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Glossary

ADC Analog to Digital Converter

BRDF Bidirectional Reflectance Distribution Function
CIE International Commission on lllumination

DN Digital number

GT Ground truth

GPG Good Practice Guide

GUM  Guide to the expression of uncertainty in measurement
DUT Device Under Test

HDR High Dynamic Range

ILMD Imaging Luminance Measurement Device
PRNU Photo-Response Non-Uniformity

PSF  Point Spread Function

SMFC Spectral Mismatch Correction Factor

SNR  Signal-to-Noise Ratio

SPD  Spectral power distribution
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1 Summary

This Good Practice Guide describes the experimental procedures proposed for characterizing the effect of the
different sources of errors in the measurement of the luminance with HDR imaging instruments, such as ILMDs,
multispectral cameras or RGB matrix sensor cameras. Specifically, this document explains in detail the
experimental procedures to be followed using the reference high-contrast light source designed and developed
during the 21NRMO01 HiDyn project.

2 General overview

The characterization is based on the idea that a number of well-defined light sources (in size, shape and
luminance) with different levels of luminance can be used to define several well-defined high-contrast
scenes to be used as ground-truth (GT). These GTs are used as references to evaluate how well an HDR
imaging measurement system can measure simultaneously different luminance levels, and to characterize the
relevant parameters for the luminance measurement model.

For the characterization, the users have to apply the following workflow, illustrated below (Figure 1):

1. Geometrically realize a set of luminance configurations (see Section 6). These configurations include
cases where only one light source module is switched on, where all source modules are switched on
simultaneously, and dark conditions. Configurations for two types of procedures are defined: (1)
Fundamental, where the field of view includes all source modules (Section 6.1); and External Stray
Light, where the field of view excludes the external source modules (Section 6.2).

2. Obtain, for each configuration, images acquired with the imaging measurement system under
evaluation, in which the pixel values are directly related to luminance. These images must be HDR
images, with a high signal-to-noise ratio (SNR) across all pixels.

3. Calculate from these images the different parameters or quality indices, as explained in Section 7.
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3 Introduction

The response of a detection element (pixel) of a luminance imaging measurement system is related to the
luminance of the object at the corresponding position in the object plane, but also to the integration time, which
is the time of accumulation of the photoelectrons produced by the absorbed photons. The adequate number
of photoelectrons for an acquisition excludes levels lower than a minimum number, for which the signal-to-
noise ratio (SNR) is too low, and levels higher than a maximum number above which saturation (nonlinearity
effects) or ADC (Analogue to Digital Converter) clipping happens. When there is a large range of radiance or
luminance present in a scene, the most typical strategy for obtaining adequate numbers of electrons in all
pixels is by using different integration times for different luminance levels. This strategy of obtaining signals
from an image sequence allows the dynamic range of the measurement to be greatly enlarged in comparison
with that from a single acquisition at a fixed integration time. The resulting image is known as a high-dynamic-
range (HDR) image, and the measuring process is referred to as HDR imaging.

This kind of HDR image potentially contains the information needed to measure simultaneously a wide range
of luminance (several orders of magnitude), because the response of all pixels is produced by an adequate
number of photoelectrons. However, an adequate SNR does not always guarantee an accurate luminance
measurement, especially for low luminance values, where the most impacting source of error may be related
to stray light: the response to the stray light produced by the brightest light sources in the scene is comparable
to the response to the dimmest light sources and cannot be subtracted in a simple way. In other words, the
brightest source occludes the dimmest ones. This stray light, as radiant flux collected by the matrix detector in
positions different to the corresponding positions on the object plane, can be caused by inter-reflections,
diffusion or diffraction by the objective lens. Some effects of this stray light can be corrected by deconvolution
or other methods, as for instance when the point spread function (PSF) is known, but other effects are non-
correctable artefacts which can only be evaluated as sources of uncertainty. The consequence is a decrease
in the range of luminance that can be measured simultaneously.

The errors introduced by this issue notably affect applications for which the measurable luminance range is
important, such as in glare evaluation. In this case, the several indices defined require the luminance of both
the bright light sources and the dim background as input variables, to which the index is similarly sensitive.

To fully explore the potential and limitations of HDR imaging measurement systems, well-defined references
are required to quantify the dynamic range of a given measurement system under specific high-contrast
conditions. This Good Practice Guide (GPG) describes a method for the photometric characterization of HDR
imaging systems using a high contrast luminance reference light source, in order to estimate measurement
uncertainty. The spatial configuration of the reference light source is defined, together with the methods
proposed to obtain the relevant empirical parameters needed for evaluating the capability of these systems to
reliably measure high-contrast luminance scenes.

The CIE technical report CIE 244:2021 “Characterization of Imaging Luminance Measurement Devices
(ILMDs)” [CIE 2021] recommends new quality indices for imaging luminance measurement devices (ILMDs),
which are not defined for conventional luminance meters with no spatial resolution. These indices quantify,
from 0 to 1, the general impact of different error sources on the measurements for a given instrument. These
indices are: (1) Responsivity uniformity for flatfield, f21; (2) Responsivity uniformity for spots, f22; (3) Effect of
surrounding field, f23; (4) Stray light influence for negative contrast, f24; (5) Edge function, f2s; (6) Influence of
smear, f26; (7) Shutter repeatability, fo7; (8) Aperture repeatability, f2s; (9) Size-of-source effect, f2o.

The properties that these quality indices aim to quantify are usually determined by error sources that can be
characterized using the high-contrast reference source developed during the HiDyn project [HiDyn 2025],
except for the error source related with f21 and f2 (Photo-Response Non-Uniformity). Additionally, the proposed
characterizations address the determination of measurement uncertainties, unlike the above-mentioned quality
indices, which serve as reference indices for comparing instruments and cannot be used to estimate
uncertainties. In appendix 1 of CIE 244:2021 [CIE 2021], a measurement model is recommended for evaluating
uncertainty. In this GPG, this report proposes a modification to account for the effects of internal and external
stray light and smear.

The characterization of the Photo-Response Non-Uniformity (PRNU) of the imaging measurement systems
does not require the availability of the high-contrast luminance reference source, rather, it relies on high-
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uniformity luminance references such as integrating spheres. This is also briefly discussed in this GPG. The
CIE technical report CIE 232:2019, “Discomfort Caused by Glare from Luminaires with a Non-Uniform Source
Luminance” [CIE 2019], proposes a glare metric for large and non-uniform luminaires. To use this metric, the
flatfield correction of the imaging measurement system must be characterized, especially when the luminaire
is very large and the PRNU of the instrument strongly impacts the measurement of the non-uniformity of the
luminaire as well as of the luminance values.

4 Measurement model

A model is given here for the measurement with HDR imaging measurement systems, where the different
sources of error are explicitly expressed:

F w
Lyy = T < i Z(nk,i + Xki)

svENukFsmk \ tex 4
i+k

Wn,i
T CFig (1)

y

with:

wh; = (W; — Woote;)/FaLj — F  Tinj - te,j 2)

The variables and functions involved in these equations are given in Table 1.

This model considers as input the direct response of a linear camera (w), ideally proportional to the radiant
exposure. For instruments that directly provide measurement values already adjusted as luminance (Lv’), that

quantity should replace V:": in Egs. (1)-(2).

Table 1. Variables and functions involved in the measurement model.

. Symbol of the Sl units”
Name of the variable v .
variable / X;
Luminous responsivity in Sy DN-st.cdt:m?
luminance
Temperature factor Fp -
Out-of-field illuminance Ebg Ix
Rate of out-of-FOV stray { DN-shIx?!
light
Normalized signal of pixel Wy j DN
J
Exposure time for pixel k tek S
Normalized signal of pixel Wy DN
i
Exposure time for pixel i te; s
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. Symbol of the Sl units”
Name of the variable y .
variable / X;
Normalized signal of pixel W, £ (k) DN
fa(k)
Optimal exposure time for te Fe(o) s
pixel fg (k) ’
Smear function from pixel Xki -
i to pixel k '
) Stray light function Nk -
from pixel i to pixel k '
Luminance at pixel k Ly cd-m??
Value of signal of pixel j w; DN
Value of dark offset of Wo,off,j DN
pixel jatt, - 0s
Non-uniformity factor FNUj -
Spectral mismatch Fsm i -
correction factor '
Non-Linearity correction FNLj -
factor '
Exposure time te j S
Rate of thermally Tth,j n-Ktst
generated electrons
Conversion factor ]3} DN-K-nt
Normalized response Wy DN

*) DN is number of digital counts and n is number of electrons.

**) Only the diffuse component of the stray light, which can be described by the PSF, is
addressed in this document. The description of the regular component of the stray light due
to complex regular inter-reflections, commonly known as ghosts, requires the
characterization of different functions to model the different effects, and its correction is
complex. The potential impact of these ghosts must be considered in the uncertainty
budget.

These variables and functions need to be obtained to provide the measurement of luminance with HDR
imaging measurement systems. The high contrast reference source developed in this project would allow some
of them to be characterized whereas the determination of other parameters require further procedures.
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5 Spatial configuration of the high contrast reference source

The spatial configuration refers to the relative position of the individual light source modules composing the
high contrast reference source. It is only a part of the luminance configuration, where it is also defined which
of those individual light source modules are turned on.

The relevant information for defining the spatial configuration is:

1) The relative position of the light source modules, with a 2-D vector, whose components might be
expressed in length units, pixels or even in degrees, depending on the case.
2) The luminance level of each light source module.

In the proposed procedure, the spatial configuration is a regular hexagon with side pitch d. The dimmest light
source module is positioned at the centre of the hexagon, with a light trap nearby, whereas the other individual
light source modules are placed at the vertices. The individual light source modules are arranged so that the
light source module at the opposite vertex is only one decade of luminance larger or lower.

The spatial configuration is detailed in Table 2 and shown in Figure 2:

Table 2: Spatial configuration of the high contrast source for characterizing HDR imaging measurement
systems.

Source Luminance level X — position Y - position
symbol
Lo Lo: Luminance of the light trap Cx+e Cyt+e
L1 L1: Luminance of the dimmest light source Cx Cy
module
Lo Lo: =10 % L4 Cx-d/2 Cy+ d"?/3
Ls L3: =102 x L4 Cx+d/2 Cy—d'2/3
L4 La: =103 x L4 Cx-d/2 Cy—d'2/3
Ls Ls: = 10* x L1 Cx+d/2 Cy+ d"?/3
Le Le: = 105 x L4 Cx—d Cy
L7 L7: =108 x L4 Cx+d Cy
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(C,—d/2, C, +d¥%/3) (C,+d/2, C +d¥/?/3)

(C,—d/2,C,—d¥?/3) (C,+d/2, C,—d¥?/3)

Figure 2: Sketch of the spatial configuration of the components of the high contrast source for characterizing
HDR imaging measurement systems.

The arrangement shown in Figure 2 minimizes the impact of specular reflections at the lens of the test camera
from very bright to very dim source modules (cross-talk). However, these specular reflections should be
minimized further by not orienting the optical axis completely perpendicular to the regular hexagon (see Figure
3), as verified in tests by the HiDyn consortium. Other alternatives are possible, including slightly shifting the
source modules laterally so they are not symmetric with respect to the camera axis. It is important that the
chosen configuration keeps all source modules in focus. It must be noticed that these strategies to reduce
cross-talk are more effective when the objective lens has a relatively flat first lens or in case a planar neutral
density filter is placed in front of the lens.
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DUT camera

Figure 3: Sketch of the arrangement to minimize cross-talk. It is shown how the slight tilt of the device under
test (DUT) camera prevents the specular reflection from L4 meeting directly Ls. The same occurs with the
other pairs of diametrically opposed individual light source modules.

It was observed using a conventional spot luminance meter that, because of cross-talk, an increase of 7%
might be obtained in the luminance measurement for the dimmest source module (L1) when all the source
modules are ON at the same time. This error is much smaller than the typical error caused by stray light in this
configuration, which is around 100 %. This indicative cross-talk value applies specifically for the camera,

objective lens and laboratory used for the tests, as cross-talk is not exclusively related to the source but also
depends on these conditions.
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6 Experimental procedures

Luminance measurements of the source are carried out with the device under test (DUT, i.e. the HDR imaging
measurement system to be characterized). The luminance images will be used to obtain the values of the
relevant parameters required for calculating the best estimation and uncertainty of the luminance.

This section describes two different but complementary procedures. Each procedure is defined by (1) a fixed
geometrical configuration of the reference light source with respect to the DUT, and (2) a specific
sequence of measurements at different luminance configurations.

In both procedures, the individual light source modules composing the reference light source are aligned with
the optical axis towards the centre of the objective lens of the DUT, in a way that the objective lens is uniformly
irradiated by the individual source modules.

It is strongly advised to perform the experimental measurements in a room with dark walls and to remove
surrounding objects to minimize any light not originating from the reference source (external stray light). In
case this is not possible, an option is to operate the camera through a hole in a black curtain to shadow absorb
(shadow) the stray light from the room.

6.1 Fundamental procedure

The reference luminance source is completely included in the field of view of the DUT and is well-distributed
within it. To achieve this, the individual light source modules along the horizontal axis of the rectangular field-
of-view (with horizontal and vertical dimensions Dx and Dy, respectively), should be positioned at approximately
Ya Dx and % Dx. An example is shown in Figure 4.

Figure 4: Spatial configuration of the high contrast source with respect to the field-of-view of the DUT (red
rectangle), for the fundamental procedure. Note that the light source modules must be oriented to the
objective lens of the DUT camera and is illuminating (overfill) it completely.
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The luminance measurements are carried out for different luminance configurations, the difference among
them being only the individual light source modules which are turned on (realized by covering with caps to
maintain stable operation conditions of the source modules). These configurations are defined in

Table 3. It must be noticed that, in all configurations, the caps of individual light source modules must be
removed.

Table 3: Luminance configurations for the fundamental procedure. The need for each configuration is
described in the third column.

Configuration | Light source modules turned Needed for the evaluation of
id. ON
F00 " Camera covered with cap Value of dark offset, wy o

Rate of thermally generated electrons, y, ;

FO1™ Laboratory lighting on Physical area, shape and position (in pixels) of the
individual light source modules (required as
reference) and the trap.

FO None Dark.
F1 L4
F2 Lo
F3 Ls HDR index (see section 7.12), smearing, stray light,
linearity, responsivity.
F4 L4
Spatial distribution of the luminance of individual light
F5 Ls source modules (required as reference).
F6 Le
F7 L7
F1.7 Li+ Lo+ L+ La+ s+ L6+ L7 HDR index, stray light, linearity.

*) This acquisition is required for characterizing the parameters in the model at Eq. 2, need when this model
is applied instead of applying the slower strategy of acquiring dark images for each measurement.

**) Acquisitions at this configuration FO1 should be done at the beginning or at the end of the complete
procedure, just before turning on or after turning off the light source modules.
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6.2 External stray light procedure

The reference luminance source is excluded of the field of view of the DUT, except from L1, which is located
at the centre of the field of view, as shown in Figure 5. Remark: this configuration might i.e. be realized by
moving the DUT closer to the source, but the source modules need to be realigned (tilted) to still illuminate the
objective lens.

Figure 5: Spatial configuration of the high contrast source with respect to the field-of-view of the DUT (red
rectangle), for the external stray light procedure. Note that the light source modules must be oriented to
the objective lens of the DUT and overfill it.

The luminance measurements are carried out for the luminance configurations defined in Table 4.

Table 4: Luminance configurations for the external stray light procedure.

Configuration Light source modules Needed for evaluations of
id. turned ON
EO None
E2 Lo
E3 Ls
E4 La External stray light
E5 Ls
E6 Le
E7 L7
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7 Determination of empirical parameters

7.1 Preliminary definitions
In the following, we denote:

1. XN as the configuration.
2. X, in bold, as the matrix representing the acquisition values obtained for the configuration XN.
3. Acquisition can be both:

a. For systems providing direct response in DN at a given integration time: The values of the
pixel's direct response divided by the integration time, in units of [DN-s*']. Note that by
applying an high-dynamic-range (HDR) algorithm, the estimation of the acquisition are
optimized for each pixel, regardless of the irradiance level at the pixel location.

b. For systems previously adjusted in luminance by the provider: The values of the pixels in
the image, in units of “adjusted cd-m2".

4. XN’ as Xy after subtraction of the associated dark masurement.
5. Xn” as Xn’ after correction from non uniformity (PRNU), nonlinearity and drift by temperature.

Example:

F1 is the configuration, F1 is the acquisition matrix, and F’; = F; — F,.

7.2 Reference

The term reference means the exact position, size, shape, average luminance value and spatial distribution
of each individual light source modules composing the reference source. The adequate determination of the
reference is paramount for the characterization of the DUT.

1. Position, size, shape. These parameters are fully characterized, in terms of pixels, from the
acquisition in configuration FO1 (see Table 3). The pixels corresponding to the emission positions of
the reference light source can be identified in Fo1. However, it is simpler to use acquisitions from
configurations F1 to F7 (see

3. Table 3) for this identification, applying a threshold equal to half of the maximum value. It must be
noticed that this characterization is valid only for a given arrangement of both the reference light source
and the DUT, that is, for a given characterization according to the fundamental procedure, where
neither the position of the camera nor the source changes. This means that camera and sources
cannot be touched during the complete procedure. Even the caps must be removed carefully to
avoid disturbing the position of the individual source modules.

4. Average luminance of each individual light source i (Ly ;) across pixels containing emission positions.
These values are provided by standard luminance measurements (e.g. by using a calibrated
luminance meter) and should be provided with uncertainty.

5. Luminance spatial distribution of each individual light source. This distribution is obtained directly
from the acquisitions at configurations F1 to F7 (see
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7. Table 3), under the assumption that the DUT is not affected by instrument response non-uniformity
within the extent of the individual sources. If the average luminance of a source is measured over an
area that is too small to be representative of the entire source, this parameter can be used to derive a
correction factor accounting for spatial non-uniformities in source luminance.

8. Matrix Reference, R. This matrix represents the dark-subtracted image of the imaging measurement
system that would be obtained in the absence of internal or external stray light, in the configuration
F1:7 (see

10. Table 3). Comparing this reference R with the actual dark-subtracted image F’q.; allows for the
evaluation and validation of stray light. The matrix is obtained as follows.

a. Thresholding: The values in the matrices F’; to F’; that are below half of the maximum are
set to zero. The resulting matrices (F'yu, to F74,) are regarded as references for the
individual sources.

b. Composition: The matrix R is calculated as the sum of all the individual source reference
matrices (F'y pr 0 F'7pr).

7.3 Luminous responsivity

The luminous responsivity, sv, of the DUT is defined as the average luminous responsivity across the sensor
array, as sv,.41 with reference to the CIE reference spectrum L41 [CIE 2023], under conditions without stray
light, and in reference conditions where corrections for focus dependence and nonlinearity are not required.
The CIE reference spectrum L41 is preferred because the DUT is intended to evaluate general lighting
conditions under LED lighting. In the remaining parts of this report the symbol sv for simplicity denotes the
luminous responsivity with respect to the relative spectral distribution of the actual reference source, i.e.
including the spectral mismatch correction in Equation (1).

The acquisitions from configurations F1 to F7 (see

Table 3) and the best estimation of the luminance of the individual light sources, Lv,, which is obtained from
an independent method (as a spot luminance meter or other type of luminance calibration), allows the luminous
responsivity to be calculated, as:

_ (Fi ey, (3)
i

where the subscript i denotes the individual source index, k is the index of an element (corresponding to a
pixel) in F';, and the expression (X)c 1, denotes the averaging operation on the values of the pixel region in X
occupied by the individual source L. Each source i allows a best estimation of the luminous responsivity, sv,
to be calculated. In order to provide the best estimate of sv, the individual light sources used in Eq. (3) should
allow a signal-to-noise ratio (SNR) high enough to ensure that the uncertainty of the reference value is the
dominating uncertainty . The values of sv,; obtained using different individual light sources, by Eq. (3), allow a
definitive best estimation to be obtained.

The dependence of the measurement on temperature, pixel position (PRNU), nonlinearity and other effects,
is given separately in the factors Fr, Fnu, Fne,
Nk,i» etc (see Eq. (1) and Table 1). This means that the responsivity sy calculated at Eq. (3), corresponds to a
value for which these corrections have already been considered. This means that, before applying Eq. (3),
these effects must be corrected in F’;.
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7.4 Dark signal

The variable wq o ; in EqQ. (2) can be determined from acquisitions at configuration FOO at a very low
integration time t.; — 0 s, and it is a fixed value for each pixel rendering the non-uniformity of the offset signal.

The product of variables F; - 1y, j is obtained also from acquisitions at the configuration FOO at different
integration times, as the slope of (wj — wolofﬁj) with respect to the integration time. It is a fixed value for each
pixel rendering the non-uniformity of the dark signal accumulated during the integration time interval.

It must be noticed that the dark signal, which has to be separated from the responsivity, depends on the
sensor temperature. Therefore, the correction of the dark signal using calculated parameters needs similar
conditions at characterization and measurement, or consideration of the sensitivity coefficient of the dark signal
with the temperature.

An alternative for characterizing the dark signal is to obtain previously to the measurement the pixel-wise
average and standard deviation of dark images captured at the integration times used in the measurement. It
is important that, when calculating the net signal by subtracting the dark signal, signals at the same
integration time are subtracted.

7.5 Noise

The noise of the response can be characterized by using the photon-transfer technique [Stark 1992], where
the variance of w; is evaluated for different values of w;, covering the measurement range. This range can be
covered by using different integration times or different luminances. The reference source described in this
paper allows for both approaches to be studied. The linear fitting of the variance of w;, az(wj), with respect to
w; provides two empirical parameters, the readout noise (or) and the factor F;, which relates digital number,
DN, or number of counts, to the readout electrons, as:

o%(w;) = Fjw; + o (4)

7.6 Internal stray light

The internal stray light, represented by the function, n, ;, is related to the point spread function (PSF) of the
instrument. The PSF represents how a point in the object is spread out in the image by diffraction and diffuse
reflections (scattering) at optical components, and, consequently, can be used to describe how the direct
irradiance on pixel k affects the signal at another pixel i.

The PSF can be measured by comparing the acquisitions at the configurations from F1 to F7 (see

Table 3) with the references of individual sources (from F'y ., to F'74,,), Obtained as described in Section
7.2. This comparison should allow empirical parameters to be found to describe the PSF.

The proposed procedure to follow is:
1) To select a simple model for the PSF, with a low number of parameters (a,,..ay), in order to

parametrize as PSF as PSF(a4,..ay) = PSF(a). An example of model with three parameters, which
gave satisfactory results for the tested instruments is:

10@18xp (—d/az) (5)

PSF(d;aq,a,,a3) =
( 1,02, a3) 1+ d%
where the parameters (a4, a,, a3) are always positive, and d is the distance to the position with the
maximum value, in pixel units. Note that, when d is very large, the PSF tends to zero, and that when d
tends to zero, the value of the PSF (its maximum) is 10%1, in this case. The value of the maximum is
not important, since the relevant information is in the relative variation with respect to d. However, if the
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PSF is applied for convolution or deconvolution, it usually normalized by its integrated value (integral
equals to 1) to keep energy constant. In the model shown in Eq. (5), the numerator describes the relative

variation of the signal for low values of d, whereas for high values the relative variation is dominated by
the denominator.

2) To provide references for each configuration F1to F7 (F'y i t0 F7 ).

_ {F'c,k_ConV[F'c,thr,kvPSF(a)]
- Zk F‘c,k

F1 to F7, where the subscripts ¢ and k denotes configuration and pixel, respectively, and conv denotes
the convolution function. Minimizing the error function means finding the optimal values of the vector of
empirical values a for which the convolution of the image by the PSF better fits with F’... In this case, a
proper normalization factor must be selected, and it depends on the algorithm of convolution used.
Usually, the PSF needs to be normalized to the sum or mean of its values, which makes the absolute
value of the convolution dependent on the dimension selected by the PSF, that is the number of pixels
included. In order to avoid this, a previous adjustment of the normalization factor is recommended,
based on the idea that the values of F',, and conv[F’ u.., PSF(a)] have to coincide within the emission
area of the source, where the impact of the PSF is very small. Regarding the dimension of the PSF
recommended for minimizing the error function, this must be selected considering extension of the
spread around the brightest source in the image, to make this dimension, expressed in pixels, a little
larger. From the values of the parameters obtained with different configurations, it is possible to derive
those values best representing the complete system and their uncertainty.

2
3) To minimize the error function: Zk)(]zc ) for the different configurations, from

4) A different model for the PSF must be proposed if the residuals from the fitting still show some important
tendency and cannot be considered as random.

5) Once the optimal PSF is obtained, it can be directly related to n,;, since by this function represents
exactly the PSF. In this case, the PSF must be normalized by the integrated value (at d = 0), and is
given by:

p = Dol Wia) (6)
ki ™ [ PSF(dy;a)

where dy; denotes the distance in pixels between the pixels k and i.

The PSF should allow other quality indices [CIE 2021], such as Edge function, f2s, Stray light influence for
negative contrast, f24, and Size-of-source effect, f29, to be obtained, by convolution of the optimal PSF with the
reference images associated with each quality indices.

7.7 Smearing

[Note: The characterization of this effect only applies to CCD sensors, and must be done with the images in
DN units at different integration times. The correction and its separation from (spectral dependent) non-linearity
can be complex, and it is recommended to avoid, in measurement, the integration times for which smearing is
noticeable.]

Smearing is the increase of signal in the pixels due to leakage of photoelectrons generated during the sensor
readout time, outside of the integration time interval. The more comparable the readout time with respect to
the integration time, the larger the relation between readout-time photoelectrons and integration-time
photoelectrons, and more appreciable is the smearing. It is an effect occurring in CCD sensors, and it appears
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as a column with unusual larger signal. The smeared columns are those with some highly irradiated pixels at
some positions.

Smearing can be characterized from acquisitions at the configurations from F1 to F7 at different integration
times, t.. It must be determined from the observed relation between the increase of signal at non-irradiated
pixels and the signal at irradiated pixels under different radiant exposures. The radiant exposure is directly
related to the dark-subtracted signal, and can be quantified in terms of photoelectrons, counts or DN. The
smearing must be calculated from the w, ; given in Eq. (2). The smeared signal in a pixel k from a pixel j can
be expressed as:

tread (7)
AsWn,k,i = Sk,i (t_> Wh,i
e

where t,..q is the readout time, and s, ; is an empirical parameter representing the leakage from pixel i to pixel
k. Therefore, the function y,; in Eq. (1) is defined as:

tread) (8)

L= Sy,
Xk,l k,l( te

Or, when the readout time is constant for any acquisition, as usually is, simply as:

!

Sk,i (9)
te

Xki =

Note that the smear on a pixel is only produced at the pixels in the same column, and that it is constant for
all pixels in that column if there is not temporal modulation of the light. Therefore, we can write:

st . . (10)
_ )—,if pixelsi and k are in the same column
Xki = te

0, otherwise

Typically, the readout time, teead, can be estimated from the frame rate. For instance, for a frame rate of 40 fps
(frame per second), a readout time of 1000 ms / 40 fps = 25 ms is obtained. Values in the order of 10 are
typical for sk

For measurements, it si recommended to avoid conditions for which smear is not negligible, by determining
and limiting the minimum allowed integration time for acquisitions. This, however, for a given responsivity,
reduces the maximum luminance that can be measured by the device configuration, i.e. altered by the objective
lens, aperture setting or neutral density filter.

The performance of ILMDs in terms of error due to the smear is quantified in CIE 244:2021 with the quality
index “Influence of smear”, f26 [CIE 2021].

7.8 External stray light
The external stray light can be characterized from acquisitions at the configurations from E1 to E7.

E’s... E’7 represent the increase on the signal due to the external stray light ({Ey). This can be regarded
as proportional to the illuminance (Ev) on the DUT from outside its FOV, which can be calculated as:

Ey = LyA/d? (11)

where Ly is the luminance of the source, A is its area, and d the distance between the source and the DUT.
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Therefore, for an arbitrary configuration Ei, where the objective lens is irradiated by the light source L, it is
obtained that:

{ = (E')d;* /Ly,A; (12)

where (E';) is the average of the matrix E';. A representative value for the device is calculated as the average
of the values ¢ obtained for the different configurations.

{ is a characteristic specifically of the camera, whereas E,,; has illuminance units and depends on the
lighting environment. At measurement conditions, Ei,g, produced at the camera position by light sources out

of the scene to be measured, needs to be evaluated with an illuminance meter, by blocking the light from the
sources within the field of view of the DUT camera.

The performance of ILMDs in terms of error due to the external stray light is quantified in CIE 244:2021 with
the quality index “Effect of surrounding field”, f3 [CIE 2021].

7.9 Photo-response non-uniformity, PRNU

[Note: The reference source cannot be used for a pixelwise characterization of the PRNU, which would
require a homogeneous light source within the complete field of view of the instrument, unless a scanning
method is additionally implemented)].

This variable can be verified using the reference source proposed in the HiDyn project. For this
characterization, it is necessary to provide the same luminance condition for all pixels, simultaneously
(flatfielding) or subsequently (by scanning). The latter would be performed using a nodal point head of a tripod,
where deviations due to a small angular dependence of the source modules luminance will be avoided.

The flatfielding is usually carried out using the exit port of an integrating sphere. The PRNU might change
with the focus configuration or with the neutral density filter and must be evaluated for the different
configurations for operation. However, the exit port of an integrating sphere in not large enough to irradiate
under the same conditions all pixels from long distance. One solution is to keep always the measuring system
to be evaluated very close to the exit port even when the exit port is not focused [Saez 2025]. The factor Fnu
is obtained as the relative response of the pixels under identical conditions, normalized to the mean value of
the pixels for which the luminous responsivity was characterized. The normalization factor is imposed by the
characterization of sy. After normalization, the average of Fnu across the pixels used for the characterization
of sy must be 1.

This kind of characterization is important, for instance, for evaluating the glare form non-uniform luminaires,
according to the procedure recommended by CIE 232:2019, “Discomfort Caused by Glare from Luminaires
with a Non-Uniform Source Luminance” [CIE 2019].

7.10 Spectral mismatch correction, SMCF

[Note: The reference source alone cannot be used for this characterization. It is required spectral analysis
of the sources in the scene and the relative spectral responsivity of the instrument. Therefore, the
characterization of this effect is complex, and its correction, not specific to an HDR scene, is very time
consuming.]

The spectral mismatch correction requires the determination of the relative spectral responsivity of the
imaging system, and the spectral power distribution of the light sources evaluated (obtained by standard
procedures) and the spectral power distribution of the CIE reference spectrum L41 [CIE 2023]. The spectral
mismatch correction factor Fswm is calculated as recommended by CIE S 023/E:2013 [CIE 2013].

This is a scene-dependent correction, meaning that different spectral mismatch corrections are applied
according to the spectra of the light sources in the scene. As a consequence, this correction does not need to
be done pixelwise, but once the average luminance of the different light sources in the scene has been
calculated by integrating the luminance values of the pixels. However, the factor Fsw is given explicitly in Eq. (1)
to express that this factor depends on the pixel through the position of the light sources in the scene.
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The spectral distribution of the radiance of the different sources in the scene is sometimes unknown. In such
cases, Fsu needs to be estimated from typical relative spectral power distributions (SPD). For secondary
sources in a high contrast scene this is more complex since the spectral distribution requires the bidirectional
reflectance distribution function (BRDF) of the reflecting surface and multiple reflections within the scene might
be considered. The uncertainty of Fsm will depend strongly on the goodness of the approximation that is
considered.

7.11 Non-linearity

The nonlinearity with respect to the photoelectrons (directly related through the conversion factor to the net
signal, in counts or DN, as typical units from imaging systems), as given in Equations. (1)-(2), can be calculated
from the acquisitions at the configurations from FO0 to F7 at different integration times. It would allow to calculate
the relative variation of the ratio (photoelectrons) / (integration time) with respect to the photoelectrons over a
high dynamic range. Since, for a linear detector, this ratio should be constant for a fixed luminance, its variation
represents the factor of nonlinearity with respect to the photoelectrons (Fyy, ;). In addition, the evaluation of
the relative variation of this ratio with respect to the integration time allows the usable integration time to be
determined. In some cases, as when there is smearing, the correction of this last effect cannot be corrected.
In this case, for very short integration times (typically lower than 1 ms), it can be observed that the nonlinearity
function raises at low-count values compared to the functions determined with longer integration times.

When the integration time is not accessible, and the response of the camera is related directly to the ratio
(photoelectrons / integration time), this variable can be estimated from the acquisitions at the configurations
from FO to F7, by comparing with the reference. The variation of the relative luminance responsivity for different
luminance values, calculated for the light source Li as

F; (13)

)
FyulLv;

Syirel =

determines the residual error due to the nonlinearity. Note that the correction factor for the non-uniformity Fyy
needs to be considered, otherwise this source of error would be quantified incorrectly as part of the non-
linearity.

7.12 Achievable dynamic range (HDR indices)

In this report the ground-truth luminance (LaT) is defined as the luminance obtained when the light source
is not surrounded by other light sources producing internal stray sight which might affect its measurement. The
modified luminance (Lm) is defined as the luminance obtained when the light source is surrounded by other
light sources producing internal stray might which affects its measurement.

By comparing the reference R with F’;.5, it is possible to describe the relation between the decades of the
ground-truth luminance (Lct) in the scene and the decades of the modified luminance (Lm) by each
measurement system.

This relation depends on the number of decades: the fewer the decades to be measured, the lower the
impact of stray light in reducing the dynamic range of the acquisitions. The relative reduction of decades, AD,
is defined as:

_ |Alogqo(Lgt) — Alogyo(Lm)| (14)
Alogqo(Ly) '

where Alog,,(L) denotes the number of decades within a given range, and this is calculated as the difference
between the decimal logarithms of minimum and maximum luminances within the range, as:

AD

Alogyo(L) = log19(Lmax) — 10810 (Lmin) (15)
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The relative reduction of decades, AD, depends on the number of decades in the luminance scene. It was
tested that AD increases exponentially with respect the number of decades [Ferrero 2025(2)], and can be
empirically modelled as:

AD = fypr1 10Pct/HDR 2, (16)

where:

e D¢r denotes the GT number of decades in the scene and is calculated as:

Dgr = Alogyo(Lgt) (17)

*  fupr1 and fypgr, are empirical parameters.

Both fypr1 and fypr, are empirical parameters whose values are determining by fitting the Eq. (16) to the
experimental data obtained for AD at different values of Dg;.

The calculation of AD through Eq. (14) can be applied to any other luminance distribution, as long the GT is
known, i.e. by reference measurements using a conventional spot luminance photometer. However, the result
can depend strongly on this distribution for a given imaging system. For instance, AD would increase toward
lower distances between the brightest and the dimmest sources, or with the size of the brightest source. This
report proposes to restrict the calculation of fypr 1 and fupr» to the hexagonal distribution defined by R, with:

e The dimmest light source always at the center.

e Light sources of identical sizes.

e Light sources small with respect to the complete image.

e Light sources large with respect to the pixel, i.e. many pixels.

e For all sources, the same distance to the dimmest source (between 1/4 and 1/3 of the largest side of
the image).

These restrictions must minimize the variation of the obtained fypr, and fypr, With slightly different luminance
distributions.

7.13 Sensitivity coefficients

The previous characterizations require an evaluation of the repeatability (by multiple repetitions) and the
provision of the corresponding uncertainty for the different variables or empirical parameters. This would allow
the sensitivity coefficients to be calculated, as it is shown in [Ferrero 2025]. The formal expression of the
sensitivity coefficients is derived as recommended by the Guide to the expression of uncertainty in
measurement (GUM) [GUM 2008] from Egs. (1) - (2).

7.14 Performance for measuring glare or obtrusive light indices

The reference source can be used for determining the performance of a given DUT for measuring typical
indices defined for evaluating glare or obtrusive light, which are functions of the luminance, positions and
subtended solid angles of the light source within the field of view, and also of the background luminance. In
these cases, the configuration defined above (Table 2) is not used anymore, but configurations providing a
simplified version of representative scenes to be evaluated in the field. The performance is evaluated
experimentally by comparing the index calculated by using the reference value corresponding to that
configuration, as above defined, and the index calculated from the measurement of the selected configuration.

Alternatively, this performance can be simply calculated by estimating the uncertainty in the measurement
of the indices. To estimate this uncertainty, it is taken into account the better estimation and uncertainty of the
light sources and the background luminances, which are obtained from the measurement models in Equations.
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(1) - (2), as recommended by the Guide to the expression of uncertainty in measurement (GUM) [GUM 2008],
and after carrying out the procedures described in this document.

7.15 Verification

To verify that the proposed characterization based on individual sources allows the effect by internal stray light
to be explained when a different scene (with very different and simultaneous luminance levels) is evaluated,
the image F’;.; is compared to the convolution of R with the characterized PSF, conv[R, PSF(a)], denoted here
as F'1.75, where the subscript 's' denotes 'synthetic'. The comparison is evaluated in terms of )(i (see Section
7.6, item 3, for definition).

The verification for the studied systems is illustrated in Figure 6.

. o X 2
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Figure 6: Examples of verification of HDR imaging luminance measurements with three different imaging
measurement systems (MS-50, ILMD-8 and ILMD-50, in different image rows). The first image column
represents the logarithm in base 1000 of F’;.;, the second image column represents the logarithm in base
1000 of F’y.7¢, (conv[R, PSF(a)]), and the third image column represents xi.

ILMD-50: log,, x2
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