �line�, showing very good
greement. The results of computing the difference be-
ween the spectral response of our sensor and the photopic

� curve yielded an f1� value11 of 4.6%, which is not
nough for it to be classified as an optimum-quality photo-
etric detector �this would require f1� values below 3%�,

lthough it is more than enough for the sensor to be con-
idered a good-quality photometric detector �f1��8% �.
his value could easily be enhanced by using a filter ex-
ctly matched to the spectral response of the CCD array,
nstead of a combination of an equalizing and a commercial
hotopic filter.

An important verification regarding sensor performance
nvolved testing the linearity of the response over the com-
lete dynamic range, and the shutter law for the photomet-
ic compensation of the energy values registered under dif-
erent illumination conditions. This was especially
mportant because of the dynamic adjustment of the shutter:
ach shutter value corresponds to a different exposure time
f the sensor. In order to test the complete response of the
nit, a LED was placed in front of the sensor, and its emis-
ion was controlled through the circulating intensity. The
ensor acquired the images at different intensities, while
nsuring that no saturation occurred, and registered the av-
rage gray level obtained for a shutter value x comprised
ithin the range �0, 255�. The system yielded high linear-

ty �r2=0.9999�, as may be seen in Fig. 3�b�, and gave a
hutter law

= �7.26 ± 0.01�x + �3.3 ± 1.1� , �2�

here L is the gray-level value obtained from the sensor
nd x the shutter value. With this approach we may change
he exposure time depending on the illumination of each
egister to maximize the number of discriminated gray lev-
ls per register while at the same time we avoid saturation.
he shutter law is used to correct the energy measurement
ccording to the exposure value x used. The number of
iscriminated gray levels when the external shutter adjust-
ent is present is close to 2048, the value corresponding to

1-bit digitization.
Finally, the vignetting introduced by the lens, filter, and

lter mount was measured experimentally for the various
pertures of interest �N=1.7, N=2.0, N=2.8, and N=4.0�,

y registering the relative illumination data across the field

June 2006/Vol. 45�6�
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Royo et al.: Compact low-cost unit for photometric testing¼
of view of the CCD array when the sensor was exposed to
uniform illumination �Fig. 3�c��. In order to yield a uniform
transmittance across the field of view and to assign an ap-
propriate correction factor to each pixel in the CCD, the
relative illumination data measured across the array were
curve-fitted, and equations for correction of vignetting ef-
fects at each aperture were obtained.

To complete the sensor, a complete Visual C�� user
interface was developed, including the remote control for
the motor sequence on the measurement plane, the control
of register acquisitions, and the computation of the final
photometric distribution, which is carried out during the
measurement process to speed up the total measurement
time. The measured photometric distribution at the final

Fig. 3 Sensor calibrations: �a� spectral response of the sensor
�symbols� against CIE V� photopic observer �line�; �b� linearity of the
response with external shutter control �gray level against shutter
value�; �c� vignetting of the sensor for different apertures when ex-
posed to a uniform luminance field.
plane is shown graphically on the screen and saved to a text t

Optical Engineering 063602-4
le for subsequent processing, if necessary. The illumina-
ion control points outlined in ECE regulations are also
ighlighted graphically on the calculated photometric dis-
ribution plot for ease of use.

Photometric Calibration

nce the unit is able to perform the measurement of far-
eld photometric distributions from near-field data, the last
tep is to obtain the relation of the gray-level data accumu-
ated on the final plane to real-world photometric units.
his task has been addressed using a simple theoretical
odel of consecutive conversion values, by dividing the
easurement chain into a number of independent stages

Fig. 4�. Each of these stages was linked to a conversion,
oss, or correction factor which may be analytically or em-
irically determined. In the next paragraphs we follow the
easurement chain of our unit and present the different

orrection factors involved.
The first correction factor needs to be introduced to take

ccount of the relationship between the real area covered
y the aperture of the sensor �corresponding to the optics
perture� and the square area defined by the horizontal and
ertical displacement steps between consecutive measure-
ent points, as

AREA =
�x · �y

���PE/2�2 , �3�

here �x and �y are the horizontal and vertical displace-
ent steps in the measurement plane, and �PE is the size of

he optics entrance pupil.
As the energy enters the sensor, it is affected first by the

oss factor related to the average optics transmission
KOPT�, which includes the effect of the neutral filters used
o prevent the saturation of the image at minimum expo-
ure. The illumination received on the CCD sensor is then
ffected by an additional conversion factor related to digi-
izing the signal and recording it in a file as a gray level
KCCD�, which depends on the camera and framegrabber
sed. Vignetting and shutter corrections are then applied to

Fig. 4 Factors in the measurement chain.
he measured gray-level distribution of image i

June 2006/Vol. 45�6�



E

w
fi

T
i
v
d

C

K

K

K

K

K

F

Royo et al.: Compact low-cost unit for photometric testing¼
�pi�xCCD,yCCD�� by means of the calibrations of the sensor
described in Sec. 3.2, which yield the corrected gray-level
value pi��xCCD,yCCD� for image i.

Afterwards, the corrected gray-level value of each pixel
is propagated to the final plane in the proper direction, so a
final correction factor KDIST dependent on the propagation
distance needs be introduced, expressed by

KDIST =
f�2

dM−F
2 , �4�

where f� is the focal length of the camera lens and dM-F is
the distance from the measurement plane to the final plane.
The accumulated illumination value at a given pixel in the
final plane may then be obtained through

Table 1 Typical experimental conditions for the sensor.

Parameter Value

�x 7.0 mm

�y 7.0 mm

	PE 10.1 mm

f� 17.2 mm

dM−F 25.0 mm

Fig. 5 Experimental setups for the measurement of �a� KOPT and �b�
KCCD.
�

Optical Engineering 063602-5
�xf�,yf� = KTOTAL�
i=1

N

pi�xCCD,yCCD� , �5�

here N is the total number of registers acquired in the near
eld, and

able 2 Photometric calibration constants for the working conditions
n Table 1. Here KOPT is presented for the typical configuration in-
olving an optical-density-3.4 neutral-density filter. All constants are
imensionless except KCCD.

onstant Value

OPT 4.169
105

CCD 4.455
10−3 �lux/gray level�

AREA 0.611

DIST 4.733
10−7

TOT 5.371
10−5

ig. 6 Headlamps used for experimental results: �a� asymmetrical;

b� symmetrical.

June 2006/Vol. 45�6�
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KTOTAL = KOPTKCCDKDISTKAREA . �6�

This means that all the factors are known except the aver-
age optics transmission �KOPT� and the flux to gray-level
conversion of the CCD camera and framegrabber �KCCD�,
which were measured using the simple experimental setups
presented in Fig. 5. Here KOPT is determined by comparing
the average responses of a calibrated International Light
IL-1700 radiometer to light before and after it passed
through the optical system, including optics, neutral-
density, and spectral filters �Fig. 5�a��, and KCCD is deter-
mined from the comparison of the sum of gray levels ob-
tained when imaging a distant extended object acquired
through the sensor with the response of the calibrated radi-
ometer when placed at the focal plane of the CCD. The
correct positioning of the radiometer is ensured by the use
of an autocollimator �Fig. 5�b��. It should be emphasized
that this procedure allows the conversion factors from the
sensor and the framegrabber to be determined simulta-
neously as a single value. Typical working conditions for
the unit are presented in Table 1. The corresponding values
for the different calibration constants under the working
conditions of Table 1 are listed in Table 2.

When using working conditions different from those

Fig. 7 Results for asymmetrical headlamp: �a�
ence; �c� driving beam, measured; �d� driving b
presented in this paper, the factors corresponding to steps in e

Optical Engineering 063602-6
he measurement chain affected by the new working condi-
ions need to be measured or calculated following the same
rocedures or expressions detailed next, so the calibration
rocedure is general, although it has been presented for the
articular working conditions described in Table 1. For in-
tance, changes in the scanning strategy would only affect
AREA, which would be recalculated while the remaining

actors leading to KTOTAL would remain constant.

Results
esults are presented for two different types of headlamps
sed in commercial automotive units under different illu-
ination conditions. One of them is a modern headlamp
ith a periodic pattern on the reflector and a completely

ransparent cover, which corresponds to a commercial
symmetrical right-driving headlamp �Fig. 6�a��. The other
s a symmetrical headlamp of a simpler, more classic de-
ign involving a smooth reflector and an array of small
rismatic lenslets in the cover �Fig. 6�b��. Both headlamps
ere tested under passing-beam and driving-beam

onditions.
The results obtained using the unit are compared with

he distributions of the same headlamps measured in a ref-

g beam, measured; �b� passing beam, refer-
ference.
passin
eam, re
rence photometric tunnel at IDIADA �L’Albornar, Tarra-

June 2006/Vol. 45�6�
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Royo et al.: Compact low-cost unit for photometric testing¼
gona, Spain�. The lamps for both headlamps were cali-
brated using an integrating sphere to yield flux emission
according to the regulations. The measurements in the pho-
tometric tunnel involved the custom programming of the
goniometer position to measure an array of 51
31 data
points, large enough to compare the photometric distribu-
tions obtained; the usual photometric tunnel testing proce-
dure is confined to the small number of control points
specified in the regulations. In our unit, measurements were
arranged to divide the final plane into an array of 256

256 cells, of size 33
33 mm each. The minimum spatial
resolution value that may be attained on the final plane,
however, corresponds to the projected size of the pixel of
the camera, which has a value of 15 mm under these work-
ing conditions. The measurement time in the photometric
tunnel was 40 min, while our unit performed the complete
photometric distribution in 12 min with a much larger num-
ber of data points. This is due to the simultaneous energy
sensing enabled by the pixels in the CCD array.

Figures 7 and 8 compare driving- and passing-beam
measurements with the unit in the photometric tunnel for
both headlamps. The measured and reference distributions
are very close in all cases, with relative errors below 10%
in the bright areas in all distributions. We have thus shown

Fig. 8 Results for symmetrical headlamp: �a� pa
�c� driving beam, measured; �d� driving beam, r
how the simple and low-cost measurement strategy pro- a

Optical Engineering 063602-7
osed yields reliable and quick results in the measurement
f photometric distributions in far-field conditions from
ear-field measurements, both for complex and for simple
eadlamp shapes. The approach may easily be extended to
ther sources, such as luminaires, provided the aperture of
he lens can adequately cope with the aperture of the rays
oming out of the source.

Conclusions

simple and cost-effective strategy for light source testing
s described and applied to automotive headlamps. Mea-
urements taken with a calibrated CCD camera in a number
f points at a plane close to the source allow the measure-
ent of the direction and amount of energy in the near
eld. This information enables the final distribution on a
urface at any distance to be computed, although the results
resented are for a plane placed 25 m away from the head-
amp, as described in automotive regulations. The results
or an asymmetrical and a symmetrical headlamp in
assing- and driving-beam conditions are compared with
hose obtained in a photometric tunnel, showing very good

beam, measured; �b� passing beam, reference;
e.
ssing
greement. The relative error in the bright areas of the dis-

June 2006/Vol. 45�6�
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tribution stays within 10%, while the measurement times
are much shorter than the equivalent ones for a photometric
tunnel.
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