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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

0.1 Purpose

The spatial resolution capability is an important attribute of a digital camera. Resolution measurement
standards allow users to compare and verify spatial resolution measurements, as described in Reference [15].
This document defines terminology, test charts, and test methods for performing resolution measurements

for digital cameras.

0.2 Technical background

Because digital cameras are sampled imaging systems, the term resolution is often incorrectly interpreted as

the numbe
counts, the
Qualitativdly, resolution is the ability of a camera to optically capture finely spaced detail;anhd
reported ap a single valued metric. Spatial frequency response (SFR) is a multi-valued metrtic tha
contrast Igss as a function of spatial frequency. SFR is similar to the optical transfen-function
the modulation transfer function (MTF) which are defined for linear systems (see-References [
Generally, fontrast decreases as a function of spatial frequency to a level where detail is no long
resolved. This limiting frequency value is the resolution of the camera. A cariera’s resolution ¢
are deternjined by several factors. These include, but are not limited to, the performance of the c
the numbef of addressable photoelements in the optical imaging device, aixd the camera image |
which can [nclude image sharpening, image compression and gamma cgrrection functions.

While resolution and SFR are related metrics, their difference lies inctheir comprehensiveness an
articulated in this document, resolution is a single frequency patameter that indicates whether
signal conflains a minimum threshold of detail information for visual detection. In other words

is the high
valuable fg
can be eas
visual exp
detail loss.

SFR is a nu
It is very Y
function fr

spatial frequency associated with a specified SFR level as a modified non-visual resolution value.

In a depart

edition. Thie first SFR metrology method, an edge-based spatial frequency response (e-SFR), was

that descri
edition, th
directions,
used to cojf
phases relg

A second S

st spatial frequency that a camera can usefully"¢apture under cited conditions. It g
r rapid manufacturing testing, quality control\mionitoring, or for providing a simple
ily understood by end users. The algorithniused to determine resolution has been f
briments using human observers and correlates well with their estimation of high

merical description of how contrastis changed by a camera as a function of spatial fj
eneficial for engineering, diagnostic, and image evaluation purposes and serves as a
pm which such metrics as sharpness and acutance are derived. Often, practitioners wi

ure from the first edition of this document, two SFR measurements were described in

bed in the first edition, except that a lower contrast edge was used for the test chart. I
e test chart used for the e-SFR measurement was updated, to enable measurements

Regions ofiinterest (ROIs) near slanted vertical, diagonal, and horizontal edges are di
hpute the e-SFR levels. The use of a slanted edge allows the edge gradient to be measur
tive to'the image sensor photoelements and to yield a phase averaged e-SFR response

ineywave based SFR (s-SFR) metrology method was introduced in the second editi

mera pixel
document.
is usually
[ measures
(OTF) and
] and [4]).
er visually
nd its SFR
imera lens,
brocessing,

1 utility. As
the output
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an be very
netric that
ested with
frequency

requencies.
n umbrella
] select the

the second
dentical to
the fourth
n diagonal
bitized and
led at many

bn. Using a

sine wave

modulated Target 1n a polar format (e.g. Siemens starj, 1T 1S intended to provide an Sk

response

that is more resilient to ill-behaved spatial frequency signatures introduced by the image content driven
processing of some consumer digital cameras. In this sense, it is intended to enable easier interpretation of
SFR levels from such cameras. Comparing the results of the edge-based SFR and the sine-based SFR might
indicate the extent to which nonlinear processing is used.

The first step in determining visual resolution or SFR is to capture an image of a suitable test chart with the
camera under test. The test chart should include features of sufficiently fine detail and frequency content
such as edges, lines, square waves, or sine wave patterns. The test charts defined in this document have
been designed specifically to evaluate digital cameras. They have not necessarily been designed to evaluate
other electronic imaging equipment such as input scanners, CRT displays, hard-copy printers, or electro-
photographic copiers, nor individual components of a digital camera, such as the lens.

© IS0 2024 - All rights reserved
vi


https://standardsiso.com/api/?name=38ad0fa769f216265543a92309d80dcf

ISO 12233:2024(en)

The measurements described in this document are performed using digital analysis techniques.
0.3 Methods for measuring SFR and resolution — Selection rationale and guidance

This section is intended to provide more detailed rationale and guidance for the selection of the different
resolution metrology methods presented in this document. While resolution metrology of analogue
optical systems, by way of spatial frequency response, is well established and largely consistent between
methodologies (e.g. sine waves, lines, edges), metrology data for such systems are normally captured
under well-controlled conditions where the required data linearity and spatial isotropy assumptions
hold. Generally, it is not safe to assume these conditions for files from many digital cameras, even under
laboratory capture environments. Exposure and image content dependent image processing of the digital
image file before it is provided as a finished file to the user prevents this. This processing yields different SFR
responses depending on the features in the scene or in the case of this document, the test chart. For instance,

in-camera
blur them

be tuned djifferently for repetitive scene features such as those found in sine waves or bay 'patte

Even using
yield differ
to use, eith|

Edges are
which ima
metrology
processing
being equa
especially
and would
of 1SO 122
the first eq
diagonal di
half-sampl
features. I
scenes. Hoj
and/or wh
the measul

Sine wave
and they a
the edge-b
being iden
imposes oy
by the abs
wave starh
software, 4
stated abo
version. Af
features.

pdge detection algorithms might specifically operate on edge features and selectively
based on complex nonlinear decision rules. Depending on the intent, these algorithnis

the constrained camera settings recommended in this document, these nonlinedr ope
ing SFR results depending on the test chart. Naturally, this causes confusion-on which
er alone or in combination. Guidelines for selection are offered below.

common features in naturally occurring scenes. They also tend te‘act as visual acu
pe quality is judged and imaging artefacts are manifested. This logic prescribed their

in many consumer digital cameras: they are visually impettant. All other imaging
1, camera SFRs using different test chart contrast edge-features can be significantl
with respect to their morphology. This is largely due.to nonlinear image processing
not occur for strictly linear imaging systems. To maderate this behaviour, in the sec
B3, a lower contrast slanted edge feature was ch@sen to replace the higher contrast
lition. In the fourth edition, the edge feature was further modified to enable measu
rections. This “slanted star” feature choice still'allows for acuity amenable SFR results
ng frequency and helps prevent nonlinear\data clipping that can occur with high cont
is also a more reliable rendering of visually important contrast levels in naturally
vever, data clipping is still possible when using a test chart having a large edge reflec
en the captured image of the test ¢liart is significantly overexposed. This data clipping
'ed e-SFR values to be overstated.

features have long been théchoice for directly calculating the MTF of analogue imagi
Fe intuitively satisfying~They were introduced in the second edition based on experi
ased approach. Because“sine waves transition more slowly than edges, they are nc
Lified as edges in emibedded camera processors. As such, the ambiguity that image
| the SFR can bedargely avoided by their use. Alternatively, if the image processing is
ence of sharp.features, more aggressive processing might be used by the camera. Usi
urst test pattern (see Figure 6) adopted in the second edition along with the approprig

e, thessine wave-based target is also of low contrast and consistent with that of the ¢
added benefit of the target’s design over other sine targets is its compactness and bi-

enhance or
might also
rn targets.
rations can
test charts

ty cues by
1se for SFR

in the past and current editions of this document. It is also why edge features are prome to image

conditions
y different,
operations
nd edition
version of
rements in
beyond the
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occurring
tance ratio
b can cause

hg systems
ences from
t prone to
processing
influenced
ng the sine
te analysis

sine waye based SFR can be calculated up to the half-sampling frequency. For the same reasons

bdge-based
directional

Experience suggests that there is no single SFR for today’s digital cameras. Even under the strict capture
constraints suggested in this document, the allowable feature sets that most digital cameras offer prevent
such unique characterization. Confusion can be reduced through complete documentation of the capture
conditions and camera settings for which the SFR was calculated. It has been suggested that comparing
edge-based and sine wave-based SFR results under the same capture conditions can be a good tool in
assessing the contribution of spatial image processing in digital cameras. See Reference [15].

Finally, at times a full SFR characterization is simply not required, such as in end of line camera assembly
testing. Alternately, SFR might be an intimidating obstacle to those not trained in its utility. For those in
need of a simple and intuitive space domain approach to resolution using repeating line patterns, a visual
resolution measurement is also provided in this document.
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With such a variety of methods available for measuring resolution, there are bound to be differences in
measured resolution results. To benchmark the likely variations, the committee has published the results
of a pilot study using several measurement methods and how they relate to each other. These results are
provided in Reference [19].
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Digital cameras — Resolution and spatial frequency
responses

1 Scope

This document specifies methods for measuring the resolution and the spatial frequency response (SFR) of

digital cam
digital dat:

2 Norm

The follow
requireme
the latest e

ISO 14524,
functions ({

3 Term

For the puj
ISO and IE
ISO On

IEC El¢

3.1
addressab
number of

Note 1 to ¢
photoeleme

3.2
aliasing

.

ative references

ng documents are referred to in the text in such a way that some or all of.their content
hts of this document. For dated references, only the edition cited applies. For undated
dition of the referenced document (including any amendments) applies.

Photography — Electronic still-picture cameras — Methods forsmeasuring opto-electronid
DECFs)

s and definitions
poses of this document, the following terms and.definitions apply.

[ maintain terminological databases for use'in standardization at the following addreg

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at https://www-electropedia.org/

le photoelements
nctive photoelements in‘airimage sensor (3.11)

ntry: This equals the product of the number of active photoelement lines and the numb
hts per line.

output image artefacts that occur in a sampled imaging system (3.31) due to insufficient sampling

Note 1 to e

htry~\These artefacts usually manifest themselves as moiré patterns in repetitive image fe

jagged stairt

[ETdS. 1t 1S appticable to the measurentent of botir MOOTHTONTe ard cotour canreras wiich output

ronstitutes
references,

conversion

Ses:

er of active

itures or as

stepping at edge transitions.

3.3
cycles per
cy/mm

millimetre

spatial frequency unit defined as the number of spatial periods per millimetre

3.4

digital camera
device which incorporates an image sensor (3.11) and produces a digital signal representing a picture

Note 1 to entry: A digital camera is typically a portable, hand-held device. The digital signal is usually recorded on a
removable or an internal memory.

© IS0 2024 - All rights reserved
1


https://www.iso.org/obp
https://www.electropedia.org/
https://standardsiso.com/api/?name=38ad0fa769f216265543a92309d80dcf

3.5

ISO 12233:2024(en)

edge spread function

ESF

normalized spatial signal distribution in the linearized (3.15) output of an imaging system resulting from
imaging a theoretical infinitely sharp edge

3.6

effectively spectrally neutral
having spectral characteristics which result in a specific imaging system producing the same output as for a
spectrally neutral (3.26) object

Note 1 to entry: Effectively spectrally neutral objects may have spectral reflectances or transmittances that vary with
wavelength (are not constant) so long as they produce a neutral response using the specified imaging system. Objects

that are eff
another im3

3.7

gamma cofrection

signal prod

Note 1 to eq
characteris
signal level
shape for arj

Note 2 to eq
each colour

3.8

horizonta
resolution (
for a "land

3.9
image asp
ratio of the

3.10

image compression

process th

3.11
image sen
electronic

EXAMPLE

3.12
line pairs
Ip/mm

Ctively spectrally neutral with respect to one 1maging system will not necessarily be so wit
ging system.

essing operation that changes the relative signal levels

try: Gamma correction is performed, in part, to correct for the nonlinear tight output versus
ics of the display. The relationship between the logarithm (base 10) of the)light input level an
called the camera opto-electronic conversion function (OECF), provides the gamma corrg
image capture device.

try: The gamma correction is usually an algorithm, lookup table/or circuit which operates s¢
component of an image.

resolution
3.23) value(s) measured in the longer image ditmension, corresponding to the horizont:
bcape” image orientation, typically using a vébtical or near vertical oriented test-chart

fect ratio
image width to the image height

t alters the way digitalimage data are encoded to reduce the size of an image file
sor
Hevice that cofiverts incident electromagnetic radiation into an electronic signal

Charge-coupled device (CCD) array, complementary metal-oxide semiconductor (CMOS) ar

per millimetre

respect to

signal input
1 the output
ction curve

parately on

11 direction
feature

Fay.

spatial frequency unit defined as the number of equal width black and white line pairs per millimetre

3.13
line sprea
LSF

d function

normalized spatial signal distribution in the linearized (3.15) output of an imaging system resulting from
imaging a theoretical infinitely thin line
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3.14

line widths per picture height

LW/PH

spatial frequency unit for specifying the width of a feature on a test chart (3.27) relative to the height of the
active area of the chart

Note 1 to entry: The value in LW/PH indicates the total number of lines of the same width which can be placed edge to
edge within the height of a test target or within the vertical field of view of a camera.

Note 2 to entry: This unit is used whatever the orientation of the “feature” (e.g. line). Specifically, it applies to
horizontal, vertical, and diagonal lines.

EXAMPLE If the height of the active area of the chart equals 20 cm, a black line of 1 000 LW/PH has a width equal
to 20/1 000 cm

3.15

linearized
digital signal conversion performed to invert the camera opto-electronic conversion’ function| (OECF) to
focal planelexposure or scene luminance

3.16
lines per millimetre
L/mm
spatial frequency unit defined as the number of equal width black and white lines per millimetre

Note 1 to enftry: One line pair per millimetre (Ip/mm) is equal to 2 L/mm.,

3.17
modulatign
normalized amplitude of signal levels

Note 1 to enfry: This is the difference between the minimum agd maximum signal levels divided by the averagg signal level.

3.18
modulatidn transfer function
MTF
modulus of the optical transfer function (3.20)

Note 1 to enftry: For the MTF to have significance, it is necessary that the imaging system be operating in an isoplanatic
region and ip its linear range. Becausedigital cameras (3.4) are sampled imaging systems (3.31) which use spatial colour
sampling and typically include nonlin€ar processing, a meaningful MTF of the camera can only be agproximated
through the{ SFR. See ISO 155294,

3.19
normalizdd spatial fréguency
spatial frequency unitfor specifying resolution characteristics of an imaging system in terms of cycles per
pixel rathef than jnieycles/millimetre or any other unit of length

3.20
optical transfer function

OTF

two-dimensional Fourier transform of the imaging system's point spread function (3.21)

Note 1 to entry: For the OTF to have significance, it is necessary that the imaging system be operating in an isoplanatic
region and in its linear range. The OTF is a complex function whose modulus has unity value at zero spatial frequency
See IS0 9334I2], Because digital cameras (3.4) are sampled imaging systems (3.31) which use spatial colour sampling and
typically include nonlinear processing, a meaningful OTF of the camera can only be approximated through the SFR.

3.21

point spread function

normalized spatial signal distribution in the linearized (3.15) output of an imaging system resulting from
imaging a theoretical infinitely small point source

© IS0 2024 - All rights reserved
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3.22

reflectance

ratio of the luminous flux reflected from the surface of the chart to the luminous flux incident on the surface
of the chart. The reflectance should be integrated over the range of wavelengths from at least 400 to 700 nm.

Note 1 to entry: If the camera under test is sensitive to an extended spectral range (e.g. near Infrared wavelengths),
the spectral range over which the reflectance is integrated needs to include this extended spectral range.

3.23
resolution
measure of the ability of a camera system, or a component of a camera system, to depict picture detail

Note 1 to entry: The limiting resolution, visual resolution, e-SFR and s-SFR are examples of resolution measurements.

3.24
SFR10 frequency
Spatial frequency where the SFR value drops to 10 %

3.25
spatial frequency response
SFR
relative anjplitude response of an imaging system as a function of input spatiakfrequency

Note 1 to ehtry: The SFR is normally represented by a curve of the output response to an input sinus¢idal spatial
luminance dlistribution of unit amplitude, over a range of spatial frequencies, The SFR is divided by its [value at the
spatial freqpiency of 0 as normalization to yield a value of 1,0 at a spatial frequency of 0.

3.25.1
edge-based spatial frequency response
e-SFR
measured amplitude response of an imaging system to aslanted-edge input

Note 1 to enftry: Measurement of e-SFR is as defined in Clause 6.

3.25.2
sinewave-bpased spatial frequency response
s-SFR
measured amplitude response of an imaging system to a range of sine wave inputs

Note 1 to entry: Measurement of s-SFR'is-as defined in Clause 7.

3.26
spectrally neutral
exhibiting |reflective or €ransmissive characteristics which are constant over the wavelength range of
interest

3.27
test chart
arrangementofitest patterns (3.28) designed to test particular aspects of an imaging system

3.28

test pattern

specified arrangement of spectral reflectance or transmittance characteristics used in measuring an image
quality attribute

3.28.1

bi-tonal pattern

pattern that is spectrally neutral (3.26) or effectively spectrally neutral (3.5), and consists exclusively of two
reflectance or transmittance values in a prescribed spatial arrangement

Note 1 to entry: Bi-tonal patterns are typically used to measure resolution (3.23) by using the visual resolution method.

© IS0 2024 - All rights reserved
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hyperbolic wedge test pattern
bi-tonal pattern (3.28.1) that varies continuously and linearly with spatial frequency

Note 1 to entry: A bi-tonal hyperbolic wedge test pattern is used to measure resolution (3.23) by using the visual
resolution method in this document.

3.29

vertical resolution
resolution (3.23) value measured in the shorter image dimension, corresponding to the vertical direction for
a "landscape” image orientation, typically using a horizontal or near horizontal oriented test-chart feature

3.30

visual res
spatial freq
longer be d

Note 1 to en

3.31

sampled i
imaging sy
points, or 3

Note 1 to en

4 Test ¢onditions

4.1 Test

The lumin
test chart

position w|
sources (ki
the illumin

minimize fllare light. The test chart should be shielded from any reflected light. The illuminatec

shall be efff

juency at which all of the individual black and white lines of a test pattern (3.28) frequg
istinguished by a human observer

try: This presumes the features are reproduced on a display or print.

maging system

stem or device which generates an image signal by sampling anCintage at an array
long a set of discrete lines, rather than a continuum of points

try: The sampling at each point is done using a finite-size sampling aperture or area.

chart illumination

[key item 2) shall be uniformly illumindted as shown in Figure 1, so that the illuming
ithin the chart is within 10 % of the illuminance in the centre of the chart. The il
py item 3) should be baffled (key:itém 5) to prevent direct illumination of the cam
ation sources. The area surrounding the test chart (key item 1) should be of low ref

ectively spectrally neutral'within the visible wavelengths.

ncy can no

of discrete

ince of the test chart shall be sufficient ta provide an acceptable camera output signal level. The

ince at any
lumination
bra lens by
ectance to
test chart
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N
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(o)}

R -

lack wall or black surround

it

ation sources

Camera

to prevent direct illumination of the camera lens
e is adjusted to frame test chart

Figure 1 — Test chart Jlumination method

era framing and lens focal length-setting

h shall be positioned to properly.frame the test target. The vertical framing arrows §
magnification and the horizental arrows are used to centre the target horizontally.
vertical black framing arrews should be fully visible, and the tips of the centre whi

(I;uld not be visible. The test chart shall be oriented so that the horizontal edge of t

ely parallel to the hgrizontal camera frame line. The approximate distance between
t chart should be réported along with the measurement results.

era focusing

0 focus should be set either by using the camera autofocusing system, or by performi

of image c3
modulatiot

ptures:at varying focus settings and selecting the focus setting that provides the high
1 level at a spatlal frequency approximately 1/4 the camera NquISt frequency (In th

ire used to
The tips of
te framing
he chart is
the camera

ng a series
bst average
e case of a

olour filter

array). Auto focus accuracy is often limited, and this llmltatlon might have an 1mpact on the results

4.4 Camera settings

The camera lens aperture (if adjustable) and the exposure time should be adjusted to provide a near
maximum signal level from the white test target areas. The settings shall not result in signal clipping in
either the white or black areas of the test chart, or regions of edge transitions.

Most cameras include image compression, to reduce the size of the image files and allow more images to
be stored. The use of image compression can significantly affect resolution measurements. Some cameras
have settings that allow the camera to operate in various compression or resolution modes. The values of all
camera settings that might affect the results of the measurement, including lens focal length, aperture and
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image quality (i.e. recording pixel number or compression) mode (if adjustable), shall be reported along with
the measurement results.

Some cameras include adaptive tone mapping, which means that different parts of the image may have
different OECFs (opto-electronic conversion functions). Because the use of adaptive tone mapping
might affect resolution measurements, it should be turned off, if possible, when performing resolution
measurements. Since adaptive tone mapping is often used when the camera operates in HDR (high dynamic
range) mode, the HDR mode should be turned off, if possible, when performing resolution measurements.

Multiple SFR measurements may be reported for different camera settings, including a setting that uses the
maximum lens aperture size (minimum f-number) and maximum camera gain.

4.5 White balance

bper white
pecified in

For a c010||1r camera, the camera white balance should be adjusted, if possible, to providé |pr
balance [equal red, green, and blue (RGB) signal levels] for the illumination light source,-as s
[SO 14524.

4.6 Lunlinance and colour measurements

measurements are normally performed on the camera luminariece signal. For coloyr cameras
F provide a luminance output signal, a luminance signal should<be formed from an gppropriate
n of the colour records, rather than from a single channel such' as green. See ISO 12232 for the
signal calculation. Colour-filtered resolution measurements can be performed as d¢scribed in

Resolution
that do no
combinatid
luminance
Annex G.

4.7 Ganima correction

the scene

The signall
luminance
response 1
Linearizat

0
table or ap1p ts
egrated on the resolution test ¢hart (as shown in Figures 4a, 4b, and 6) or using th|

patches inf
reflection

5 Visud

5.1 Gen

The visual
able to be ¥

Because of
objective v

representing the image from the camera will probably be a nonlinear function of
values. Since the SFR measurement is defined on a linearized output signal and such :
night affect SFR values, the signal shall be linearized before the data analysis is

h nonlinear
berformed.

n is accomplished by applying the inverse of the camera OECF to the output signal v
ropriate formula. The measurement of the OECF shall be as specified in ISO 14524,

famera OECF test chart specified in ISO 14524.

1 resolution measurément

bral

resolution iS¢he maximum value of the spatial frequency in LW/PH within a test pat
risually distinguished. A black and white hyperbolic wedge is used as the test pattern.

aliasing artefacts in the high frequencies, actual resolution judgements can be ambi
isualresolution method described herein using a hyperbolic wedge test pattern gives 1

ia a lookup
ing OECF
standard

fern that is

cuous. The
hore stable

results by

adopting the visual judgement rules described in 5.3 which have been used by a hig

hly skilled

observer.

O

It can be measured analytically using computer analysis of captured images, as defined in Annex B. The
computer analysis method is intended to correlate with the subjective judgement of visual resolution made
by a skilled observer but is likely to yield a more consistent and objective result compared to actual visual
judgements. However, if there is a discrepancy between the results of the computer analysis method and the
judgement of a human observer, the judgement of the human observer takes priority.
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5.2 Test chart

5.2.1 General

The preferred test chart for measuring the visual resolution is the CIPA resolution chart, which is shown in
Figure 2 and specified in Annex A.

The chart shown in Figure 2 is designed to measure cameras having a resolution of less than 2 500 LW/PH.
Nevertheless, it is possible to use the chart to measure the resolution of a digital camera having a resolution
greater than 2 500 LW/PH. This is accomplished by adjusting the camera to target distance, or the focal
length of the camera lens, so that the test chart active area fills only a portion of the vertical image height
of the camera. This fraction is then measured in the digital image, by dividing the number of image lines in

the camersj

PH, printed
values. For
factor is ed
this chart f

NOTE )i
original tes

5.2.2 M4

The test cHi
illuminate
shall be re{

5.2.3 SiZ

The active
shall be no

52.4 Te
The test ch

NOTE

5.2.5 Te

For reflect
Bmir}' for la_
ifitis outsi
minimum

80:1 and shall bereported if it is outside this range. For a paper base optical density of 0,10, thesg

and maxin{

Bi-tonal test charts are easily manufactured and minimize the cost of producing the chart.

imngp hy the number oflinesin the active chartarea The values of all test chart featy

| on the chart or specified in this document, are multiplied by this fraction, to obtain{tH

ual to 2 and a feature labelled as 2 000 LW/PH on the chart corresponds to 4°000 LV
raming.

igure 2 includes an improved version of the test chart features originally defined in ISO 1223
chart defined in ISO 12233:2000 is described in Annex I.

terial

lart may be either a transparency that is rear illuminated-or a reflection test card t}
1. A reflection chart shall have an approximately Lambertiah base material. A transpal
1 illuminated by a diffuse source.

e

height of reflection test charts should be ngZless than 20 cm. The active height of tran
t less than 10 cm.

5t patterns

art shall have bi-tonal patterns and should be spectrally neutral.

5t pattern modulation

jve charts, the ratio of the maximum chart reflectance, R, ,,, to the minimum chart q
Fge test pattepnvareas should be not less than 40:1 and not greater than 80:1 and shall §
de this range: For transmissive charts, the ratio of the maximum chart transmittance,
hart transmittance, T,;,, for alarge test pattern should be notless than 40:1 and not g

umnumbers translate to optical densities of 1,7 and 2,0, respectively. Modulation ra

finer test d

res, in LW/
eir correct

example, if the chart fills 1/2 of the vertical image height of the camera, then the mulfltiplication

V/PH using

8:2000. This

hat is front
ency chart

sparencies

eflectance,
ereported
[ . to the
reater than
P minimum
tios for the

hart features, relative to the ratio for large test pattern areas, should preferably he r

the chart manufacturer for reference.

NOTE

The decimal sign is a comma in ISO standards.

5.2.6 Positional tolerance

ported by

The position of any test chart feature shall be reproduced with a tolerance of +1/1 000 picture heights
(equivalent to +1/10 % of the active test chart height). In addition, the width and duty cycle ratio of each feature
(white or black line) of the wedge pattern shall be reproduced with a tolerance of +5 % of the feature width.
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Values in 100X Lines per Picture Height

Figure 2 — CIPA\resolution chart

5.3 Rulégs of judgement for visual observation

5.3.1 Rules of judgement

The viewer shall observe the following rules when judging the resolution value. These rules are intended to
achieve a cprrect measurementivalue in the presence of unavoidable aliasing artefacts.

a) Beginning from the low)frequency side, treat a spatial frequency as “Resolved” only whep all lower
spatia] frequencies-are also resolved. The resolution limit is achieved at the line just befofe the first

occurrence of unresolved line features.

b) Treat g4 spatialfrequency as “Not resolved” when the black and white lines appear to change|polarity or
lines are bluftred together to produce a reduced number of lines, compared to the number in th¢ test chart.

5.3.2 Example of a correct visual judgement

As shown in Figure 3, the boundary between the resolved (Key item 1) and not resolved (Key item 2) regions
is indicated by a dashed arrow, which corresponds to resolution value to be measured.

© IS0 2024 - All rights reserved
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ck lines

N

Figure 3 — Correct application of the wedge feature interpretation

based spatial frequency response (e-SFR)

bral

ased spatial frequency response (e-SFR) of a digital camerais measured by analysing
lanted low contrast neutral edges, using a test chart having four-cycle “slanted star” tej
bd star” test patterns permit the e-SFR to be measured-in the vertical, horizontal, ar

red test chart for measuring e-SFR is shown in Figure 4 a) and specified in Annex C.
‘slanted star” test patterns having a 4:1 reflectance ratio between the bright and dar
ight portions having the same reflectanceé,as the test chart background. As a result,

to perform the measurements have the same 4:1 reflectance ratio (and reflectance
squares used in the 2nd and 3rd editibns of ISO 12233. This allows the measurements
ith edition to be directly compared:te the results from these earlier editions.

measurements may optionally be performed using a test chart with “slanted star” te
flectance ratio which is greater than 4:1, but less than or equal to 10:1. Figure 4 b) is :
bst chart, and depicts aTeflectance ratio of approximately 6:1. The larger reflectanc
influence of noise omthe e-SFR measurement, but is more likely to be influenced by
ressing in the canfera: When e-SFR measurements are performed using a test chaj
ratio greater than4:1, the reflectance ratio shall be reported along with the test resu

\ttention is drawn to the possibility of overstating the measured e-SFR values due to data clj
chart haying a large reflectance ratio and/or when the captured image of the test chart is s
1. See theuritroduction for additional information.

the camera
t patterns.
d diagonal

It includes
k portions,
the slanted
values) as
performed

5t patterns
in example
e ratio can
non-linear
t having a
ts.

pping when
ignificantly
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b) e-SFR test chart with 6:1 edge reflectance ratio

Figure 4 — e-SFR test charts

The e-SFR measurement includes the capture of a digital image of the test chart and analysis of the contents
of the image file by a software program. This software can be accessed from www.iso.org/12233. The e-SFR
algorithm shall be implemented as described in Annex D, and example source code for computing the e-SFR
is provided in Annex M.

© IS0 2024 - All rights reserved
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A diagram depicting some of the key aspects of the current e-SFR algorithm is shown in Figure 5 a) to f). See
Reference [16]. Figure 5 a) shows how the pixel values of a small region of interest (ROI) window containing
a slanted edge are sampled by the image sensor. The slight slant in the edge causes the position of the edge

to be displaced slightly between each row of image samples. Figure 5 b) shows the resulting edge profiles of
each row.

A A A A A A A A m
[ ] [ ) [ ] e O ) [ ] [ ] ’
A A A A A A A A ‘
a m] a o [m] o [m] m]
v v Y Yy v.v v v ‘
o o) o o O [e] [} (o)
v vV Vv vV vV vV V¥V v ’
E E m EE n = W
a) d)
4 " “
R
o . L 2
A L 2
u]
v
R *
2 = ¢
. b0 SO0 %000
b) e)
ﬁ .
o
*
[ {
A
o Y
v
£
»
e
X
) f)
Key
X  spatial ffrequency
Y e_SFR valires

Figure 5 — Key aspects of the e-SFR algorithm

The ROI shall be square or rectangular (i.e., having vertically and horizontally oriented sides, not slanted

sides) and should have between 100 pixels and 400 pixels on a side. Other sizes may be used, in which case
the size of the ROI shall be reported.

The location of the edge is then estimated for each row in the window, and these locations are used to
estimate the edge direction and position using a polynomial fit to the edge. The positions of each row of
samples are adjusted using this polynomial fit, to compensate for the position of the edge for each row,
yielding an oversampled edge profile, as shown in Figure 5 c). A 5th order polynomial should be used,

© IS0 2024 - All rights reserved
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although any other lower order polynomial (e.g. a 15t order linear fit) may be used instead, in which case the
polynomial order shall be reported along with the measurement results.

NOTE Earlier versions of ISO 12233 used a linear fit to the edge. Tests have shown that in cases of significant
geometric distortion, a higher order polynomial fit provides better results than a linear fit for typical ROI (region of
interest) sizes, by compensating for this distortion. See Reference [10].

The oversampled edge profile is then “binned”, by averaging the edge values within % pixel size bins, to
provide a 4x super-sampled edge profile, as shown in Figure 5 d). See Reference [17].

The derivative of this super-sampled edge is calculated using a finite difference filter to obtain the line spread
function, as shown in Figure 5 e). The discrete Fourier transform of the line spread function is calculated,
and the e-SFR value (Key item Y) at each spatial frequency (Key item X) is equal to the absolute value of the

transform pfter-correetingfor-thefrequeneyresponse-of-the finite-differencefilter-asshowninHigure 5 f).
6.2 Methodology
The algorithm defined in Annex D can automatically compute the e-SFR, using imdge~data frpm a user-

defined re
horizontal

The algorif
edge imagg
to measursg
than along
are used td

As an addi
compensat
compensat

See Refere

7 Siney

The sinew
camera im
chart for nj

An executg
software, y

The softw4
The star is
selects the
patches us
of the cam
shows the

ctangular region of the image which represents a near-vertically, near<diagonall
y oriented dark to light or light to dark edge.

hm is described assuming a near-vertical edge. To measure near-horizontal edges, t
e data are rotated 90° before performing the calculation. Note-that a near vertical e
 a horizontal e-SFR, since the e-SFR is a measure of the image transition across the e
it. Likewise, a near horizontal edge is used to measure, the vertical e-SFR. Near diag
measure the diagonal e-SFR.

Fional option, the effects of non-uniformity due to illumination shading or lens vignet
ed using the method described in Annex J. However, the e-SFR results without non-
ion shall also be reported, along with the e-SFR\résults obtained using non-uniformity

hces [6], [8] and [9] for supplementary infexmation on the e-SFR method.

yave-based spatial frequency.response (s-SFR) measurement

hve-based spatial frequencyrésponse (s-SFR) of a digital camera is measured by an
hge taken of a sine wave-niodulated starburst pattern, as described in Reference [1]
easuring the s-SFR is shown in Figure 6 and is specified in normative Annex E.

ble version of software has been developed to perform measurements using this test
Vhich was created'using Matlab®1), can be accessed from www.iso.org/12233.

re can reporfthe results from a single image or can average the results from numerq
divided into-a user-selected number of segments (typically eight segments) for analysi
area of\the captured image that contains the chart. The Siemens star is surrounded
ed to tinearize the image code values by inverting the opto-electronic conversion funct
era. The posted software requires the lightest patch to be in the upper right corner.

y, Or near-

he selected
Ige is used
dge, rather
onal edges

ting can be
uniformity
correction.

hlysing the
). The test

chart. The

us images.
s. The user
by 16 grey
ion (OECF)
The result

modulation versus freqguencv lin line pairs/picture height (LP/PHY] for each of the seg
1 J L r ' (=] \Y 7 J1 =]

nents.

The s-SFR algorithm that shall be used to perform the s-SFR measurements is specified in Annex F.

1) Matlab is an example of a suitable product available commercially. This information is given for the convenience of

users of this

document and does not constitute an endorsement by ISO of this product.
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8 Prese

8.1 Gen

The result
informatio

a)

sharpr
b) wheth
9]
d)

If the effed
(i.e., if the
measurem

The calculd
value can 4

NOTE 1

the illy

\_

Figure 6 — Sine-based SFR test chart

ntation of results

bral

5 of the resolution and SFR measurements shall bg, reported as described below. Th
n should be reported along with the measurement results:

the vallues of all camera settings that might affect the results of the measurement, ing

ess setting, lens focal length and aperture;‘and resolution or compression mode (if adj
b1 dark-field and/or flat-field correction was used;

minating source colour temperature and illumination level;

for cameras equipped with interchangeable lenses, the type and characteristics of the lens used

calculated response-data is the same for any interchangeable lens), the calculated c
ents without a lensymay also be reported.

ition of an acutance value from the e-SFR or the s-SFR data is described in Annex L. Th
Iso be reported.

onversion between commonly used units is described in informative Annex H.

NOTEZ |

e following

luding the
ustable);

n the tests.

t of the lens and the test‘target can be mathematically removed by using their moduflation data

amera SFR

s acutance

\Vhile reporting all of the above conditions is important for full technical reports, it can m4

ke the data

collection and reporting complex. Abridged reporting of the capture conditions is acceptable and often preferable for
catalogue or casual user information.

8.2 Resolution

8.2.1 Ge

neral

The resolution values acquired using the visual resolution measurement shall be reported as spatial
frequency values, in LW/PH.
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The SFR10 frequency value derived from the SFR as the spatial frequency value for a given (i.e. 10 %)
modulation level (see 8.3.1) may also be used as the summary resolution metric, as long as it is consistent

with the vi

sual resolution.

The resolution value shall be measured for at least the four basic directions of horizontal, vertical, +45° and
-45° for the presentation of results, and the manner of presentation shall be selected as follows.

8.2.2 Ba

sic presentation

The resolution value of each measuring direction shall be reported with its direction for all measured

directions.

8.2.3

The averag

Rer@nmmmmi' i
The minimum resolution value for all measured directions shall be reported without its direction.

e resolution value may be reported as a representative value additionally if €a¢h of thg

(with its direction, mentioned above) and average is clearly specified.

8.3 Spat

8.3.1 Ge

The SFR re
frequency

Figure 7 oy

Summary
spatial fre
SFR criter
and [19] fo

8.3.2 Sp

The SFRre
frequency)
be reporte

ial frequency response (SFR)

neral

sult is reported as the modulation level of each spatial fréquency. It may also be repo
value associated with a given modulation level. It shall be‘reported using a graph plot g
using a chart diagram.

Fesolution metrics derived from the SFR may al§e be reported. Depending on the ug
quency associated with selected SFR responseilevels (ordinate value) may also be rej
on levels and SFR methodology used shall’also be reported in this case. See Refer
I comparisons of SFR results between thetwo methods.

ptial frequency response

sults shall be reported using a graph plotting the modulation level (having a value of 1
versus spatial frequency, orin a list of SFR values versus spatial frequency. The SFR v
d separately for the horizental, diagonal, and vertical directions. The values shall be {

of four replicate SFR measurements of a low contrast slanted edge. The spatial frequency 3

preferably

be labelled with one‘of three units: frequency relative to the sensor sampling frequen

pixel), line
relationshi

and radialld

widths per pictureheight (LW/PH), or cy/mm on the sensor, or with Formulas repre
between theSednits. There shall be a minimum of 32 equally spaced measurement

. Valuesbetween 1/2 and 1 times the sampling frequency shall be marked to indicate
liasing-Eigure 7 demonstrates one suitable method of graphically reporting SFR value

optical and sensor SFR behav1our
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X

Key
X normalized spatial frequency (cycles/pixel)
Y edge spatial frequency response (e-SFR)
1  horizoptal e-SFR
2 vertical e-SFR
3 aliased|region

Figure 7 — Digital camera SFR example plot
NOTE The decimal sign is a comma in ISO standards:

8.3.3 Re

The s-SFR
for more t}
it. Figure §
certain md
of angular
differing S

port of resolution value derived from the s-SFR

alues should be reported separately for each measured direction. If the resolution is
lan horizontal and vertical orientations, a radar chart diagram is a recommended way
b shows an example of @ suitable method for reporting the frequency values corres
dulation levels (e.g. 10 %) in any direction. It indicates the resolution behaviour as

FR modulations.tg)one another.

etermined
to present
ponding to
a function

orientation. Multiple plots may also be graphed on the same chart to show the relationship of
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NOTE ]
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Figure 8

leasurement conditions: lens focal length =55 mm, lens aperture = f/4, camera compression

— Resolution value derived frem the s-SFR (e.g. 10 % modulation) measured for
angular orientations

ing = daylight, dark-field and flat-field correction were not used, 2 000 Ix daylight illuminatiox.

= off, white

different
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Annex A
(informative)

CIPA resolution chart

A.1 Features of the CIPA resolution chart

The CIPA resolution chart includes the features listed in Table A.1, which are located as shown in
Figures A.] to A.5.

Table A.1 — Description of CIPA resolution chart features

Code Characteristics and application

>

lack border with inner edge which defines active target area

Uhite framing arrows used to frame target vertically

entre pattern used to set focus

B
V
C
Framing lines and arrows that define 1:1, 4:3, and 3:2 image aspecttatios

2[00 LW/PH to 2 500 LW/PH hyperbolic zone plates used to measure visual resolution
S

2

H

C

ightly slanted (~5° or 50°) small black squares used to measure e-SFR
00 LW/PH to 2 500 LW/PH square wave sweep

yberbolic wedges, used for checking whether the peripheral portions are in focus

mw|o|T|Irm|(— |00

oncentric circles for reference when other patternsiare added
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Values in 100X Lines per Picture Height

nge.

hge height).

or gred

ter)

'rance of the CIPA resolution‘chart

satisfies the following requirements.

e widtholerance shall be within #5 %.

fleetance ratio, R, /R

Figure A.1 — Characteristics @f the CIPA resolution chart

max and the minimum chart reflectance R, for large

ttern areas should not be’less than 40:1 or greater than 80:1 and shall be reported if it is outside

sitional toleranceof the test patterns shall be within 0,2 mm of the specified location (+0,1 % of

for the finest features of the hyperbolic patterns ] and Q sHould be 18

min’
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A.3 Dimensional specification of the CIPA resolution chart

o¥e

(/]

002

£999°96

L£999'96

(& //‘/ﬂ"vnm//;.
-4 : A
. > Il 2
) /u 5 |
£ |

\\w lao
. )
L] \\I ) ll

tEEEL!

tEEEEL!

0z1

o

Figure A.2 — Dimensional drawing “A” for CIPA resolution chart
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Figure A.3 — Dimensional drawing “B” for CIPA resolution chart
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\1.8231

Figure A.4 — Detail drawing for linear frequency sweep
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Figure A.5 — Detail drawing for five-line hyperbolic wedge pattern
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Annex B
(informative)

Visual resolution measurement software

B.1 Background and purpose

This annex describes the “HYRes”?) measurement software, which provides measurement r
correlate well with visual resolution measurements, while avoiding some of the problems of\u

observatio
supports b

HYRes als
the captur
the spatial
same judgi

HYRes wa
version of

algorithm |

In this ann|

HYRes ver

hs. It is also automatic, highly repeatable, and does not depend on an image displa
pth JPEG and BMP image file formats. HYRes is available only in the English language.

avoids visual observation errors due to aliasing, by determining whencthe number
bd image of a resolution wedge decreases below that in the test chart. Qnde'this condit]

Ing rules as described in 5.3 to remove the influence of artefacts.

5 upgraded to HYRes IV (integrated version) for the 4th edition of this document. H
HYRes has some additional functions and/or user interfacejmprovements, but the mg
nas not been changed in any way. Therefore, each versiongprovides the same measurem

ex, when HYRes is described without specifying a spécific version, the description ag
bions, including HYRes IV and all earlier versions.

B.2 Downloading the software

HYRes soff

https://ww

ware that performs this measurement«¢an be downloaded (at no cost) from the follow|

rw.cipa.jp/dcs/hyres/hyres dl e.htinl

Reference
contains a

from the fq

https://wW

[5], “CIPA DC-003-Translation-2020 Resolution Measurement Methods for Digital
more detailed description-of'the HYRes software algorithm, and can be downloaded
llowing URL:

yw.cipa.jp/e/std/std-sec.html

CIPADC-0
released v
code. Ther
results prd
observers.

3 includes several' annexes describing HYRes (specifically, HYRes3.1, which was the fi
ersion of HYReS) and includes a flowchart that completely describes the correspond
b is also an ahimex that describes the experiment and results used to validate HYRes. Th
vided by the HYRes software were in good agreement with judged visual resolution

esults that
sing visual
y device. It

of lines in
ion occurs,

frequency is considered to be “not resolved”. In other words, the measurement softwajre uses the

ach newer
asurement
ent results.

plies to all

ing URL:

Cameras”,
[at no cost)

st publicly
ing source
e objective
by human

B.3 Measurement procedure

The follow

ing is a step-by-step description of the visual resolution measurement procedure.

The description in this subclause, and Figures B.1 to B.3 below, depict HYRes ACE, which is the previous
version of HYRes. HYRes IV is the integrated version with several operating modes, including a mode that is

equivalent

to HYRes ACE.

a) Capture a digital image of the visual resolution test chart shown in Figure 1 under the test conditions
specified in Clause 4.

2) HYRes is an example of a suitable product available commercially. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of this product.
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b) Read in the image file to the HYResACE software in the image trimming mode. Manually select the
type of wedge (the black line number of the wedge, etc.) to be measured. Then, define the rectangular
region of interest (ROI) which includes the wedge pattern from this test chart image by using the image
trimming function of HYResACE, as shown in Figure B.1.

Key

1 file narpe

2 wedge type

3 directign ..
4  picture|height (pixels) @
5  trim arpa (defines region of inter@?

6  wedge measured O :

1

3 2

4

5

& HYRe:

ACE Main Window - (Picture

Triming Window]

. File

Trim | Messure | 7 7 -
| (5 o s g Ovecton For2 Vo /=] o[ —520

mmlm 3 TimArea X 59 Y 313

AN
Figure B.1 — Trimming window of HYResACE

QO
s
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S
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1 I YRes Al . i) [Resolution Measureing Window) =10 x|
=18] x|
2 P3140001Resized

L 5]
4 |

[ L
-

7
726 lines
file nae
wedge ftype
directign
picturelheight (pixels)
wedge measured
result (visual resolution)
Figure B.2 —d&lsuring window of HYResACE
HYResACE automatically opens “Measuring window”, which is a mode for calculating| the visual
resolution, and displays the se d ROIL. The visual resolution limit is then calculated, and th¢ measured
value is displayed when thedo ator clicks the “Execute” button, as shown in Figure B.2.
HYResACE measures %sual resolution in four directions: horizontal, vertical, +45° and -45° The
user ohly needs to specify the direction of the wedge when executing the image trimming process, as
shown|in Figure B.8:

O
N

)

© IS0 2024 - All rights reserved
26


https://standardsiso.com/api/?name=38ad0fa769f216265543a92309d80dcf

ISO 12233:2024(en)

=>

Figure B.3 — Example of automatic rotation (the case of 45° multiple rotation)

B.4 The|outline of the software processing

B.4.1 Main process

HYRes det
line on the
below, is a
visual perd

NOTE ]

The reporf
resolution
ratio to th
data of the

B.4.2 Bl

One’s abil
wedges in
accommod
effectively

]‘ty to visually~distinguish white spaces from the black lines of the hyperbolic

pcts the length of the wedge from the selected ROband the position of the visual reso
wedge in integer pixel units. To find these, a subprocess named “black line detection’
bplied to each scan line sequentially. “Black lirte detection” is a process which simuld
eption of the wedge pattern.

'his “line” is a horizontal raster scan line, not a black or white line of the wedge.

ed visual resolution is easily calculated by taking the ratio of the calculated posi
limit line to the overall wedge.lerigth. The correct absolute value is calculated by cor
b actual magnification by using the wedge length and the image height (vertical pix
original image before trimmming. In this way, the magnification of the process is not re

ck line detection

Figure B.1 r€lies on sophisticated and complex processing in the visual cortex. This

ution limit
described
tes human

tion of the
recting the
bl number)
quired.

resolution
processing

ates and adapts to low frequency luminance differences and treats them as thoug
uniform.'Eor example, in the high frequency regions of the wedge, near the visual resol

h they are
tion limit,

hmplitude becomes very small, and any local amplitude change in luminance at the
lines can he-smaller than the changes in luminance at lower frequencies across the entire wedge due to
the spatial i i i there is a
possibility that the minimum luminance value of a pixel on a black line is greater than the value of a pixel on
a white line. This could be due to either stochastic noise or shading effects. Regardless, human vision will
still distinguish the black and white lines of the wedge in response to their actual line luminance changes
without being affected by changes unrelated to the line detection task at hand.

the signal

Also, in the low frequency range of the wedge, sharpening effects can often introduce “ringing” near the
black/white edges that are interpreted as luminance changes. Often, such localized changes in luminance
are much larger than the amplitude of the wedge image near the high frequency portion where the visual
resolution limit is measured. In such cases, as long as the amplitude due to ringing is sufficiently small
compared to the luminance amplitude of the wedge image at the low frequencies, human perception will
filter and ignore it. In addition, human vision often ignores other noise sources (e.g. stochastic noise, etc.)
in the image when they are sufficiently small. In summary, human vision often ignores luminance changes
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due to low and high frequency noise when a particular task, like line detection, is required. It is as though
a spatially matched filter is imposed that allows the viewer to ignore absolute luminance changes that are

irrelevant to the task at hand, namely line detection. The black line detection algorithm is able
this process.

It does so in two important ways.
a) Detection of a black line at a locally minimum point in the scanning line is done by infle
detection through analysis of neighbouring point differences.

b)
adaptive.

At the start
the relativ
as higher f
After the o
all five ling
decrement
can still n
reached.

ly large ignal levels of the low frequency portions of the wedge. This threshold is d

s can no longer be detected using the same threshold level. At this point,cthe thres
ed and the scan line under consideration is again analysed with the new threshold. If

B.4.3 Image rotation process

HYRes op¢rates on the data assuming that the main scanning dipection crosses a hyperb
perpendicylarly. In other words, the basic measurement process<operates on the horizontal
wedge. The vertical resolution and 45° slanted resolution measurements are performed by r
captured wedge images before performing the measurement,

The 90° rot
Nearest n¢
new numel

ighbour interpolation is applied to fill vacant pixels with existing pixel values witho
ical values for the 45° (or its multiple) rotation. This is shown in Figures B.4 and B.5.

Because a 45° rotation increases the relative sizeé-of the image (as shown in Figure B.5), compensat
factor is ndcessary in calculating resolution.\HYRes automatically compensates for this factor as
5 10 15 20 25
4 9 14 19 24
3 8 13 18 23
3 7 12 17 22
1 6 11 16 21

requency lines are probed in an attempt to detect the specified number of black\inefs
pecified number of black lines is detected, the process continues onto the nextsscan|lines until

t be detected with this new threshold, the processing ceases and the‘visual resolut

ation is a simple coordinate change and does netapply interpolation to generate new p

to simulate

ction point

Significant signal differences are judged based on a variable threshold technique that is line frequency

sommodate

cremented
(i.e. five).

old level is
1] five lines
jon limit is

blic wedge
resolution
btating the

ixel values.
ut creating

ion for this
required.

Fignrn B4 — Arrnngpmpnf before 45° rotation
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11 16 17 22 23
16 21 22
21

Figure B.5 — Pixel arrangement after a 45° clockwise rotation-of Figure B.4
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Annex C
(informative)

Edge SFR test chart

The features of the e-SFR test chart are shown in Figure C.1 and defined in Table C.1. The e-SFR test chart is
a grey scale test chart which includes low modulation “four-cycle slanted star” test patterns, which replace
the low modulation “slanted square” test patterns used in ISO 12233:2014 and ISO 12233:2017. The origin of
this “slanted-star’ test pattern is described in Reference [E] The test chart also includes grey sc le patches
which are fised to determine the OECF. While the example test chart in Figure C.1 uses 16 OECF t¢st patches,
a 20-patch|version described in ISO 14524 may be used instead.

This lower|contrast SFR test chart design is based on experiences with the ISO 12233:2000 test chart shown
in Figure I|1. The high contrast edges of the ISO 12233:2000 test chart often yieldéd elipped cqunt values
in the final image file, especially for highly processed image files. This led to corrupted or vdriable SFR
results. The lack of OECF patches in the original test chart also made it inconvenient to account fdr the OECF
response without a separate image capture using an OECF test chart.

NOTE Figure C.1 depicts a test chart with “slanted star” test patterns havinga reflectance ratio of approximately
6:1, in order to show the bright portions of the “slanted star” test patterns.-HQwever, for the preferred tgst chart the
bright portipn of the “slanted star” test patterns has the same reflectanceas‘the background, and the charf appears as
shown in Figure 4 a).

Figure C.1 — e-SFR test chart
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Table C.1 — Details and requirements of the e-SFR test chart in Figure C.1

Code

Characteristics and application

Black border with inner edge which defines active test chart area

White framing arrows used to frame target horizontally or vertically

Active test chart area. The reflectance of the grey background should be 0,20 +/-0,02 (e.g., appr
20 % reflectance).

oximately

Framing lines and arrows that define 4:3 and 3:2 image aspect ratios

Centre four-cycle “slanted star”, centred within the active area. The structure starts with a dark edge orig-
inating in the centre toward the upper edge which is tilted to an angle of 5° clockwise from the vertical.
This dark area ends at an angle of 50°. A bright area starts at this position until 95°. These areas continue

in 45° sections until the full circle is covered and a total of 4 cycles of bright and dark areas are

formed.

he size of each of these squared structures corresponds to 25 % of the height of the active are
chart.

he reflectance of the dark portions of the slanted wedges should be 0,05 +/-0,005 (e.g. approxi
reflectance).
Fpr the preferred e-SFR test chart (4:1 reflectance ratio), the reflectance of the bright/areas of t

edges should be equal to the reflectance of the grey background.

h of the test
mately 5 %

he slanted

Fpr optional e-SFR test charts having a larger reflectance ratio (up to a 10:1 reflectance ratio), the reflec-

tance of the bright portions of the slanted wedges should equal the reflectanee ratio times 0,05
(¢.g., approximately 30 % reflectance for a 6:1 ratio and 50 % reflectanee'for a 10:1 ratio).

I the centre, a dual-frequency zone plate may be included and used td.set focus

/0,005

pur-cycle “slanted star” used to measure e-SFR at 50 % horizontaland 45 % vertical field posi

0 % and 45 % field positions is allowed. Each of these “slanted star” test patterns has the samg
5 described in row E.

ions for

4:3 image aspect ratio. The chart includes four of these test pattérns, two centred horizontally and two
bntred vertically on either side of the centre “slanted star” ESA 5 % positional tolerance relatiye to the

structure

5 % positional tolerance relative to the 70 % field position is allowed. Each of these “slanted s
atterns has the same structure as describedtin row E.

pur-cycle “slanted star” used to measure e-SFR at 70 % field position for a 4:3 image aspect ratio. The

Figure C.1.
tar” test

ECF patches whose reflectance, circularnsymmetry, and geometric order are consistent with t
irements in ISO 14524. Due to spacelimitations, the patch sizes should be scaled to fit within
fea without interfering with the “slanted star” test patterns. The OECF patches should be num

F
a
c
5
a
F
chart includes four of these test patterns positionedtalong the active area diagonals as shown in
A
P
0
q
a
imdicated in Figure C.1.

he re-
the active
bered as

Fea image aspect ratio, but may be placed in various locations for convenience as dictated by u|

Alsymmetric features for autemgatic target detection. These features should be placed within th¢ 4:3 active
a

e cases.
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Annex D
(normative)

Edge spatial frequency response (e-SFR) algorithm

A flowchart of the e-SFR measurement algorithm is shown in Figure D.1 below. See Reference [6] for more
information describing the updated algorithm.

Software that performs the e-SFR measurement algorithm specified in ISO 12233 can be accessed from

http://ww

v.iso.org/12233. Source code for this software is provided in informative Annex M.

(1) Select ROI including
slanted edge

(7) Compute 1-D derivative of
super-sampled edge-data

'

:

(2) Linearize image data
using OECF

(8) Shift to.center and apply
Tukey-window to LSF

!

!

(3) Compute 1-D der'ivative and (9) Compute normalized
- apply Tukey window modulus of DFT and correct for
ese steps discrete derivative response
performed l
twice, for l
first — (4) Compute central locations of
estimate edge for each row (10) Compute spatial frequency
and final l with correction for edge angle
estimate
(5) Compute.5% order |
polynomial fit to central
locations (11) Report e-SFR results
(6) Eorm super-sampled line by
shifting and binning
Figure D.1 — Flowchart of e-SFR measurement algorithm
Step (1) Sqlect edge region of interest

The user s

plécts the region of interest (ROI) containing the slightly slanted edge. If the image

is a colour

image, a luminance record shall be created before the SFR calculation is performed. The ROI shall be square
or rectangular (i.e., having vertically and horizontally oriented sides, not slanted sides) and should have
between 100 and 400 pixels on a side. Other sizes may be used, in which case the size of the ROI shall be

reported.

The result is a two-dimensional matrix of data of values (n lines, m pixels). The software that performs the
SFR measurement does not constrain the selection region to be an even number of pixels (P) and rows (R).

Step (2) Linearize image data using Inverse OECF

The image code values shall then be linearized by inverting the opto-electronic conversion function (OECF)
of the camera. The OECF shall be measured using the OECF test patches on the test chart, as specified in
[SO 14524. Each pixel value in the ROl is linearized using the inverse of the OECF.
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In the software that performs the e-SFR measurement, the selected region is converted from digital code
values to an edge spread image of normalized photopic intensities using the OECF and colour weighting
coefficients a, b, and ¢ shown in Formula (D.1). In general, a, b, and ¢ should be determined as described in

ISO 12232 (Reference [3]).
_ -1 _
gp(p'r) =a- ]_OOECF 1(DNred ) +b- 100ECF (DNgreen) +c- 100ECF 1(DNblue )
where
DN is the digital output level;
(r r) isthe index of each piypl-
OKECF 1 is the inverse of the OECF defined in ISO 14524, and the function
109ECF -1 converts the log intensities back to linear intensities.
NOTE In ISO 14524, the OECF is defined as the “relationship between the log of theJdinput lev]

correspond
Step (3) Co

For each li
using a [}
input ROI.

For each lifie of pixels in the resulting array, the data are multiplied with a Tukey window vector

length (m),as shown in Formula (D.2).
2 a(m-1
W(p,q,m)=0,5| 1—cos 2P ,OSpSg
o(m-1) 2
a(m-1
W(m—p,(x,m):W(p,(x,m),OSpS#
a(m-1 2-a)-(m-1
2 2
The Tukeywindow function shape parameter a shall be equal to 1,0.
NOTE The decimal sign is-a\comma in ISO standards.
Step (3) is|performed a’first time to determine a first estimate. After steps (3) through (5) are
for the firgt estimate,\it'is performed a second time for the final estimate. In the final estimate
window fupction is.eentred for each line at the y value of the polynomial determined by Formula

first estim

To centre t|

ng digital output levels...”.

ne of pixels perpendicular to the edge, the derivative of the linearized image data if
2

hte.

heTukey window at the edge midpoint, mid, compute

mpute 1-D derivative and window

, +14] finite impulse response (FIR) filter. The result is an/array which is the same

(D.1)

els and the

computed
size as the

bf the same

(D.2)

completed
the Tukey

D.4) in the

mm=max[m-—mid, mid |

then compute

Win(p)=W (p,a,2mm).

If mid > (m-1)/2

W(p)=

Win(p),p=0,...,m-1
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else

W (p)=Win(m-p),p=0,...,m-1

end
Step (4) Compute central location of edge

The one-dimensional centroid of the derivative matrix from step (3) is calculated line by line, to determine
the position of the edge on each line. The result is a vector of centroid locations (1, n).

The position of the centroid (C) of each r LSF is determined along the pixel (p) direction as shown in

Formula (D.3).

Z p o(p.r)
PPN

is a real-valued number.

c(r) ~1 (D.3)

where C(r)

This step i
for the firs
time for th

5 performed a first time to determine a first estimate. After steps/3)}through (5) are
t estimate, and step (3) is performed again for the final estimate,'step (4) is performg
e final estimate.

completed
d a second

Step (5) Compute polynomial fit

A 5th ordér polynomial best-fit to the centroid locations as ayfunction of line number shoulld then be
calculated jusing Formula (D.4).

y=agHa;-x+a, X2 +asz-x3+a, x*+as-x° (D.4)
where

y  is|the set of centroid locations;

x  is|the set of line locations (1, n);

a, thirough ag provide the best:fit values.
Any other|lower order polynomial may be used instead of a 5th order polynomial, in which case the
polynomia| order shall be reported along with the measurement results. For example, in case donsistency
with older [versions of this'standard is important to the user, a first-order (linear) fit may be used. However,
using a loy order polymemial can result in lower measurement accuracy, when high levels off geometric

distortion pre present(See Reference [10].

Step (5) is
the first es|
time for th

performed a first time to determine a first estimate. After steps (3) through (5) are completed for
timate, and steps (3) and (4) are performed for the final estimate, step (5) is performgd a second
p final estimate

Step (6) Form super-sampled line by shifting and binning

A one-dimensional super-sampled edge spread function ESF(j) is formed using the data of the truncated
two-dimensional ROI image data and the 5th order polynomial edge fit, using Formula (D.5). Shifting the
edge using the polynomial fit data effectively takes the tilt out of the edge.

Using the first line as reference points, the data points from all the other lines shall be placed into one of four
“bins” between these reference points, according to the distance from the edge for that particular line. This
creates a single super-sampled “composite” edge spread function, having four times as many points along
the line as the original image data.
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This forms a composite resampled edge spread function over the discrete variable j, where j is four times
more finely sampled than p but is not a continuous variable like x. The super sampling factor is 4, so 4PX bins
are created, each with a width of % pixels.

ESF'(j

R P .
S o) Bpr))
DD IICAS)

)=

(D.5)

The function beta (f) is simply a counter and a switch to include or exclude a value in any bin, using

Formula (D.6).

Jl,—O,lZSS[p—S(r)—j]<0,125

B(p.r,j)= (D.6)
( 0, otherwise

where

(p,r) | istheindex of each pixel;

S[r) is the offset of each line (r) centroid location from the polynomial fit function of step| 5 above;

j is an integer.
NOTE The locations of the integers j are interpreted as being at j/4 times the-input pixel locations.
Step (7) Compute line spread function
From this yector, a corresponding line spread function array LSF shall be derived by computing the length-3
discrete ddrivative, using Formula (D.7). The derivative vectoris computed using a [-%4, 0, +%2] finfte impulse
response ([FIR) filter, meaning that the derivative value for pixel “X” is equal to =% times the value of the
pixel immgddiately to the left, plus %2 times the value of the pixel to the right. The result is a vectpr which is
the same s|ze as the super-sampled edge spread function.

' ESF'(j+1)—ESF'(j—-1

Lsk' (=B )2 UD forj= 20 V-1 (D.7)
The first aId last values of the computed LSF are then repeated, so the LSF’ vector has a length N|= 4P (4X)
Step (8) Shift and window LSF
The line spread function array\shall be centred by circular rotation, so that the maximum valjie shall be
at location|trunk (N/2), wheré-N is the length of the vector (4 m). The centred line spread function shall be
multiplied |by a Tukey windew. This reduces the effects of noise by reducing the influence of pixels at the
extremes df the window,which have response due to noise but little response due to the image egige located
at the centre of the window.
The average super-sampled edge spread function which has been differentiated in step (7) is windowed in
step (8) usingFormula (D.8), which is similar to Formula (D.2). The Tukey window function shape parameter,
a, shall be gqual to 1,0.

LSFy () =W (J)LSF'(}) (D.8)

where

] a(N-1
W (j)=14 1-cos| 29 ||, 0 <j <2V=D
o(N-1) 2
; . o(N-1)
WN=-j)=W(j), 0 =) s—
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(2-a)-(N-1)
2

o(N-1) <j<

2

Step (9) Compute normalized modulus of DFT and correct for discrete derivative response.

The e-SFR is determined using the normalized modulus of the DFT of the centred, windowed line spread
function. The values of the modulus of the DFT are corrected for the bias introduced by the discrete derivative
FIR filter. This correction is in the form of a frequency-by-frequency (element-by-element) multiplication by
the reciprocal of a sinc function, as explained in Annex K.

The normalized discrete Fourier transform (DFT) of the windowed single line spread function (LSF) is

calculated using Formula (D.9).
i2mkn
ZN_lLSFI}V (n)e N N N1
e-SFR(k)=D(k)—= m : [fork=0,1,2,...,—,or if Nisodd
S LSFy (n) 2
n=1
where
k is the index for spatial frequency;
LSF];V is the windowed, centred, binned, super-sampled line spread function formed from t
region of the chart image;
D(k) is the correction for the frequency response of the discrete derivative used to deriv
spread function from the edge spread function, shewn in Formula (D.10).
D(k)=|min 1 10
- . ( 2rk )
sinc| —
N
The derivation of this expression for D(k) in Ferimula (D.10) is given in Annex K.

Step (10) (

The spatia
interval of

a. Corred

The LSF is
interval as
the image
corrected
origin and

lompute spatial frequency with correction for edge angle

| frequency for each of the/elements of the e-SFR vector are computed, based on th
the LSF. This is done in two steps.

-t LSF sampling interval for edge angle

a super-sampled line profile based on the 4x binning operation of step (6). The noming
sociated with the LSF vector is four times the input image sampling. For example, if
sampling.interval as 1 pixel, the nominal LSF interval is % pixel. However, this intel
50 that'the direction for this line-profile is normal to the edge-feature in the digital
rationale for this correction is described in Reference [18].

(D.9)

he selected

e the point

(D.10)

e sampling

1l sampling
ve express
val is now
mage. The

If the image sampling interval is d, and the nominal LSF sampling interval is 7 d, then the angle-corrected
sampling interval is given by Formula (D.11).

dcorr =
where

d

corr

d
0

%~d'c059

is the corrected sampling interval;
is the image sampling interval;

is the angle of the edge feature from the vertical axis.
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The derivation of Formula (D.11) is given in Annex K.

b. Compute the spatial frequency values

The spatial frequency values for each of the elements (values) of the e-SFR vector are computed as follows.

If the number of elements (length) of the LSF is N, and the corresponding sampling interval is d

co

then the spatial frequency vector is given by Formula (D.12).

f(k)

L,forkzO,l,Z,...,ﬂ
N-d 2

“Yeorr

» as above,

(D.12)

If the sampling interval is in units of pixels, then the spatial frequency values, f, will be expressed using the
normalized spatial frequency, in units of cycles/pixel.

Step (11) llleport e-SFR results

The softw.

spatial freg
other spati

To report {

pixels per
horizontal

To report {

are multip
measurem
measurem

To report {

multiplied
test chart
the width

juencies (cycles/pixel). The e-SFR data can also be reported by converting frem cycles
al frequency units, as discussed in informative Annex H.

distance equal to the image height (for horizontal SFR measurements).

bnts) or %2 times the number of columns of pixels per millimetre on the sensor (for hor
bnts).

he data in frequency units of cycles per millimetre on the test chart, the frequency
by the number of rows of photosites on the sénsor divided by the height of the active
for vertical SFR measurements) or by the.ntrmber of columns of pixels on the sensor
fthe active area of the test chart (for horizontal SFR measurements).

he data in frequency units of LW/PH, multiply the frequency values,by the number
image height (for vertical SFR measurements) or by the numberCef columns of pixe

he data in frequency units of cycles per millimetre on the<image sensor, the frequd
ied by %2 times the number of rows of photosites per millimetre on the sensor (for v|

ire that performs the measurement algorithm should report the e-SFR data.'using pormalized

ber pixel to

of rows of
Is within a

ncy values
ertical SFR
zontal SFR

values are
area of the
divided by
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Annex E
(normative)

Sine wave star test chart

The sine wave star test pattern shown in Figure 6 may be used as a single test chart, or multiple sine wave
star test patterns may be included in a multiple target version test chart, as shown in Figure E.1. The chart
should be grey. The camera should be white balanced prior to the measurement.

@re E.1 — Sine wave test chart (multiple target version)

The chart includ e features listed in Table E.1.

?\
S
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Table E.1 — Features of sine wave test chart

Code Application Characteristics
Markers for the region of . . S
A . Black squares with a smaller white square inside
interest
B 16 grey patches for Squares aligned along the ROI markers equally spaced in reflection from
linearization white to max. black
C Background The background should have a reflection of 18 %.
The star should be a sine wave (in reflection) modulated starburst pattern
D Sine wave star with a frequency of typically 144 cycles. For lower resolution cameras, a
72-cycle star may be used.
S el . | A circle with two white and two black segments opposite to each other. The
E ;;s;tlr)m; “ovf‘tlhue‘ S‘,é;r”“““ size of the circle should be chosen to cover the area that should ot be used
§ due to the lack of resolution of the output system used to produde the star.
The chartq are limited in their application because of the production method used to-generatd the chart.
Therefore,|the manufacturer should report the maximum number of pixels the chart shall cover ih an image.
The given pizes are scaled to a chart width of 29 cm and a height of 27 cm. The 'didmeter of the starburst

pattern is 1
size requiy
greater tha

A listing off

Table E.2 — Design of sine wave star test chart

5 cm. If the design is carried out in a vector-based software, it is possible to scale the ¢
ed, keeping production and application limits in mind. The contrast of the structure:s
n a50:1 and less than a 250:1 reflectance ratio.

the design features of the sine wave star test chart can befound in Table E.2.

hart to any
should be

Code | Subjcode Position up;}):;‘ left corner Size Digital value in lifjear image
Al Black 0;0 40 mm; 30 mm 0
Al White 16 mm; 6 mm 8 mm; 8 mm 255
A2 Black 250 mm; 0 mm 40 mm; 30 mm 0
A2 White 266 mm; 0 mm 8 mm; 8 mm 255
A3 Black 0 mm; 240 mm 40 mm; 30 mm 0
A3 White 16 mm; 256 mmny 8 mm; 8 mm 255
A4 Black 250 mm; 240 mm 40 mm; 30 mm 0
A4 White 266 mm;\256 mm 8 mm; 8 mm 255

B 1 260mm; 50 mm 20 mm; 20 mm 255
B 2 260 mm; 30 mm 20 mm; 20 mm 238
B 3 230 mm; 0 mm 20 mm; 20 mm 221
B 4 210 mm; 0 mm 20 mm;20 mm 204
B 5 60 mm; 0 mm 20 mm; 20 mm 187
B 6 40 mm; 0 mm 20 mm; 20 mm 170
B 7 10 mm; 30 mm 20 mm; 20 mm 153
B 8 10 mm; 50 mm 20 mm; 20 mm 136
B 9 10 mm; 200 mm 20 mm; 20 mm 119
B 10 10 mm; 220 mm 20 mm; 20 mm 102
B 11 40 mm; 250 mm 20 mm; 20 mm 85
B 12 60 mm; 250 mm 20 mm; 20 mm 68
B 13 210 mm; 250 mm 20 mm; 20 mm 51

NOTE 1 Position 0;0 is located in the upper left corner.
NOTE 2 Chartsize: width is 290 mm (x), height is 270 mm ().
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Table E.2 (continued)

Code | Subcode Position up;})::;‘ left corner Size Digital value in linear image
B 14 230 mm; 250 mm 20 mm; 20 mm 34
B 15 260 mm; 220 mm 20 mm; 20 mm 17
B 16 260 mm; 200 mm 20 mm; 20 mm 0
C 0 mm; 0 mm 290 mm; 270 mm 46
D 145 mm; 135 mm Diameter 250 mm 144 cycles sine wave
starburst
E 145 mm; 135 mm Depending on production method 0 and 255
NOTE 1 Pogitiomt;9istocatedimtheupperteftcormer:
NOTE 2 Chartsize: width is 290 mm (x), height is 270 mm ().
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Annex F
(normative)

Sine wave spatial frequency response (s-SFR) analysis algorithm

An executable version of software has been developed to perform measurements using the test chart
defined in Annex E. The software, which was created using Matlab®?3), can be accessed from www.iso.org/
12233. The software can report the results from a smgle 1mage or can average the results from numerous
images. The j s) for analysis.
The user selects the area of the captured image that contalns the chart w1th the hghtest patch im the upper
right corndr. The result shows the modulation versus frequency (in LP/PH) for each of the segments.

The Siemens star elements are identified using the marks in the corners and the centreof each|star. Next,
the measured amplitude values of the camera are linearized by using the 16 grey patches of the dentral star
(see Figurg F.1) to determine the OECF (opto-electronic conversion function) and\then inverting this OECF
function.

Figure F.1 — Chosen(positions of the OECF patches and the centre of the star numbdr 0

From the diameter of the-stars and the image height, the scale is determined to translate the stai frequency
into line pdirs per pietutre height (LP/PH). See Table H.1 for conversion between different resolutipn metrics.

NNy (r1)
g| “2nrpixe
with
271' I
g= % =cyclelength in pixels (F.2)
p

3) Matlab is an example of a suitable product available commercially. This information is given for the convenience of
users of this document and does not constitute an endorsement by ISO of this product.
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is the resolution, in LP/PH;
is the number of cycles for the Siemens star;
is the image height in pixel;

is the radius of the circle (from the centre of the star).

To get LW/PH, the above result needs to be multiplied by 2. See Table H.1.

fo

radii are corrected with a
tar. This way, a distortion can be corrected without modification of the image itself:

— For 24 segments, the border of the star is detected and results in a distortion
analysis

s divided into 24,segments. Each segment covers 15° of the full circle with thg
| at 0° (where 0f-isdefined as the positive x-axis in a Cartesian system and angles a
ckwise). So, segment #1 is defined as the range of 352,5° to 7,5°, segment #2 as the ran
0 on.

s are created in the analysis process: digital value and angle. The vectors are built bg
oces§of the image pixels.

The first p

xelis the one closest to the calculated position defined by the intended radius and a

r a possible distortion, the star is divided into 24 segments, and for each segment, the

factor depending on the irregular circular shape which-wa|

boundary
ited. These
s found for

corrected

centre of
re counted
re of 7,5° to

sed on the

hgle (start-

angle as smallest angle in the segment). The digital value of the pixel and the angle of the pixel are the first

entriesint

he vectors.

Depending on the quadrant that the current pixel is located in, the next pixel in the counter-clockwise
direction on the digital circle is either a single pixel shift on the x-axis or a single pixel shift on the y-axis.
The chosen new pixel is the pixel that has the lower difference between the measured radius and the given
radius, as shown in Figure F.3. From this new pixel, the digital value and the angle are stored in the vectors.
This process stops as soon as the angle reaches the largest angle for the particular segment.
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The pixels
the new pq
minimized

For the s-§
evaluated

be divided
equally spa

The follow

Step 1
The ce

Step 2

determine the OECF, as described in ISO 14524.

Step 3

Step 4
digital

NNV 7470
N\\Z
N7

Figure F.3 — Location of pixels along a specificradius.

that are used are all 4-connected to each other. Depending on the quadrant, two poss
sition are evaluated and the distance between the intended radius and the measurg

FR measurement, a minimum of four images ef\the test chart described in Annex
ind averaged. Using the software which can be accessed from www.iso.org/12233, tH
into a user-selected number of segments-(typically eight). For each segment, a mini
iced radii should be analysed.

ng is a detailed description of the steps taken by the analysis.

The star is located in the imagé.using four surrounding markers to define the region
ntre of the star is located to define the origin of the radii used to analyse the image.

The measured amplitude-walues are linearized by using the 16 grey patches of the cen

A user-selectable'segmentation of the star is made.

A minimum)of'32 radii are analysed by locating the pixels along the radius and se
code valuégfor the linearized image as a function of the angle (see Figure F.4).

ibilities for
d radius is

|E shall be
e star may
mum of 32

of interest.

tral star to

lecting the
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250
200
150 |
Y _ 2
100
ol
0
0 1 2 3 4 5 6 7
X
Key
X  angle (radians)
Y digital yalues
1  pixel values
2 fitted sine curve
Figure F.4 — Digital code values as.&function of the angle
For a Siem¢ns star, the intensity is given as:
2T
I(¢)=q+b-cos ;(fp—%) (F.3)
The angle for each pixel is calculated using
¢ =arctan (5] (F.4)
y
with x = 0 pnd y = 0 as the eéntre of the star. Since the phase of the signal, ¢, is not known, Formula (F.5)
must be usked instead of Fonmula (F.3).
2
1(9)=q+b, .sin[z—”¢J+b2.cos[—“¢] (E.5)
g g
with
b=1lb? +b? (F.6)

square error.

Step 5: A sine curve with the expected frequency is fitted into the measured values by minimizing the

— Step 6: The contrast of the sine curve is determined by calculating the contrast using Formula (F.7). The

valuesa, b, I,,,, and I,;;, are determined as depicted in Figure E.5.
M= Imax _Imin _ a+b—(a_b) _ b
Ipax *Imin  a+b+(a-b) a
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intensi

Step 7
freque]

Step 8
the pat
of the

The lo
analys

measufrement itself.

The s-
calculd
to the
darkefd

LY

Figure F.5 — Calculation of the contrast of the sine curve

ncy (see Formula F.1).

The s-SFR obtained in step 7 needs to be normalized, beause the relationship of the r
ches in the target and the digital value in the image is 110t fixed and depends on many j
famera being tested. By definition, the s-SFR for a spatial frequency = 0 should be equ4

vest spatial frequency the s-SFR can directly measure depends on the largest radius y
is. As this frequency cannot be 0, the normalization process cannot be performed wit

bEFR obtained from step 7 shall be nogmalized by dividing all calculated contrasts by t
ted from the brightest and the darkest patch surrounding the Siemens star. (E.5 with
ligital value of the brightest patehin the linearized image and I ,;, equal to the digital y
t patch in the linearized image.)

The s-SFR is built as a function of the measured contrast (step 6) and the calculated spatial

bflection of
arameters
1to 1.

sed for the
h the s-SFR

he contrast
[max equal
ralue of the
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Annex G
(informative)

Colour-filtered resolution measurements

eral

Although it is well known that luminance resolution is most important, the ability to accurately render

coloured d
accurately
on the mai
annex, a te|
saturated ¢

The methg
document)
and contrd
by coloure
the proble
example, p

G.2 Cho

One set of (
sets can al
aggressive
a better an
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aimed at ir]
reported w
employed
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G.3 Canm

In these n
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in4.1.Inp
of the cam
Using this

ice of colour filters

etails, colour textures, and coloured fabrics cannot be overlooked. This includes th
render single-pixel colour details, as well as avoiding colour aliasing. All consumer-digi
ket today record in colour and the scenes people are photographing are usually)in co
chnique for measuring how well a camera can reproduce the details of a test’scene th
olours is recommended.

d uses the standard grey test charts and their existing analysis methods (as descri
but are photographed through colour separation filters. This method is easily inj
lled and is an easy way to isolate a camera's ability to render, modulation of pattel
 objects. By simple specification of the appropriate colour separation filters, the met]
ms and variation involved in fabricating a coloured resolution target. The red colou
roduces a scene which includes saturated red patterns ofva‘dark background.

olour filters which can be used is the “Status T*filters specified in ISO 5-3. Kodak Wra
50 be used for this application, such as nunibers 29 (red), 61 (green), and 47B (blue)
colour separation set numbers 25 (red),58 (green), and 47 (blue). Although these filt
alysis of a camera's ability to resolve coloured details, other filters could be used eith
ensitive interaction with a particular camera's internal filters or as an additional d
creasing the range of colours cdnsidered. The colour filters used in the measurement
rith the results. Because these filters are chosen to separate the red, green, and blue c
in most camera implementations, the Nyquist frequencies of the colour compone
Hepending on the results'and the particular sensor configuration.

jera settings

neasurements,-it is important to make sure that the camera's settings are consi
ded that the'camera be adjusted as described in Clause 4 and the illumination used ajf
hrticular, the camera should be focused on the target before the colour filters are plag
bra letis either by the auto-focusing system or by selecting the focus position as descr
method, the chromatic properties of the camera lens are integrated into the measy

addition td

ability to
al cameras
ur. In this
at includes

bed in this
plemented
ns formed
hod avoids
r filter, for

rten® filter
or the less
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er to avoid
omparison
5 should be
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photographic scene where a range of coloured scene content exists. White balance should also be either
manually set to the illumination conditions (without the coloured filter) or set to the test chart before the
filter is added to the optical path (if a pre-shutter release position is used in the camera for this function). In
order to obtain sufficient signal-to-noise ratio of the test image, the exposure level and/or camera ISO speed
may be adjusted for each filter, so long as the camera's aperture does not change, and the shutter speed and
ISO speed settings are noted.

Another option, applicable for some applications, is to focus the camera lens on the test chart separately
for each filter being used in the study. This method segregates the effects of the sensor and processing

4)

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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algorithms from the optical properties of the camera lens (by providing image signals that are optimally
focused for each exposure).
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Annex H
(informative)

Units and summary metrics

H.1 Conversions between commonly used units

To convert from the left column units to the top row units in Table H.1, use the operation at theirr

intersectioE.

ow/column

EXAMPLE 5LP/mm x 2 =10 L/mm.
Table H.1 — Spatial frequency unit conversion chart
LW/PH LP/mm L/mm Cycles/mm Cycles/pixel L.P/PH
/|2 x picture /picture /[2 x picture L2 # vert.
LW/PH <1 height] height height] pixels ] /2,0
x [2 x picture . . . .
LP/mm height] x1 x 2 x 1 x pixel pitch  |x [picture height]
. . 1 . . x [[picture
L/mm x picture height x 1 x 1 x5, x [pixel pitch/2] hdight/2]
x [2 x picture . . . .
Cycles/mrh height] x1 x 2 x 1 x pixel pitch | x [picfure height]
R x [2 x # vert. . . x [2/pixel . . .
Cycles/pixgl pixels] /pixel pitch pitch] /pixel pitch x1 x [# vlert. pixels]
LP/PH x 2 /picture 2/picture /picture height | /# vert. pixels x 1
height height '
where
LW/PH is line widths per picture height
LP/mm  isline pairs permillimetre
L/mm is lines per millimetre
LP/PH is line_pairs per picture height
NOTE1 The pixel\pitch in the 45° diagonal direction is not the same as in the vertical and horizonta| directions.

Therefore, {

NOTEZ2 ]

he diagonal pixel pitch is used when applying this table to measurements in the diagonal dired

'€ pixel pitch is the pitch of pixels in the image file. The picture height and pixel pitch used, in

tions.

are for the same magnification at which the lines per millimetre was determined, or vice versa.

NOTE 3

The decimal sign is a comma in ISO standards.

H.2 Relation between SFR, sharpness, and acutance

millimetres,

It is important to note the relation between spatial resolution and image sharpness. Spatial resolution, as
defined in this document, is an objective analytical measure of a digital capture device’s ability to maintain
the contrast or modulation of increasingly finer spaced details in a scene. This is what the SFR characterizes.
Image sharpness is the subjective impression of visually detecting finely spaced detail or edge transitions.
The higher the contrast of visually important details (i.e. the greater the SFR over a wide range of spatial
frequencies), the greater the likelihood of visually judging a rendered image of those details as sharp. While
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image noise and tone reproduction are also influential in the perception of image sharpness, the SFR of the
imaging system (e.g., camera plus display) has proven to be the strongest correlate to image sharpness and is
the basis for all acutance-type image sharpness predictors. Excellent reviews of early sharpness metrics can
be found in References [11] and [15]. The calculation of acutance from SFR values is described in Annex L.

H.2.1 Sampling efficiency rating (E)

For digital cameras, there are two main items that determine the resolution.

a)

Sampling frequency of the image sensor: usually referred to in terms of the number of addressable
photoelements.

EXAMPLE 5 megapixels on a sensor.

Opticall effects of the camera lens: factors such as focus, lens f-number, anti-aliasing filter,\o
quality, and assembly.

b) btical glass

Many user
horizontal
However, ]
sensor wit
lens by usi

5 consider the number of addressable photoelements (pixels) on an image sensor (eff]
or vertical sampling frequency) as the only variable that determines the resolution o
he limitations of the camera lens need to be considered as well. Onercaninot compe
h a small number of pixels by using a high-quality lens, nor can one compensate for a
hg a sensor with a large number of pixels.

ectively its
f a camera.
nsate for a
ow quality

Ideally, ong
case. As a
lens, relatiy

would like the camera lens to take full advantage of the image-$ensor, but that is not
result, a single number, or efficiency, indicating the extentof such a shortcoming of {
Ue to the sensor sampling frequency, can be helpful. See Réference [7] for more inform

always the
he camera
htion.

The calcul:
efficiency Y

htion of Formula (H.1) yields the number of opticallyxrésolved photoelements using thle sampling
ralue, E..

Es
0-Pc

Po=—

- (H.1)

where

P

, is[the number of optically resolved.photoelements;

is[the sampling efficiency;

P. is

C

The sampl
approach i

the number of addregssable (claimed) photoelements.

ng efficiency ratinigranges from 0 % to 100 % and uses a two-dimensional SFR area-
n its formulation:-"See Figure H.1, which depicts a circular quadrant area. The peri

ormalized
eter of the

quadrant i
sampling ¢
on that log
horizontal

s the locus ©f-maximum sampling efficiency (100 %) for any angular direction. Ideally, if the
fficiency-n(all angular directions was characterized as 100, then a number of points would lie
us. A step~by-step procedure for calculating sampling efficiency is provided below when using
verti¢al, and near-45° diagonal resolution values.

1) Determi ° (R,45 R4s)
directions. Alternately, the equivalent SFR10 frequencies in units of cycles/pixel (e.g., the normalized spatial
frequencies where the SFR response levels of either of the SFR methods falls to 10%) may also be used.

2) Calculate individual directional efficiencies for Ey, Ey, E, 45, and E_45 by normalizing the visual resolutions
of step 1) by the captured image’s picture height. When using cycles/pixel frequency units, normalize by
% cycles/pixel. Any normalized value greater than 1,0 shall be assigned the value of 1,0.

3) Combine E, 4 and E_45 efficiencies into an equally weighted average diagonal value, Ey,

4) Calculate the sampling efficiency rating (Eg) as the product of 100, E},, and the average of Ey; and Ey

using Formula H.2.

Eg = 100 x [Ep x (Ey + E,)/2] (H2)
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EXAMPLE 2 048 pixel high x 3 072 pixel wide, 6 MPixel camera file.

Visual horizontal Ry =1970 LW/PH Horizontal sampling efficiency: E;; =1 970/2 048 = 0,96
resolution:

Visual vertical Ry =1980 LW/PH LW/PH diagonal sampling efficiency

resolution:

Visual +45° R,45=1500 LW/PH Ep (1500/2 048) + (1 500/2 048)/2=0,73

resolution:

Visual -45° R 45=1500 LW/PH Ep (1500/2 048) + (1 500/2 048)/2=0,73

resolution:

Sampling Hfficiency Rating y vy py = 100 x [0,73 x (0,96 + 0,97)/2] = 0,704

Key

1 area pounded by measured efficiency points (dotted line) = 0,707 x Ep, x (Ey + Ey)/2
2 locug of maximum efficiency for all angles = 100 %

3 area pounded by maximum efficiency poinfs (dashed line) = 0,707

4 maximum efficiency point (aim) = 100.%

5 meagured efficiency points (Ep, Ey, Ey)

Camera effi¢iency rating = 100 x Ep x(Eq + Ey)/2
Figure H.1 — Frequency domain area technique for integrating individual sampling efficiencies

If only Ey; gnd Ey, are’khown, the formula for sampling efficiency is

Ep = 100 x (B> Ey) (H.3)

Using the same example values as above,

Visual horizontal Ry =1970 LW/PH Horizontal sampling efficiency: E;; =1 970/2 048 = 0,96
resolution:

Visual vertical Ry =1980 LW/PH Diagonal sampling efficiency

resolution:

Sampling Efficiency Rating ( ) = 100 x (0,96 x 0,97) = 0,931
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Annex I
(informative)

Original test chart defined in ISO 12233:2000

I.L1 General

This editio

e-SFR, and
to perform
defined in
defined in

1.2 The

A reprodu
diagram s}
transmissi

|

The requir]

All test cha

the active fmage distance in the shorter test chart dimensiofi: The finest features are 2 000 LW/
to 1 000 line pairs per picture height.

equivalent

this current edition of ISO 12233. For this reason, this annex describes the test char
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Table I.1 — Test chart elements

Element Purpose
A Black border with inner edge which defines active test chart area
B Black and white framing arrows used to frame test chart vertically (used for horizontal framing only for
16:9 image aspect ratio formats)

B1 White framing arrows used to assist in framing test chart

ca Centre dual-frequency zone plate inside black square used to set focus

Da Framing lines and arrows that define 1:1, 4:3, and 3:2 image aspect ratios

E2 Slightly slanted lines used to check scan linearity and “stair stepping”

G12 100 LW/PH to 1 000 LW/PH black bars to measure horizontal pulse response

G223 100 LW/PH to 1 000 LW/PH black bars to measure vertical pulse response

J1 100 LW/PH to 600 LW/PH hyperbolic zone plate used to measure centre horizontal visualresglution

]2 100 LW/PH to 600 LW/PH hyperbolic zone plate used to measure centre vertical visual résolution
JS1a 100 LW/PH to 600 LW/PH hyperbolic zone plate used to measure corner horizontalVisual res¢lution
]JS2a 100 LW/PH to 600 LW/PH hyperbolic zone plate used to measure corner verticalvisual resolufion

K1 500 LW/PH to 2 000 LW/PH hyperbolic zone plate used to measure centre horizontal visual resolution

K2 500 LW/PH to 2 000 LW/PH hyperbolic zone plate used to measure centrevertical visual resolution
KS12  ||500 LW/PH to 1 000 LW/PH hyperbolic zone plate used to measure corner horizontal visual rgsolution
KS22 ||500 LW/PH to 1 000 LW/PH hyperbolic zone plate used to meastite:corner vertical visual resojution
L1a Slightly slanted (approx. 5°) small black squares used to measture vertical and horizontal e-SFR at ex-

treme corners of image

L22 45° diagonal black square used to measure diagonal e-SER

L3 Slightly slanted (approx. 5°) black bar used to measure centre horizontal e-SFR

L4 Slightly slanted (approx. 5°) black bar used to measure centre vertical e-SFR

Ma Circle containing vertical, horizontal and diagonal lines used to observe scanning nonlinearitigs

Na Checkerboard patterns used to observe image compression artefacts

01 Tilted (approximately. 5°) square wave'bursts used to measure horizontal aliasing ratio

02 Tilted (approximately5°) square wave bursts used to measure vertical aliasing ratio

P12 100 to 1 000 line square wavessweep

p2a 100 to 1 000 line square wave'sweep

Ra [ndicators that may be(used for automatic target alignment

Ta Slanted (approximately 5°) H-shaped bars used to measure e-SFR at far sides of image

a2 Indicates optional elemert.

I.3 Lim

The limitingresolution in ISO 12233:2000 was defined as the value, in LW/PH, of that portion of

resolution

liting resolution measurements in ISO 12233:2000

a specified

test pattern that corresponds to an average modulation value equal to some specifie

SFR value

(specifically 10 % SFR value). The test chart includes vertical, horizontal, and two diagonal square wave
sweeps, labelled as P in Figure 1.2, which are used to perform this measurement. For all four patterns, the
reference response is defined as the difference between the signal values from the black squares at the end
of the square wave sweeps and the white region around the square wave sweeps.

Some patterns included in the ISO 12233:2000 chart shown in Figure 1.1 are provided for limiting resolution
measurements as shown in Table [.1.
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1.4 Spatial frequency response measurement in ISO 12233:2000 (high contrast
edge SFR)

The edge spatial frequency response (SFR) measurement in ISO 12233:2000 was defined as the value
measured by analysing the camera data near a slanted black to white edge. For the target shown in Figure [.2,
the black L and T patterns are to be used to measure the horizontal, vertical, and diagonal e-SFR.

This method is an edge-based spatial frequency response (e-SFR) measurement using high contrast edge
patterns, and has been replaced by the method using low contrast edge patterns described in Clause 6 and
Annexes C and D.

NOTE Attention is drawn to the possibility of overstating the measured e-SFR values due to data clipping when
using a test chart having a large reflectance ratio such as the original test chart defined in ISO 12233:2000. See the
Introductioh for additional information.
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Annex ]
(informative)

Non-uniform illumination compensation for some applications

J.1 General

This informative annex describes an optional method of compensating for illumination non-uniformity

when performing the e-SFR measurements. It allows the optional reporting of the e-SFR resul&
uniformityl compensation”, along with the results with no compensation. Q

“with non-

Although tpst chart illumination is specified to be within +/-10 % over the chart area, in\some applications

it may be
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