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Foreword

ISO (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
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ction

The spatial resolution capability is an important attribute of an electronic still-picture camera.
Resolution measurement standards allow users to compare and verify spatial resolution measurements.
This document defines terminology, test charts, and test methods for performing resolution

measurements for analogue and digital electronic still-picture cameras.
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In a deparfure from the first”edition of this document, two SFR measurements are descr

A second sihe-ay d-SERme gy : d —Using 4 sine
wave modulated target in a polar format (e.g. Siemens star), it is intended to provide an SFR response
thatis more resilient to ill-behaved spatial frequency signatures introduced by the image content driven
processing of consumer digital cameras. In this sense, it is intended to enable easier interpretation of
SFR levels from such camera sources. 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
contentsuch as edges, lines, square waves, or sine wave patterns. The test chart defined in this document
has been designed specifically to evaluate electronic still-picture cameras. It has 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 an electronic still-picture
camera, such as the lens.
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Some of the measurements described in this document are performed using digital analysis techniques.
They are also applicable with the analogue outputs of the camera by digitizing the analogue signals if
there is adequate digitizing equipment.

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
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firstjedition. This feature choice still allows for acuity-amenable SFR results beyond the h
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All 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 setting 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 could
be a good tool in assessing the contribution of spatial image processing in digital cameras.

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 metric is also provided in this third edition of 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 all of the proposed techniques and how they relate to each other. These
results are provided in Reference [20].
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Photography — Electronic still picture imaging —
Resolution and spatial frequency responses

1 Scope

This document specifies methods for measuring the resolution and the SFR of electronic still-picture
camgras: It s applicableto the measurentent of botir monochronte and cotour carmmeras, which output
digithl data or analogue video signals.

2 Normative references

The following documents are referred to in the text in such a way that somé or all of their content
consfitutes requirements of this document. For dated references, only(the edition cited |applies. For
unddted references, the latest edition of the referenced document (inclitding any amendmenpts) applies.

[SO 14524, Photography — Electronic still-picture cameras — Methods for measuring opto-electronic
conversion functions (OECFs)

3 Terms and definitions
For the purposes of this document, the following terims and definitions apply.

ISO gnd [EC maintain terminological databases for use in standardization at the following dddresses:

— IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

31
addressable photoelements
number of active photoelemeénts’in an image sensor (3.11)

Note |1 to entry: This equals-the product of the number of active photoelement lines and the nunpber of active
photdelements per lines

3.2
aliaging
outppt image.artefacts that occur in a sampled imaging system (3.23) due to insufficient sampling

Note [l t6entry: These artefacts usually manifest themselves as moiré patterns in repetitive image features or as
jaggeld stair-stepping at edge transitions.

3.3

cycles per millimetre

cy/mm

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

3.4

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

© IS0 2017 - All rights reserved 1
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effectively spectrally neutral
having spectral characteristics which result in a specific imaging system producing the same output as
for a spectrally neutral (3.25) object

3.6

electronic still-picture camera
camera incorporating an image sensor (3.11) that outputs an analogue or digital signal representing a

still picture

Note 1 to entry: This camera may also record or store an analogue or digital signal representing a still picture on
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3.7
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Note 1 to ent
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an image cap

Note 2 to ent
on each coloy

3.8
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3.9
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ratio of the {

3.10
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3.11
image sens
electronic d

EXAMPLE
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rection
ssing operation that changes the relative signal levels

ry: Gamma correction is performed, in part, to correct for the nonlinear light butput versus §
eristics of the display. The relationship between the light input level and-the’ output signal

fure device.

'y: The gamma correction is usually an algorithm, lookup table, or{gircuit which operates sepaj
r component of an image.

resolution

B.22) value measured in the longer image dimension, corresponding to the horiz
I a “landscape” image orientation, typically using a vertical or near vertical oriented
e

ct ratio
mage width to the image height

bression
alters the way digital image data are encoded to reduce the size of an image file

pr
bvice that converts incident electromagnetic radiation into an electronic signal

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

3.12
line pairs
Ip/mm

;1er millimetre

ignal
level,

mera opto-electronic conversion function (OECF), provides the gamma correction curve shape for

ately

bntal
test-

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

3.13
line spread
LSF

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 (3.26) 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.

EXANPLE 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
linegrized
digitpl signal conversion performed to invert the camera opto-electronic conversion function (OECF) to
focal|plane exposure or scene luminance

3.16
lineg per millimetre
lineg/mm

spatial frequency unit defined as the number of equal width black and white lines per millinetre

Note [l to entry: One line pair per millimetre (Ip/mm) is equal to-2.lines/mm.

3.17
modulation
normalized amplitude of signal levels

Note [l to entry: This is the difference between,the minimum and maximum signal levels divided by the average
signall level.

3.18
modpulation transfer function
MTF
modfilus of the optical transferfunction (3.20)

Note|l to entry: For the MTFE/to have significance, it is necessary that the imaging system be operating in an
isoplgnatic region and_inits linear range. Because most electronic still-picture cameras (3.6) prpvide spatial

colour sampling and nohlinear processing, a meaningful MTF of the camera can only be approximjated through
the SFR. See IS0 15529:2010.

3.19
normalizedspatial frequency
spatial ffequency unit for specifying resolution characteristics of an imaging system in terms of cycles
per pixel rather than in cycles/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 ISO 9334). Because most electronic still-picture cameras (3.6) provide spatial colour
sampling and nonlinear processing, a meaningful OTF of the camera can only be approximated through the SFR.
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point spread function

PSF

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

3.22
resolution

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

3.23

sampled i
imaging sys
points, or al

Note 1 to ent

3.24
spatial freq
SFR
relative amy

Note 1 to ent
luminance di
the spatial fr

3.24.1
edge-based
e-SFR

measured a

Note 1 to ent

3.24.2

as;us D_y Dtclll
tem or device which generates an image signal by sampling an image at an array of dis
bng a set of discrete lines, rather than a continuum of points

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

uency response

litude response of an imaging system as a function of input spatial'frequency
Fy: The SFR is normally represented by a curve of the output response to an input sinusoidal s

stribution of unit amplitude, over a range of spatial frequenciesw»The SFR is divided by its va
bquency of 0 as normalization to yield a value of 1,0 at a spatial*frequency of 0.

spatial frequency response

mplitude response of an imaging system to-aslanted-edge input

'y: Measurement of e-SFR is as defined in Elause 6.

sine wave-based spatial frequency response

s-SFR
measured a

Note 1 to ent

3.25

mplitude response of an imaging system to a range of sine wave inputs

y: Measurement of s-SFR is as defined in Clause 7.

spectrally neutral

exhibiting r
interest

3.26
test chart

D

acignad o-tact

crete

batial
ue at

eflective or_transmissive characteristics which are constant over the wavelength ranfge of

arrangeme

3.27

9]
d

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

3.27.1

bi-tonal pattern
pattern that is spectrally neutral (3.25) 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 (3.22) by visual resolution method.
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2

hyperbolic wedge test pattern
bi-tonal pattern (3.27.1) that varies continuously and linearly with spatial frequency

Note 1 to entry: A bi-tonal hyperbolic wedge test pattern is used to measure resolution (3.22) by the visual
resolution method in this document.

3.28

vertical resolution
resolution (3.22) 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 Fn'\fnvn

3.29
visu
spati
longd

Note

4

4.1

The |
The
char
The
illum
flare
effec

Test conditions

Frrorrc oot

hl resolution
al frequency at which all of the individual black and white lines of a test pattepn frequ
br be distinguished by a human observer

1 to entry: This presumes the features are reproduced on a display or print:

Test chart illumination

uminance of the test chart shall be sufficient to provide an acceptable camera output
Lest chart shall be uniformly illuminated as shewn in Figure 1, so that the illumiy

llumination sources should be baffled to. prevent direct illumination of the camera
ination sources. The area surrounding the test chart should be of low reflectance

light. The chart should be shielded from any reflected light. The illuminated test cH
tively spectrally neutral within the wisible wavelengths.

Matte black wall or black surround

Test Chart

!

Lamp Distance is Lamp
adjusted to
frame

ency can no

signal level.
lance at the

[ is within +10 % of the illuminance in the centre of the chart at any position within the chart.

lens by the
to minimize
art shall be

the test chart \

4.2

Baffles to prev E:nt direct
illumination of the
camera lens by the lamps

Electronic still
picture camera

Figure 1 — Test chart illumination method

Camera framing and lens focal length setting

The camera shall be positioned to properly frame the test target. The vertical framing arrows are used
to adjust the magnification and the horizontal arrows are used to centre the target horizontally. The
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tips of the centre vertical black framing arrows should be fully visible and the tips of the centre white
framing arrows should not be visible. The target shall be oriented so that the horizontal edge of the
chart is approximately parallel to the horizontal camera frame line. The approximate distance between
the camera and the test chart should be reported along with the measurement results.

4.3 Camera focusing

The camera focus should be set either by using the camera autofocusing system, or by performing a
series of image captures at varying focus settings, and selecting the focus setting that provides the
highest average modulation level at a spatial frequency approximately 1/4 the camera Nyquist
frequency. (In_the case of a colour camera, the Nyquist frequency is of the conceptual monochrome
image sensdr without colour filter array). Auto focus accuracy is often limited and this limitation might
have an impjact on the results.

4.4 Came€ra settings

The camerallens 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.

Electronic skill-picture cameras might include image compression, to reduce the size of the imag¢ files
and allow more images to be stored. The use of image compression can'significantly affect resoljition
measurements. Some cameras have switches that allow the camerao Operate in various comprepsion
or resolutioh modes. The values of all camera settings that might affect the results of the measurement,
including lehs focal length, aperture and image quality (i.e. recerding pixel number or compresjsion)
mode (if adjustable), shall be reported along with the measurefent results.

Multiple SFR measurements can be reported for different:camera settings, including a setting thatjuses
the maximujm lens aperture size (minimum f~number).and maximum camera gain.

4.5 White balance

For a colour|camera, the camera white balanee should be adjusted, if possible, to provide proper white
balance [equal red, green, and blue (RGB):signal levels] for the illumination light source, as specified in
[SO 14524.

4.6 Lumipnance and colour measurements

Resolution theasurementsase‘normally performed on the camera luminance signal. For colour canperas
that do not provide a lundihance output signal, a luminance signal should be formed from an appropriate
combination} of the gcelgur records, rather than from a single channel such as green. The reader is
referred to [[SO 12232 for the luminance signal calculation. Colour-filtered resolution measurements
can be perfqrmed;as described in Annex G.

4.7 Gamina correction

The signal representing the image from an electronic still-picture camera will probably be a nonlinear
function of the scene luminance values. Since the SFR measurement is defined on a linearized output
signal and such a nonlinear response can affect SFR values, the signal shall be linearized before the
data analysis is performed. Linearization is accomplished by applying the inverse of the camera OECF
to the output signal via a lookup table or appropriate equation. The measurement of the OECF shall be
as specified in ISO 14524, using the standard reflection camera OECF test chart or using an integrated
OECF/resolution chart.

6 © IS0 2017 - All rights reserved
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5 Visual resolution measurement

5.1

General

The visual resolution is the maximum value of the spatial frequency in LW/PH within a test pattern that
is able to be visually distinguished. A black and white hyperbolic wedge is used as the test pattern.

Because of aliasing artefacts in the high frequencies, actual resolution judgements can be ambiguous.
The objective visual resolution method cited herein using a hyperbolic wedge test pattern gives more
stable results by adopting the visual judgement rules described in 5.3 which have been used by a highly
skilled observer.
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5.2

5.2.1

ﬁ

rsis method and the judgement of a human observer, the judgement of,the’human ob
ity.

Test chart

General

The preferred test chart for measuring the visual resolutionyis the CIPA resolution chart, wh

in Fij

The

250
camg
to ta
portj
by d
area
are 1
verti
200

NOTH
This

5.2.2

The {
illum
char

5.2.3

bure 2 and specified in Annex A.

ra having a resolution greater than 2 5000LW/PH. This is accomplished by adjusting
rget distance, or the focal length of the\eamera lens, so that the test chart active are
on of the vertical image height of theteamera. This fraction is then measured in the d
viding the number of image lines‘\in the camera image by the number of lines in the
The values of all test chart features, in LW/PH, printed on the chart or specified in thi
hultiplied by this fraction, to\ebtain their correct values. For example, if the chart fil
cal image height of the cafnera, then the multiplication factor is equal to 2 and a featur
) LW/PH on the chart corresponds to 4 000 LW/PH using this chart framing.

Figure 2 includ€s an improved version of the test chart features originally defined in ISO
briginal test chart-defined in ISO 12233:2000 is described in Annex I.

Material

est chart can be either a transparency that is rear illuminated or a reflection test card
indted. A reflection chart shall have an approximately Lambertian base material. A ti
[ shall be rear illuminated by a diffuse source.

be measured analytically using computer analysis of captured images, as definedtin‘A
uter analysis method is intended to correlate with the subjective judgement of\wisuz
e by a skilled observer but is likely to yield a more consistent and objective-réesult g
1l visual judgements. However, if there is a discrepancy between the results of th

nnex B. The
1] resolution
ompared to
e computer
berver takes

lich is shown

chart shown in Figure 2 is designed to measure cameras having a resolution ¢f less than
LW/PH. Nevertheless, it is possible to use the chart to measure the resolution of an el

bctronic still
the camera
h fills only a
gital image,
active chart
s document,
s 1/2 of the
e labelled as

12233:2000.

that is front
ansparency

Size

The active height of reflection test charts should be no less than 20 cm. The active height of
transparencies shall be not less than 10 cm.

5.2.4 Test patterns

The test chart shall have bi-tonal patterns and should be spectrally neutral.

NOTE

© ISO

2017 - All rights reserved
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5.2.5 Test pattern modulation

For reflective charts, the ratio of the maximum chart reflectance, Rmax, to the minimum chart
reflectance, Rpip, for large test pattern areas should be not less than 40:1 and not greater than 80:1,
and shall be reported if it is outside this range. For transmissive charts, the ratio of the maximum chart
transmittance, Tnax, to the minimum chart transmittance, Tip, for a large test pattern should be not
less than 40:1 and not greater than 80:1, and shall be reported if it is outside this range. For a paper
base optical density of 0,10, these minimum and maximum numbers translate to optical densities of 1,7
and 2,0, respectively. Modulation ratios for the finer test chart features, relative to the ratio for large
test pattern areas, should preferably be reported by the chart manufacturer for reference.

5.2.6 Posjtional tolerance

The position of any test chart feature shall be reproduced with a tolerance of £1/1 000 pictureé hejights
(equivalent [to #1/10 % of the active test chart height). In addition, the width and dutyeycle ratio of
each featur¢ (white or black line) of the wedge pattern shall be reproduced with a tolerance of +5|% of
the feature width.

Values in 100X Lines per Picture Height

Figure 2 — CIPA resolution test chart

5.3 Ruleg 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 correct measurement value in the presence of unavoidable aliasing artefacts.

a) Beginning from the low frequency side, treat a spatial frequency as “Resolved” only when all lower
spatial frequencies are also resolved. The resolution limit is achieved at the line just before the first
occurrence of unresolved line features.

b) Treataspatial frequency as “Notresolved” when the black and white lines appear to change polarity
or lines are blurred together to produce a reduced number of lines, compared to the number in the
test chart.

8 © IS0 2017 - All rights reserved
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5.3.2 An example of a correct visual judgement

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

Key
1  § blacklines
2 lesslines

Figure 3 — Correct application of the wedge feature interpretation

6 Edge-based spatial frequency response (e-SFR)

6.1 | General

The gdge-based spatial frequency résponse (e-SFR) of an electronic still-picture camera |s measured
by analysing the camera data near a slanted low contrast neutral edge. The preferred t¢st chart for
meaguring e-SFR is shown in Figure 4 and specified in Annex C.

Figure 4 — Low contrast e-SFR test chart

© IS0 2017 - All rights reserved 9
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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 SFR algorithm is defined in Annex D. A diagram depicting the key steps of the SFR

algorithm is

shown in Figure 5.

The algorithm can automatically compute the e-SFR, using image data from a user-defined rectangular
region of the image which represents a near-vertically or near-horizontally oriented dark to light or
light to dark edge. The algorithm will be described assuming a near-vertical edge. To measure near-
horizontally, the selected edge image data are rotated 90° before performing the calculation. Note that
a near vertical edge is used to measure a horizontal e-SFR, since the e-SFR is a measure of the image
transition across the edge, rather than along it. Likewise, a near horizontal edge is used to measure the

vertical e-S]
6.2 Meth

6.2.1 Seld
The user se

record is cr
data of valu

6.2.2 Tra

The image

R
pdology

ction of the edge region of interest (ROI)

ects the region containing the slightly slanted edge. If the image is(Coloured, a lumin
pated before the SFR calculation is performed. The result is a twesdimensional mati
s (n lines, m pixels). See item A in Figure 5.

hsformation into effective exposure

ode values shall then be linearized by inverting theopto-electronic conversion fun

(OECF) of the camera. The OECF shall be measured as specifiedin‘[SO 14524. Each pixel value in th

iS now trans

formed into an equivalent target reflectance valde.See item B in Figure 5.

6.2.3 Estimation of the location of the edge

This is done|

6.2.3.1
6.2.3.2 Fi
— Comput

in two steps. See items C1 and C2 in Figure 5.

Injitial estimation of edge location (offset) and slope

nal estimation of edge lgcation (offset) and slope

e one-dimensional derivative

ance
ix of

ction
b ROI

For each line of pixels perpéndicular to the edge, the data are multiplied with a Hamming wipdow

vector (
lineariz
result is

f the same length (m). For each line of pixels in the resulting array, the derivative g
ed image data“is computed using a [-1/2, +1/2] finite impulse response (FIR) filter]
an array which is the same size as the input ROI.

f the
The

10
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Select region-of -
interest (ROI)

Shift to centre the line
spread function (LSF)

A including slanted vector
edge.
N v
¢ Apply a Hamming
. L window to the LSF
Linearize image data | vector
B using OECF < l
¢ Compute the discrete
First estimate of edge Fourier transform
c1 slope & offset (DFT) of the
T windowed, binned
* LSF vector
Final estimate of edge *
Cc2 slope and offset
Compute the modulus
l of the complex DFT
array
Project - shift the
D image data along the ‘

edge direction to the

edge of the ROI

v

Bin - accumulate the
shifted data sampled
at Y4 of the original
image sampling.

'

Compute the
one-dimensional
derivative of the

edge-spread function

Normaljze\the
modulus vector by
the zero-frequency
value'( first element

of array) to obtain the
E-SFR

v

Correct the E-SFR for
the discrete derivative
response

v

Report E-SFR result
and derived metrics

Figure 5 — Flowchart of e-SFR measurement algorithm

Apply Hamming
window, compute one
dimensional derivative

v

Compute the central
location of the edge
for each row (column)

v

Compute the linear fit
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v
Slope and offset

Figure 6 — Parts of element C in Figure 5

11


https://standardsiso.com/api/?name=fba285aea1ba40f85a09fbc23de2ffc1

IS0 12233:2017(E)

— Compute location of the edge for each line of data

The one-dimensional centroid of this derivative matrix 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).

— Estimate slope and location of the edge

A linear best-line fit to the centroid locations as a function of line number is then calculated. That s,

from Formula (1)
y=mx+b (@8]

where ) is the set of centroid location and x is the set of line location (1, n), compute the best-fit
values for the slope, m, and offset, b. Error messages shall be reported if any centroid is wlithin
two pixels of either side of the input image edges, or if the edge does not contain at léast 20 %
modulation.

6.2.3.3 Fipal estimation of edge location

For each linf of pixels perpendicular to the edge, the location of the centrpid-of the line is computed
from FormuEa (2)

Yy =mjx+b, (2)
where y1 represents the vector of centroid location computed asillustrated in Figure 6. This results in
a vector of ) values.

The transformed image data are multiplied with a Hamiing window vector of the same length (h). In
this case, the Hamming window function is centred aty’for each line. For each line of pixels multiplied
with thus-c¢ntred Hamming window array, the derivative of the image data is computed using a [(1/2,
+1/2] finite jmpulse response (FIR) filter. The result is an array which is the same size as the input ROI.

6.2.3.4 Cqmputation of final location of the edge for each line of data

The one-dirpensional centroid of thiS derivative matrix is calculated line by line, to determing¢ the
position of the edge on each line. THe result is a vector of centroid locations (1, n).

6.2.3.5 Edtimation of final slepe and location of the edge

A linear begdt-line fit to the‘¢entroid locations as a function of line number is then calculated. That is,

from Formulla (3)
y=mxQb (3)

itvalues

o+

Wherey is the-setofcentroidtocatiomandxisthesetoftinetocation (1, u), comptite thebes
for the slope, m, and offset, b.

6.2.4 Formation of a super-sampled line spread function array

A one-dimensional super-sampled edge spread function shall be formed using the data of the truncated
two-dimensional ROI image data. 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.

From this vector, a corresponding line spread function array shall be derived by computing the length-3
discrete derivative. The derivative vector is computed using a [-1/2, 0, +1/2] finite impulse response
(FIR) filter, meaning that the derivative value for pixel “X” is equal to —1/2 times the value of the pixel

12 © IS0 2017 - All rights reserved
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immediately to the left, plus 1/2 times the value of the pixel to the right. The result is a vector which is

the s

ame size as the super-sampled edge spread function.

6.2.5 Computation of the e-SFR

The line spread function array shall be centred by circular rotation, so that the maximum value shall
be at location trunk (N/2), where N is the length of the vector (4n). The centred line spread function
shall be multiplied by a centred Hamming window. This reduces the effects of noise by reducing the
influence of pixels at the extremes of the window, which have response due to noise but little response
due to the image edge located at the centre of the window. The discrete Fourier transform (DFT) of the
windowed line spread function shall be calculated. The e-SFR is the normalized modulus of the DFT

of th
the d
by-e

N

7

The {
analy
for m

Ane
The s

The
imag
analy
surr
conyv
as sy
corn
each

A det

e
supplhementary information on the e-SFR method.

e centred, windowed line spread function. The final e-SFR is corrected for the bias/in
iscrete derivative FIR filter. This correction is in the form of a frequency-by-frequen
ment) multiplication by the reciprocal of a sinc function. See References [13]) [17]

bine-based spatial frequency response (s-SFR) measurement

ine-based spatial frequency response (s-SFR) of an electronic still-picture camera is 1
sing the camera image taken of a sine wave-modulated starburst'pattern. The preferr
easuring the maximum resolution is shown in Figure 7 andWill be specified in Annex

kKecutable version of software has been developed to perform measurements using th
oftware, which was created using Matlab®1), can be-d¢cessed from www.iso.org/122

es. The star is divided into a user-selected number of segments (typically eight se
sis. The user selects the area of the captured image that contains the chart. The Sie
punded by 16 grey patches used to linearize the image code values by inverting the opf]
ersion function (OECF) of the camera. ‘The opto-electronic conversion function shall i
ecified in ISO 14524. The posted software requires the lightest patch to be in the
br. The result shows the modulation versus frequency [in line pairs/picture height
of the segments.

ailed description of the algorithm used is specified in Annex F.

troduced by
cy (element-
and [20] for

neasured by
bd test chart
E.

s test chart.
B3.

software can report the results from a single imiage, or can average the results from numerous

gments) for
mens star is
0-electronic
e measured
upper right
LP/PH)] for

Figure 7 — Sine-based SFR test chart

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 Presentation of results

8.1 General

The results of the resolution and SFR measurements shall be reported as described below. The following

information

a)

should be reported along with the measurement results:

the values of all camera settings that might affect the results of the measurement, including

the sharpness setting, lens focal length and aperture, and resolution or compression mode (if
adjustable);

b)

<)
d)

whethe
the illuy

for cam
the test

If the effect
data (i.e. if 4
camera mea
NOTE 1 Cq

NOTEZ2 W
collection an
for catalogue]

8.2 Reso]

F or not dark-field and flat-field correction was used;
hinating source colour temperature and illumination level;

eras equipped with interchangeable lenses, the type and characteristics of the’lens us
5.

of the lens and the test target can be mathematically removed by using their modul
he calculated response data can be the same for any interchangeable lens), the calcu
surements without a lens can also be reported in the case of SFR.

nversion between commonly used units can be performed as described in Annex H.
hile reporting all of the above conditions is important for full.technical reports, it can make thg

l reporting complex. Abridged reporting of the capture canditions is acceptable and often prefg
or casual user information.

ution

8.2.1 General

The resoluti
values, in LV

The resoluti
(see 8.3.1)
resolution.

The resoluti
and -45° foy

8.2.2 Bas

on values acquired by visual resolution measurement shall be reported as spatial freqy
V/PH.

on value derived from the-SFR as the spatial frequency value for a given modulation
lay also be used as the stintmary resolution metric, as long as it is consistent with the v

on value shall bemieasured for at least the four basic directions of horizontal, vertical,
the presentation of results, and the manner of presentation shall be selected as follow

ic presentation

The resolutjonxalue of each measuring direction shall be reported with its direction for all meas

directions.

ed in
htion

lated

data
rable

ency

level
isual

t+4.5°
S.

ured

8.2.3 Representative presentation

The minimum resolution value for all measured directions shall be reported without its direction.

The average resolution value can be reported as a representative value additionally if each of the
minimum (with its direction, mentioned above) and average is clearly specified.
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Spatial frequency response (SFR)

8.3.1 General

The SFR result is reported as the modulation level of each spatial frequency. It can also be reported as
the frequency value associated with a given modulation level. It shall be reported using a graph plot or
a chart diagram.

Summary resolution metrics derived from the SFR may also be used. Depending on the use case, the
spatial frequency associated with selected SFR response levels (ordinate value) may also be used. The
SFR criterion levels and SFR methodology used shall be cited in this case. The reader is referred to

Refel

8.3.2

The
spati
valug
aver:
prefd
(cycl
reprs
meas
half-
shall

grap
The

tang
coml

rence [20] for a comparison of SFR results between the two methods.

Spatial frequency response

bFR results shall be reported using a graph plotting the modulation level (having a v3

s shall be reported separately for the horizontal and vertical directions. The values
hge of four replicate SFR measurements of a low contrast edge. Thieyspatial frequency

bs/pixel), line widths per picture height (LW/PH), or cycles/mw on the sensor, or w
esenting the relationship between these units. There shallbe a minimum of 32 eq
urement values for spatial frequencies between 0 and the sensor sampling frequency.

be marked to indicate the area of potential aliasing. Eigure 8 demonstrates one suitab
hically reporting SFR values.

SFR at angles other than horizontal and vertical positions should also be measure
ential and radial direction SFRs are necessary for understanding the influence of the ¢
ined optical and sensor SFR behaviour.

Digital Camera SFR Example

aliased region
08

0.6

0.4

N

0.2

lueof 1 at 0

al frequency) versus spatial frequency, or in a list of SFR values versus;spatial frequency. The SFR

shall be the
axis should

h equations
ally spaced
The camera

rably be labelled with one of three units: frequency relative to the sensor samplirf frequency
i

sampling frequency shall be reported. Values between~1/2 and 1 times the samplinjg frequency

e method of

d. Typically,
ptics on the

Spatial Frequency’'Response

AN
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Figure 8 — Spatial frequency response plot
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8.3.3 Report of resolution value derived from the s-SFR

The s-SFR values should be reported separately for each measured direction. If the resolution is
determined for more than horizontal and vertical orientations, a radar chart diagram is a recommended
way to present it. Figure 9 shows an example of a suitable method for reporting the frequency values
corresponding to certain modulation levels (e.g. 10 %) in any direction. It indicates the resolution
behaviour as a function of angular orientation. Multiple plots may also be graphed on the same chart to
show the relationship of differing SFR modulations to one another.

1100,00
,00
0 /N
Segment 4 0,0 Segment 2
,00
;00
,00
,00
,00
9 0o
0o,
8840
Segment 6 Segment 8
NOTE MEgasurement conditions: lens focal length =,55 mm, lens aperture = f/4, camera compression |= off,

white balance setting = daylight, dark-field and flat-field\¢correction were not used, 2 000 1x daylight illuminftion.

Figure 9 — Resolution value derived from the s-SFR (e.g. 10 % modulation) measured for
different angular orientations
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(informative)

CIPA resolution test chart

A.1 Test chart features

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

Table A.1 — Description of CIPA test chart features

Code Characteristics and application

>

Black border with inner edge which defines active target area

White framing arrows used to frame target vertically

Centre pattern used to set focus

Framing lines and arrows that define 1:1, 4:3, and3:2vaspect ratios
200 LW/PH to 2 500 LW/PH hyperbolic zone plates used to measure visual resolutjon
Slightly slanted (approx. 5° or 50°) small blagk squares used to measure SFR
200 LW/PH to 2 500 LW/PH square wavéisweep

For checking whether the peripheralpertions are in focus

n o|v | |—|O|0|w

Concentric circles for reference when other patterns are added

© IS0 2017 - All rights reserved 17
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Valuas in 100X Lines per Picture Height

Figure A.1 — Characteristics.of the visual resolution test chart

A.2 Test chart tolerance
This chart sptisfies the following requirements.

a) The ratjo of the reflectancé-of the white background, Ry ax, and the reflectance of the large black
areas, Rnin, shall satisfy the following: 80 > Rypax/Rmin > 40.

b) The posjitional tolerance of the test patterns shall be within 0,2 mm of the specified location (x(,1 %
of the irhage height).

c) The linqg width tolerance shall be within £5 %.

L] D LI L. 1 rall L L 1 1 1 1 hd h BVat 1
d) The reflectanceTatio; Rpax/Rmim, for the fimest featuresof the hyperboticpattermsjamd-Qshould be
18 or greater.

18 © IS0 2017 - All rights reserved
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A.3 Dimensional specification of the test chart

ove

002

£999°96

£999'96

CEELEEL

teeeeel

0zl

Figure A.2 — Dimensional drawing “A” for visual resolution target
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Figure A.3 — Dimensional drawing “B” for visual resolution target
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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

Background and purpose

The
avoid
does

The

of lijes in the captured image of a resolution wedge decreases below _that'in the test

this
mea
influ

B.2

The
stan
dowl

http:

HYResACE2) measurement software correlates well with visual resolution measure
ling some of the problems of using visual observations. It is also automatic, highlyrep
not depend on an image display device. It supports both JPEG and BMP imagefilé forn

1YResACE also avoids visual observation errors due to aliasing, by determining when

condition occurs, the spatial frequency is considered to be “not.resolved”. In othe
urement software uses the same judging rules as described in 5.3 ef this document td
ence of artefacts.

Downloading the software

HYResACE measurement software that performs this measurement and the docu
lard DC-003”, which contains a more detailed(description of the software algorit
1loaded (at no cost) from the following URL:

/www.cipa.jp/std/std-sec_e.html#cipa-list

This
HYR

The
algoq
anne
prov
obse

B.3
The {
1)

ments while
eatable, and
ats.

the number
chart. Once
words, the
remove the

ment “CIPA
hm, can be

web page is labelled “List of new orirevised standards” under CIPA’s homepage, and the link to

esACE download page is added at the’bottom in the column of DC-003.

locument includes some annexes for HYRes (the original HYResACE software that ug
ithm) and a flowchart thaticompletely describes the corresponding source code. The
x report that describes the’experiment and results used to validate HYRes. The obje
ded by the HYRes seftware were in good agreement with judged visual resolutio
Fvers.

Measuremment procedure

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

[apture a digital image of the visual resolution test chart shown in Figure 1 un

es the same
re is also an
rtive results
h by human

Her the test

[(

onditions specified in Clause 4.

2) 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.

2) HYResACE 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.

© ISO
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5. File

& HYResAGE Main Window — [Picture Triming Window]

(Infomation)

Trim | Measurel

File Hame

Trim Execute |

P3140001Resized_halfbmp

i |Horz,Vert 'I Piﬂ“iullll’imla)

WedgeType -
(Fixed in ACE) I 5 TrimArea X 59 Y 313

|»

i Co—

-

2

Figure B.1 — Trimming wing&f HYResACE

.

& HYResAGE Main Window — [Resolution Measureing Window] S (=157
+. File Unfomationl, _[8] x|
Trim |Measwe| \y
FileNan[ P3140001Resized_halthmp |
*
WedgeType

(Fixed in ACE)
Direction

PictHig] 80 v

(Resolution)

726 lines
C> DetRcrd I

_ Regenerate |
Measurement ended ™ Vit Inwrt

Fignrp R2 — Mpncnring window of HYResACE

3) HYResACE automatically opens the “Measuring window”, which is a mode for calculating the visual
resolution, and displays the selected ROI. The visual resolution limit is then calculated and the
measured value is displayed when the operator clicks the “Execute” button, as shown in Figure B.2.

4) HYResACE measures the visual resolution in four directions: horizontal, vertical, +45° and -45°.
The user only needs to specify the direction of the wedge when executing the image trimming

process, as shown in Figure B.3.
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—>

NV
Figure B.3 — Example of automatic rotation (the case of @Qlultiple rotatign)

B.4 | The outline of the software processing QQQ

B.4.1 Main process Q

HYResACE detects the length of the wedge froms@g)selected ROI and the position of the visual
resolution limit line on the wedge in integer plxe]Qtnlts To find these, a subprocess named “black line
dete¢tion”, described below, is applied to each %@n line sequentially. “Black line detection”|is a process
which simulates human visual perception of wedge pattern.

NOTH This “line” is a horizontal raster @n line, not a black or white line of the wedge.

The reported visual resolution is ea&& calculated by taking the ratio of the calculated popition of the
resolution limit line to the overalhwedge length. The correct absolute value is calculated by correcting
the rjatio to the actual magni ion by using the wedge length and the image height (vertical pixel
number) data of the orlgmal@)age before trimming. In this way, the magnification of the process is not

requjred. O
&

B.4.2 Black line@ét\ection

One’§ ability td@lally distinguish white spaces from the black lines of the hyperbolic resolution
wedges in ;@h e B.1 relies on sophisticated and complex processing in the visual gortex. This
processing.accommodates and adapts to low frequency luminance differences and trepts them as
thoug % gare effectively uniform. For example, in the high frequency regions of the wedge, near the
visugl tésolution limit, the signal amplitude becomes very small, and any local amplitude change in
luminance at the black/white lines can be smaller than the changes in luminance at lower frequencies
across the entire wedge due to the spatial frequency behaviours of the camera and/or light shading
and falloff. In such cases, 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.

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
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(e.g. stochastic noise, etc.) in the image when they are sufficiently small. In summary, human vision
often ignores luminance changes 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 to simulate this process.

It does so in

a)

two important ways.

detection through analysis of neighbouring point differences.

Detection of a black line at a locally minimum point in the scanning line is done by inflection point

line

b) Significqnf Qign;\] differences are jndgpd based on a variable threshold fpr‘hniqnp that i
frequenicy adaptive.
At the starf of the algorithm’s line scanning process, a suitably high threshold level i§) chosg

accommodafe the relatively large signal levels of the low frequency portions of thé*wedge.

threshold if
number of

continues ofto the next scan lines until all five lines can no longer be detected using the same thre

level. At thi

analysed with the new threshold. If all five lines can still not be detected with this new threshold

processing (

B.4.3 Ima

HYResACE (
perpendicul
wedge. The
wedge imag]

The 90° rot
values. Near
creating ney

Because a 4
for this fact
factor as req

decremented as higher frequency lines are probed in an attempt to detect the speq
black lines (i.e. five). After the specified number of black lines is detected, the pr

b point, the threshold level is decremented and the scan line undér,consideration is 3
eases and the visual resolution limit is reached.

ge rotation process

perates on the data assuming that the main scanningdirection crosses a hyperbolic w
arly. In other words, the basic measurement preeess operates on the horizontal resol
vertical and 45° slanted resolution measurements are performed by rotating the capf
es before performing the measurement.

hition is a simple coordinate change and(does not apply interpolation to generate new
est neighbour interpolation is applied.to fill vacant pixels with existing pixel values wit

b° rotation increases the relative size of the image (as shown in Figure B.5), compens
or is necessary in calculating resolution. HYResACE automatically compensates for
juired.

bn to
This
ified
hcess
thold
igain
I, the

edge
1ition
ured

pixel
hout

v numerical values for the 45° (or itswhultiple) rotation. This is shown in Figures B.4 and B.5.

htion
this
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5 10 | 15 | 20 | 25
4 9 14 | 19 | 24
3 8 13 | 18 | 23
2 7 12 | 17 | 22
1 6 1 | 16 | 21

Figure B.4 — Arrangement before 45° rotation
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5
4 5 10
3 4 9 10 15
2 3 8 9 14 15 20
1 2 7 8 13 14 19 20 25
1 6 7 12 13 18 19 24 25
6 11 12 17 18 23 24
11 16 17 22 23
16 21 22
21

Figure B.5 — Pixel arrangement after a 45° clockwise rotation of Figure B.

=
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Annex C
(informative)

Low contrast edge SFR test chart with OECF patches

A lower contrast SFR test chart is used based on experiences from ISO 12233:2000 target shown in
Figure I.1. The high contrast edge features of ISO 12233:2000 target often yielded clipped count values
in the final|image file, especially for processed image files. This led to corrupted and VariabllsFR

results. The lack of OECF patches in the original target also made it inconvenient to account.for the
OECF response without a separate capture. The revised test chart is shown in Figure C.1 and defined in
Table C.1. It|is a grey scale test chart which includes a low modulation slanted edge. The test chart also
includes grely scale patches which are used to determine the OECF. While the example chart in Figuite C.1
uses 16 OEQF test patches, a 20 patch version as described in ISO 14524 may also be substituted.

Figure C.1 — Low contrast edge SFR test chart with OECF patches
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Table C.1 — Details and requirements of the low contrast edge SFR test chart in Figure C.1

IS0 12233:2017(E)

Code

Characteristics and application

A

Black border with inner edge which defines active target area

White framing arrows used to frame target horizontally or vertically

Active target area. The integrated reflectance (or transmittance) of the area within the

4:3 aspect ratio bounds (Ry) shall be between 0,15 and 0,25.

B
C
D

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

Centre slanted edge square (5°) with focusing aid to provide on-axis SFR metrology.

This

feature shall be of sufficient size to satisfy the 32 frequency sample requirement of 8.3.2

for a 640 x 480 pixel dimension of the active area. It shall be centred within the a
area. The modulation contrast shall be between 0,55 and 0,65.

ctive

Slanted edge squares used to measure SFR at 50 % field position for 4:3 aspectratio,
feature shall be of sufficient size to satisfy the 32 frequency sample requirement of
for a 640 x 480 pixel dimension of the active area. There shall be four-of these feat
two centred horizontally and two centred vertically on either side of the'feature E. 4
positional tolerance relative to the 50 % field position is allowed. The'modulation con
shall be between 0,55 and 0,65.

This
B.3.2
Lres,
A 5 %
trast

Slanted edge squares used to measure SFR at 70 % field position for 4:3 aspect 1
This feature shall be of sufficient size to satisfy the 32 frequency sample require
of 8.3.2 for a 640 x 480 pixel dimension of the active @rea. There shall be four of {
features positioned on the active area diagonals as,shown in Figure C.1. A 5 % posit
tolerance relative to the 70 % field position is allowed. The modulation contrast shg
between 0,55 and 0,65.

atio.
ment
hese
onal
11l be

OECF patches whose reflectances, circular symmetry, and geometric order are
consistent with the requirements in ISO 14524. Due to space limitations, the patch
sizes should be scaled to fit within the active area without interfering with the slar
edge features. The OECF patches should be numbered as indicated in Figure C.1.

ted

Asymmetric features for automatic target detection. These features should be plac
within the 4:3 active area aspectratio, but can be placed for convenience as dictatg
use cases.

ed
d by

© IS0 2017 - All rights reserved

29


https://standardsiso.com/api/?name=fba285aea1ba40f85a09fbc23de2ffc1

ISO 12233:

The softwar

2017(E)

Annex D
(normative)

Edge spatial frequency response (e-SFR) algorithm

e that performs this measurement can be accessed from www.iso.org/12233.

The edge-b4
contrast tilf
function (L9

e-SFR (l:

where

The SFR m4d
pixels (P) a
image of noj

Formula (D.

Sed SFR (e-SFR) TMeasurement aigorithm used 1N this document for analysis of Tl
ed edge uses the normalized discrete Fourier transform (DFT) of a single line_sy
F):

i LSFI;V (j)e—ianj/N
=1

] - '
> LSF,, (1)
j=1

, fork =0,1,2,...,.N /2, or (N+1) /2if N is odd

)=l

is the index for spatial frequency;

is the windowed, average, centred, super-sampled line spread function formed from {
selected region of the chart image; much of the data processing in the algorithm and

employed in the SFR measurement algorithm is involved in preparing LSF];V for the [

is the correction for the frequency response of the discrete derivative used to derive|
: . : : 1

point spread function from the\edge spread function, D (k) =min| ——

sin (Zﬂk /N )

basurement algorithm does not constrain the selection region to be an even numb

nd rows (R). The selected region is converted from digital code values to an edge sy
'malized photopicintensities via the OECF and colour weighting coefficients a, b, and ¢

)]

- a OFCE{DN, | + b OFCF | DNy, | + ¢ OECF[ DN

green blue }

,10f .

low
read

(D.1)

he

FT;

the

er of
read
[see

(D.2)

DN

(p, 1)

is the digital output level;

is the index of each pixel.

Each row (r) of the edge spread image is an estimate of the camera edge spread function (ESF). Each
of these ESFs is differentiated to form its discrete line spread function (LSF). The position of the

30
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centroid (C) of each r LSF is determined along the continuous variable x, where x has the range (1, X)
[see Formula (D.3)].

S o [olrrnr)-o(or)]
c(r)= p;_ll - 0,5 (D.3)
L [o(prrr)-o(er)]

The slope, m, of the best-fit line relating the x positions of the centroids to the r index of each row is

pupgpa | £all
compuatetas Torrows

Ar
(i [AC(rJ .

whetfe the bar indicates the average, and Ar = 1 row.

This|slope, m, is used to compute a shift, S(r), to be applied to each row to:bring each ESF to|coincidence
aroupd a common origin at x = 0. It effectively takes the tilt out of the edge.

_R/2-r
m

$(r) (D.5)

The hext step is the super sampling and averaging. This’step forms a composite requantized edge
spread function (ESF) over the discrete variable j, whefe j is four times more finely sampleld than p but
is nof a continuous variable like x. The super sampling factor is 4, so 4PX bins are created,{each with a
width of 1/4 pixels.

o ! 1) —
ESF'(j) = —— (D.6)
> 2 afphj)
r=1 p=1
The function alpha («) is simply a counter and a switch to include or exclude a value in any bin.
. 1, &0,125<|p-S(r)-j|<0,125
& (p,r,]) = _ [ ( ) } (D.7)
0,-0therwise
whertte
J| As‘an integer.
The average super-sampled edge spread function is then differentiated and windowed.
, ESF'|j+1)-ESF'(j-1
LSFy, (j) =W (j) U-1) ( ),forj=2,...,N—1 (D.8)

2

The first and last values of the computed LSF are then repeated, so the LSF vector has a length
N = 4P (4X)

W (j)=0,54+0,46cos [2n (j-2x)/ 4X} (D.9)

Substitution of Formula (D.8) into Formula (D.1) produces SFR(f), where f = k/X, so that the data are
reported in cycles/pixel.
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To report the data in frequency units of LW/PH, multiply the frequency values by the number of rows of
pixels per image height (for vertical SFR measurements) or by the number of columns of pixels within a
horizontal distance equal to the image height (for horizontal SFR measurements).

To report the data in frequency units of cycles per millimetre on the image sensor, the frequency values
are multiplied by 1/2 times the number of rows of photosites per millimetre on the sensor (for vertical
SFR measurements) or 1/2 times the number of columns of pixels per millimetre on the sensor (for
horizontal SFR measurements).

To report the data in frequency units of cycles per millimetre on the test chart, the frequency values are
multiplied by the number of rows of phot051tes on the sensor d1v1ded by the helght of the active area

of the test char

divided by the w1dth of the actlve area of the test chart (for horlzontal SFR measurements)

A diagram d

line 1
line 2
line 3

line 4

line 1
line 2
line 3

line 4

1) Digital image from camera,
converted to a linear (reflectance)
quantization characteristic.

epicting the key steps of the e-SFR algorithm is shown in Figure D.1.

2) Differentiate using
discrete derivative

| S
a u} =] ) =] /
3) Calculate the best-fit line to the
centroids of the first derivatives.
—~~ 4) Create a single "composite"
I{ ° l‘ ) line by shifting the differentiated
—1- image data from lines 2,3, etc. by
= /m\% = an amount calculated using the
- best-fit line and "binning" the data
P / oo into four bins. Use an equal
number of lines at each relative
o /tl (] sampling phase, and delete any
remaining lines at the bottom.

-Vn--%nf-%u--% ‘*“;f‘:um Sompocke

function

5) To reduce noise effects, window

the curve using a Hamming window.

Windowed line
spread curve

/\

6) Calculate the Fourier transform of the
windowed line spread curve.

Figure D.1 — Diagram depicting the key steps of the e-SFR algorithm
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Annex E
(normative)

Sine wave star test chart

The sine wave star test chart shown in Figure E.1 can be used as a single chart or multiple charts can
be arranged in one image. The chart should be grey. The camera should be white balanced prior to the

meagurement.

The ¢hart includ

Fig%&.l — Sine wave test chart (multiple target version)

Q@ features listed in Table E.1.

’m‘ll "

\ “I'u\)h

’“i IH

%Q Table E.1 — Features of sine wave test chart
S
Co 9.’&\/‘ Application Characteristics
) IMarkers for the region of
£ ! S Black squares with a smaller white square inside
interest
B 16 grey patches for Squares aligned along the ROI markers equally spaced in reflection
linearization from 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
D Sine wave star pattern with a frequency of typically 144 cycles. For lower resolution
cameras, a 72-cycle star can be used.
A circle with two white and two black segments opposite to each other.
E Centre marker for the exact|The size of the circle should be chosen to cover the area that should
positioning of the star not be used due to the lack of resolution of the output system used to
produce the star.
© IS0 2017 - All rights reserved 33
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The charts are limited in their application because of the production method used to generate the
chart. Therefore, the manufacturer should report the maximum number of pixels the chart shall cover
in an image.

The given sizes are scaled to a chart width of 29 cm and a height of 27 cm. The diameter of the starburst
pattern is 25 cm. If the design is carried out in a vector-based software, it is possible to scale the chart
to any size required, keeping production and application limits in mind. The contrast of the structures
should be above 50:1 and below 250:1 reflectance ratio. A listing of the design features of the sine wave
star test chart can be found in Table E.2.

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

Code |Subcdde Position up[))(;e;' left corner Size Digital \;;ﬂgg ;n linear
Al Bladk 0;0 40 mm; 30 mm 0
Al White 16 mm; 6 mm 8 mm; 8 mm 255
A2 Bladk 250 mm; 0 mm 40 mm; 30 mm 0
A2 White 266 mm; 0 mm 8 mm; 8 mm 255
A3 Bladk 0 mm; 240 mm 40 mm; 30 mm 0
A3 White 16 mm; 256 mm 8 mm; 8 mm 255
A4 Bladk 250 mm; 240 mm 40 mm; 30 mm 0
A4 White 266 mm; 256 mm 8 mm; 8 mm 255
B 1 260 mm; 50 mm 20 mm; 20 min 255
B 2 260 mm; 30 mm 20 mmy 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.mmy 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
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 Omm: 0mm 290 mm; 270 mm 46
Code | Subcode Position centre Size Digital \{alue in linear
Xy image
D 145 mm; 135 mm Diameter 250 mm 144 cycles sine wave
starburst
E 145 mm; 135 mm Depe“dir;rgleot?lg’g"d“c“o“ 0 and 255
NOTE 1 Position 0;0 is located in upper left corner.
NOTE 2 Chartsize: width is 290 mm (x), heightis 270 mm (y).
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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 this test chart.
The software, which was created using Matlab®3), can be accessed from www.iso.org/12233. The
software can report the results from a single image or can average the results from numerous images.
The gtar is divided into a user-selected number of segments (typically eight segmeniséﬁ?x\a nalysis. The

user fselects the area of the captured image that contains the chart, with the lightes ch [in the upper
right corner. The result shows the modulation versus frequency (in LP/PH) for e?g@a the Jegments.

The Piemens star elements are identified using the marks in the corners :1\1((3/ e centre pf each star.

Then, the OECF of the camera is determined using the 16 grey patches of the‘central star. The image is

linearized using the inverse of the OECF. See Figure F.1. S
_ N\

Figure F.1 — Chosewg))sitions of the OECF patches and the centre of the star number 0

NG
Fron the diamete Cﬂhe stars and the image height, the scale is determined to translpte the star
freq;llency into li Qairs per picture height (LP/PH). See Table H.1 for conversion between different

resolution me@?s.

§_ Np Ny (F1)

fe ’& =
% 9 277'-rPixPI

with
27y,
g= N—Plxel = cycle length 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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where
res
Np

Ny

:2017(E)

is the resolution, in LP/PH;
is the number of cycles for the Siemens star;

is the image height in pixel;

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

NOTE

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

To correct for a possible distortion, the star is divided into 24 segments, and for each segmeén{

boundary o
calculated.
which was f]
image itself]

Then, the st
that radius 4
There is no
nearest pixe
This leads t
three segme
on vertical,

Figure H

[ the star is detected. The appropriate radii for the evaluation (Figure F.2) of the.star]
'hese calculated radii are corrected with a factor depending on the irregular cifcular g
pund for the single star. This way, a distortion can be corrected without mogdification ¢

ar is divided into 24 segments. In one segment on one single radius;the nearest pixe
re searched, and the digital value and the angle under which the pi%el-was found are st
interpolation for pixel values on the radius. Instead of using interpolation methodg
| beside the correct radius position is used, if there is no pixel inithe exact place (Figurd
p lower errors in the result than pixel value interpolation~The mean value of the dd
nts is calculated. So finally, data of eight segments are obtained. This provides inform
horizontal, and diagonal contrast behaviour of the canieras.

2 — For*24 segments, the border of the star is detected and results in a distortid
corrected analysis

, the
S are
hape
fthe

s to
pred.
, the
| F.3).
ta of
htion

n

For the s-SFR measurement, a minimum of four images of the test chart described in Annex E shall be
evaluated and averaged. Using the software which can be accessed from www.iso.org/12233, the star
can be divided into a user-selected number of segments (typically eight). For each segment, a minimum
of 32 equally spaced radii should be analysed.

The following is a detailed description of the steps taken by the analysis.

36

Step 1: The star is located using the four surrounding markers for the region of interest.
Step 2: The image is linearized using the 16 grey patches around the star.

Step 3: A user-selectable segmentation of the star is made.
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— Step 4: Aminimum of 32 radii are analysed by localizing the pixels along the radius and selecting the

digital code values for the linearized image as a function of the angle (see Figure F.4).

250
N\
xO
200 e
N\

Q (\@
= 150 C)V
g ) O R —e— pixel|values
g \% / sin (fangle)
2 100 O

5" N A
ol

Angle (radians)

Figure F.4 — Digital code values as a function of the angle
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For a harmonic Siemens star, the intensity is given as:

2z
1(9) =a+b-cos{?(¢—¢o)} (F.3)
The angle for each pixel can be calculated using
X
¢ = arctan [—] (F4)
y

with x = 0 and3~=0-asthe centre of the star-Since the phase of the signal; $prrishot known Eormula (F.5)

has to be uspd instead of Formula (F.3).

I(¢) =a+ b, -sin(z—ﬂ¢]+b2-cos (2_71(}5} (F.5)
9 9
with
b= \Jb]+ b2 (F.6)

— Step 5: A sine curve with the expected frequency is fitted into the'measured values by minimjizing
the square error.

o

— Step 6: The contrast of the sine curve is determined by calculating the contrast from Figure F.

-1 a+b—(a-b) N
M = Im X Imln _ _ é Z

L+ 1 a+b+(a—b) a S E\!b’\ ’\ /\
Imax

a

Imin
L N '>
Figure F.5 — Calculation of the contrast of the sine curve
— Step 7: Hhe-moduwlatien—as—afunectionof-thefrequeneyis—theresultof-the-analysis—and-shall be

reported as stated in 8.3.2 or 8.3.3.
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