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CameraSimulation for Predicting Information
Metrics and Machine Vision Performance

Norman Koren, Founder and CTO, Imatest, LLC
Short Course Electronic Imaging, SCO0B8Jarch 2026

We present a new set of camera performance metrics, based on
information theory, that are superior to traditional metrics such as
MTF(SFRand noise or Signdb-Noise Ratio ENR for prediding
Machine Vision/Artificial Intelligence (MV/AI) system performance.

We describe a new image sensor noise model, arja
aK2g K2g AuQa dzaSR gA U
simulator, Simatest to

A predict imaging sy®m performance, and

A allow camera systems to be sefirototyped.
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Outline of the presentation
A My backgroundr photography & engineering
A Introduction to information theory and metrics
A Calculating information capacity, C, in the presence of a signal

A Information metrics

(related to C), including - NPS NEQ SNRi(metric for object detection),

A Matched filters to optimize object and edge detection (brief)

A Information-based Dynamic Range using & ldight performance from the new
InfoDR chart.

A Image sensor noise model based on Photon Transfer Curve (PTC) or EMVA 128
A Simatest ISP/Camera simulator (lens, sensor, ISP)

AGreen is for geekso boxes contain equatio
need to follow during the presentation, but you may want to review later.
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Measurement and simulation

/ Image quality \ / e sensn \ /Simatest camera\

measurements . i i :
noise model for simulation:
Spatial simulation from Create image, lens
detail raw |mages losses, noise, ISP
(f u I I § " y LX7_|ﬂ.BEnd\m_Ilr.’:'.S_‘l:SOBﬂrs1:41;::’6!;255.RW2
image) 3 £
E '.E‘ Low (C,
g ;;‘5 Bad (C,
Tonal detail % 4 e
§ lark noise E
(n ear ‘i’ I31t:rl:||nalnt ﬁ. o8
|mage % ....}ﬂ"/ 0 3 25 2 1.5 - 0.5 0
center = ,, . .
) Raw mput 5|gnal V(non'nalized) C4 .I nfo rmation
capacity vs. exposure

city and related metrics

Key results: Information ca? / K /
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My background

ADNB g6 dzLd Ay w2OKSAGSNE b, ® aY2RI]1 OAGE
House (museum). Fascinated by both the fine prints and the cameras.

Alnterest in photography started around age 12. Dissatisfied with sharpness of
cameras | could afford.

ASummer job University of Rochester Institute of Optics
1961. MTF curves.

Aal a6 SNNa RSAINBS Ay LIKeah
recording technology; Similar math (FFTs...) to imaging

ALifelong interest in Photography. Mastered darkroom
printing; had occasional shows.

ALaunchedhormankoren.com(images and technical
tutorials) in 2000, which led to foundingmatestin 2003
for measuring lens and camera quality.
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http://www.normankoren.com/blog/
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How | became acquainted with information
theory

| worked at Kodak San Diego from 198998. During that time | frequently
visited UCSD Center for Magnetic Recording Research (CMRR), where | became
acquainted withinfor-mation theory.

CMRR (now, Center for Media and
RecordingReasearchproduced the
video, which | highly recommend.

Claude Shannog Father of
the Information Age

-

| enjoy the intersection of

science and art. CLAUDE SHANNON

@m e

laudi Shannon = siber.of .com/watch?v=z2Whj_nL-x8
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Introduction to Information theory

Developed by Claude Shannon at Bell Labs in 1948

Information is the amount by which the outcome of an event or a
measurement reduces uncertainty.

Widely used in electronic communications, where channels are
characterized by information capacit€in bits/second, which is the
maximum rate information can be transmitted without error.

Images are communication channels where Chas
units of bits/pixel or bits/image.

Imatesthas developed a method to conveniently calculaiby measuring signal power,
gf), and noise powerN(f), at the samelocation in slanted edge test patterns.

C,, which ismeasured directly from IS@tandard 4:1 contrast slanted edges, is of special
interest. Itis the amount of information a 4:1 contrast objeat typical for several
applicationst OF'y O2y dSed® LuQa OfzaSte NBIIFIUSR U
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I ——
What is information?

Information, defined by Claude Shannon in his classic 1948 and 1949 papers, is a
measure of the resolution of uncertaintyi.e., how much is learned from the
outcome of a measurement. It is the basis of all electronic communication.

For a system witin possible statess,h  s§ With probabilitiesp(s,q h p(§)h
information can be represented a&ntropy,

Ay AT T @M ) AT T @)
9EI YLX S ™Y [Ip, =pF=IlhNES5; H>2hrgpy F.6 A EJdformation
IJFAYSR FNRY (GKS FEALW I' M aoAléd

When one outcome is more probable than the other, the information gained in
the trial islower. For example,

Example 2: Fqy, = 0.95;p, = 0.05,H =0.95%0.074+.05*4.322 0.286.
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More on information

WhenH < 1, data can beencodedfor efficient transmission. Coding is a key aspect
of information theoryt integral to data compression (PNG, JPEG, etc.)

The number of states is closely related to the Signab-Noise Ratio $/N or
SNR of a continuous system.

Electronic channels including camerag are communication channels that
can be characterized bychannel information capacityC(the maximum rate
that information that can be transmitted without error), which has units of
bits/pixel or bits/image.

Cis calculated from th&hannonHartley equation(next page), which uses
A frequencydependent signal powes(f) (which includesMTP),
A Noise poweN or NPS()

The challenge: How to conveniently obta8{f), N or NPSf).
The key performance indicators for MV/AI systems are closely relate@.to
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Shannon-Hartley equation for G,

4:1 contrast edges are specified by 1ISO 12233 and widely
used for practical measurements.

{0 (u g ps=+-g 7M@) 7 isthe meansigal
power of the edgeV(x): includes sharpnesSSERf)).
SRT L BEF
” |I NPgf) is the Noise Power
W is always the Nyquist frequency, 0.5 C/P.

Spectrum, from the noise image

G, the information that can be conveyed in a 4:1 contrast object,
is a complete pixel-level performance metric that combines partial
metrics: signal power, §f), sharpness, SFRf), and noise. NPSf).

The key to conveniently calculating C is to measure Signal S(f)
and noise NPS(f) at the same location

N. Koren: Short course: Camera Simulation and Information Metrics March 2026

Slanted edge calculation

The widely usedlanted edgelil Sa G LI G G S NJYS@ 12233kadhdbidi for2 ¥
AYF3S aKINLlySaa o Aa FlLad +FyR eli
an entire image. ThESO 1223algorithm

AlLinearizes the image,

AFinds the center of each scan line,

AFits the centers to a polynomial,

Aadds each shifted scan line to one of four bins to obtain a 4x

oversampled averaged edg&mplitude (voltage) =r(e) o e o s
Hy @ , shown on the right, is used to calcula#dFand ——— ;

information metrics. MTF = |FFT(dV(x)/ dx)|

)
°
®

s o

Binning effectively reduces noise byO AT BE ROAE 1
.8adG NBadzZ Ga FNB 2060GFAYySR éKS“:_
100 pixels in 4 bing@5 per bin), reduces noise kcu  v.] : 0

The key to conveniently calculating information metrics is to
measure signal (SFR or MTF) and noise indéa@e location

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P10 6 ImatEStr

Edgo profie (linoar




3/4/2026

Measuring noise,N(x), from the slanted edge

Information capacity Ceqqevar IS calculated with the spatially dependent noise
power, N(X) (the edge variance), measured at thesame locatioras the signal,

{ dzif K&Slj dzI2NBS 3@ OF ¥ Y BAYRSR IS NA vy O
Aye) 4 e 0l KSARY &N
d
{ L3 GRS IS BRENBHEWI Ay(e) «(o(0) Hyeo?
]
*N(x) is the sum of the squares minus the square of the sum, all divided by the number of points L.

Examples of Noise amplitudeQy(e) A (), which was not

Uniformly-processed Bilaterafiltered (JPEG) ~ Previously visible.
R T N(X) can lookvery

2 Fal N : Peak | . .

5 l:O(';)e K Vs o) A<— near | different for different

. el g T e i - edge types of image processing

o : _

§ow -zl | i (same image capture)

= Pixels = I
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Noise powerN for calculating information capacityC
N must be calculated wher&FRMTH is measured for accurate results

Noise to enter into Shannoiartley eq. depends on the image processing.

Noise
oyx) - _ no peak

Noise amplitudeQy(e) /3 e R

Processing type (minimal/uniform or
bilateral filtered) can be determined from

1. knowledge of image processing, or
2. Absence or presence of a peakNi(x)

Edge noise V for Info Capacky

P‘[Xels *Pixels

P (Hor)

Little or no noise peak. Distinct noise peak.
Minimal or uniform processing Nonuniform processing (bilateral filtered)
Use the mean of the r,loise power for C, Use the peak (smoothed) noise power for C,

. I A K:ﬂ (.)) N = lqaeak-smomh

A better method for Cis available. MTFdoesnot represent texture.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P12 s |mat95t N
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o —————————
Signal power for calculatin@

Themean signal power{; 4 + () must be entered "=~
into the ShannofHartley equatlon in addition to
noise powerN to calculate information capacity, |

The measured signal from the slantedge, typically ..
with 4:1 contrast. has a Peda&-Peak amplitude, of

VP-P: maxZVmin'
- AAGEGHIAL AQ B (1= 4 )

The frequencydependence oiﬂD tl) comes fromMTH(f). Division by 12 gives
the mean power for uniformhyglistributed data oveWN,_, which maximize€.

Signal power-||D =E(I) is a strong function of exposure and chart contrast (the ISO
12233 standard 2:1 contrast is strongly recommendedfdiFmeasurements).
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Calculating information capacity C, and G,

For most applications, we pref€};, measured from ISO 12238andard 4:1 contrast
slanted edges, which are relatively immune to saturation (for good exposures) and
have good SNR,, is a strong function of exposure, making it useful for measuring
performance over a wide range of illumination, including low light.

BecauseC, varies with exposure, we developed a more stable melfliaximum
information capacity,G, . , by extrapolating\/p ptow® p (‘or the maximum for
the camera) and adjusting the noise, which follows a S|mple equation for linear
sensors. . -

J i &
(-"—) _"_ i /// ‘W/ v
l pr b
Becauses, ., is difficult to calculate for HDR sensors, § //
which have irregulaN(V) response (shown on the right): |/
and is not useful for lovight, we have deemphasized it. .| / s
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P14 6 imatest®
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Measuring information capacity G, and G,

G, which is a function of exposure and chart Camera 1 (10 MP) Shannon capacity C, & C,,, vs. Exposure
contrast ration, andmaximum information sgp oo o oM AT ShntedredgesirawTIFE & JPEG.
capacity,C,,,, are shown on the right. . IPEG ——— g
Grax (upper plots) is a stable measurement, s, TIFE ¢ Cinax
nearly independent of exposure, that can bes, *[ (uniformly
used as a single number to characterize a § 2s{processed) o
OF YSNI Qa LROUSYUuUAlIt ® £/ | N5 Ada NS5 ANBR AY
calculatingG,,.- Sl G rawoTIFF

W 45 S wenans Cy JPEG
C, (lower plots) is useful for characterizing o 0 o RS
camera performance as a function of 10° 10
exposure, especially low light. Y e (Proprionsl o expostire)

G, and G,,, characterize thepotential performance of a camera system.

We will discuss object and edge detection metrics,
which are also impacted by image processing.

H @
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Information capacity displays

The 3D plot can show, or G,
mapped over the image.

Mean(C,.,) = 2.96 b/p.

Total info capacityC, arom = Mean(Ga) * i .
number of pixels = 47.23 Mb Information capacities

e C, = 2.36 b/p;Gyax = 3.75 bip.

G, andG,,, are displayed
in the Edge/MTF plot.

G3_eSFR_ISQ160_excmp1P1060138.tiff

Edge profile NU Corr: Horiz (V-edgy) (sagitta)) 21:Aug-2023 135218

4608 x 3464 pixels (WxH) s
16 Mpxs 81t

ROI12: 1651259 pixels

5.6% leftof ctr 0.0 L

3 um per pixel

10-90% rise = 2.46 pixels

= 1407 per PH

Chart contrast = 4

~ (chart) = 0.412 Use for MTF.
V(LR mean, )= 0458 0113 0.345 0.28}
Info cap C, =2.36; €, =3.75bip;
from NEQ (Noise image method)

Edge profile (linear)

Edge 581°

Imatest 23.2.0. ALPHA Master

-30 =20 =10 0 10 20 30
Pixels (Hor)
HAvp 02 136298 2428 coor mareESS e 255
4508x3464 pxls (WxH). 45RO 16 Mpuis.
Lchannel Vert-edges. Gamma »0.40 (0.427 from ROM)
S oy e G A
. . . . H t t@
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I
G and G, results for three cameras
Sensors4.5 pm BSI3.88 um 2.14 pm
G, andC,,,, decrease with Exposure Index (El, also called ISO speed), which
A is proportional to analog gain,
A s inversely proportional to total exposure (or illumination), and
A increases with pixel size.

Shannon capacity C, vs. Exposure Index for three cameras Maximum Shannon capacity C__ vs. Exposure Index for three cameras
from 4:1 Slanted-edge images: raw->TIFF & JPEG from 4:1 Slanted-edge images: raw->TIFF & JPEG

ST

—=— Camera 1: 10 Mpxl; 2.14,m pitch
e Camera 2: 24 Mpxl; 3.88,m pitch
Camera 3: 42 Mpxl; 4.54m pitch
= Camera 1: JPEG Noise calc 2 |LSF|
= Camera 2: JPEG Noise calc 2 |LSF|
Camera 3: JPEG Noise calc 2 |LSF||

4.5 um BSI |
3.88 um
2.14 pm

—— Camera 2 24 Mpxl; 3.88m pich |
—=— Camera 3: 42 Mpxl;4.5um pitch
e Camera 1: JPEG Noise calc 2 |LSF|
o Camera 2. JPEG Noise cal 2 [LSF]| |
Camera 3. JPEG Noise calc 2 LSF|

-
n

IS

——— Camera 1: 10 MpxI; 2.14.m pitch

w
o

w

»
o

n

Shannon Information capacity C (Bits/Pixel)
Shannon information capacity C (BitsiPixel)

L

Exposure | nde Exposure I nde
1]

107 10° 10" 10° 10° 10° 10* 10°
Exposure Index (ISO speed) Exposure Index (ISO speed)

Gnax IS larger thanGC, by roughly 2 bits/pixel.
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Sharpening and information capacity

Uniform Sharpening has little effect o@
because it boosts the high frequency signal

and noise by the same amount. More generally,
Minimally processed TIFF  USMsharpened TIFF Cis unaﬁ.eCted by Ilnearz
uu_sw_se_1wmm_u_lsotuo_n-fg?:u!zf;‘wfﬂ u‘'_""-"‘~‘”"‘"""~"""""'"""'”'““""“"""""'"“" reversable |mage DFOCGSSIHQ.

For this reason, it is not useful for
finding optimum image processing.

Edge profile (linear)
P
Edge profile (linear)

The image information metrics, to be
described in the following slidesSNRI

Pixels (Hor)

2 wrrse sty and Edge location A)
= "o Radius =2 A measure how well objects and
£ €. L edges are detected, and

04 Q-nax e
0z | * 38lbp A are sensitive to image processing,

e it e , s it B

] 0.2 04 0.6 X 1 0 02 04 06 08 1

Frequency, Cycles Pixel Frequency, Cycles/Pixel
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P18 ﬁ imatest”
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The noise image method:
Calculated for uniformly processed images

The calculation ofCso far, which is based on the spatially dependent noise power,
4 (&) Qy(e), is callecthe Edge Variance methad

Ceagevar IS @pproximate because it omits the Noise Power SpectriN®Sf).

NPJf) cannot be measured accurately for bilateréiltered = ot ::.:
images, because they amonuniformlyprocessed, i.e., - edge |
lowpassfiltered to reduce noise in much of the ROI, i \\—v
but sharpened near edges where MTF is calculated. L L t
TheNoise Image methogwhichis only valid for minimally ;[ noise
or uniformly processed images, results in a maecurate g OX) - nopeak
value ofC, and enables the image information metrics, !w\/
NEQ SNRj Edge Location A, and more. Pixels ‘

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P19 é ImatGSt

Image information metrics flowchart i review

Noise image method

[ Read slanted edge image ]
| Calculate noise image by
debinning t ((x)
|
Calculate Noise Power spectrum,

| 4 | {I. from 2D noise image
Calculate n0|se power' J (.) Gv(.) ................................. (requ".esw J (.) - 9

I
Calculate Noise Equivalent
Quanta, 4 [
I

Calculate Ggiseim and related

Calculate oversampled
average edge, t (x)

Uniformly
processed (no
4l (o) peak)?

Yes

Edge variance

No : . .
uetied Image Information Metrics, SNRI
Calculate Ceggeyar Calculate Geggeyar USING (opject detectability_), Edge
using N = Neeay smooth 4 7 AKd(e) location A, matched filters, etc.
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 20 0 imatest®
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The noise imageenables the calculation of
the Noise Power spectrumd! || {j§, and the Image information metrics

To obtain the noise image

Note that the averaged oversampled image consists of four interleaves
from the original bins of the ISO 12233 calculation.

De-bin the image by moving the lomoise contents of each
interleave back to its original locations.

The debinned image (2) has much lower noise than the original (1).

Micro 4/3 camera

Noise image (3) = original image (@@e-binned image (2). @ I1SO 12800
(2) (2) (3) Noise image =
Original Eenned originat de-binned
The noise image
is shown
lightened.
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P21 Q imatest

Noise Power (Wiener) SpectruiPS f)

The initial calculation of information capacitggeyan iS based on the assumption
that noise power), is white, i.e., it has no frequency dependence.

Ccan be calculated with greater accuracy from the noise image, which enables the
noise power spectrumiP&f), to be calculated for the integral form of the
ShannorHartley equation.

ol g |

To calculataNP gf), start by calculating the magnitude of theddmensional (2D) Fourier
transform (FFT) for each channel of the noise image, then transform the 2D spectrum into
1D for use in the Shanndnartley equation

[Full details in the Appendix, in tied NBE Sy ésthNdaddifire) atea.

o ?‘I'I' 1B mg Wiso I YRG A RUKfy,), nop /
M vato Sis mean signal power.
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1D Noise Power spectrumdPg f)

AThe 2D FFT is divided intg, regions withf, = 0 shifted to the center.

AFor regiori, the initial (unnormalizedNP$ can(fi), is the mean noise
power of then, points.

4 Hoa+ B [ ﬂ rrﬁ] - xEA@A™Q ™ T

ABecause this procedure does not maintain the invariance in energy
between the spatial and frequency domains impliedby NE S @ I f
theorem, NPgf) must be normalized so that

dl Om WJ(.)-.
Y L BEIOLTEEEEN Y | %

Normalizing the noise pow@PJf) to the mean edge variand€(x) or Ny, removes the
effect of theM scan lines, i.e.,

Image information metrics are not affected by ROl size & t2y3 a4 AdQa

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P23 0 |matest

1D Noise Power (Wiener) SpectruNP§ f)

NPS§f) is calculated in one dimension to have the same scaling (normalization) as
the signalS. [Recall, signal and noise were measured at the same location.]

The noise amplitude (voltage) spectrundlis(l v [F{ll

NPS f) is a part of the kernel (the - SonyASGO0 Suar SG_S0mm 18 [SOM00. 508 COCIIHA
defining factor) of the image N Nolse Power Spectrim.(NFS)
information metrics to be g [y NPSf)

introduced, §

L J )

‘@ 4507 A i

K(f) is proportional toNEQ(f) g0’
(next slide) s |

The noise power for the Y channel is lower that T o# T OF&WE"W‘ Cycles/Pixel -»

for the uncorrelated R, G, B channels because is 10

a derived channel: Y e 0.21*R + 0.72*G + 0.07*B 0 005 01 015 02 025 03 035 04 045 05

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P24 6 imatest
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O ——
Noise Equivalent QuantdlEQ )

SonyA6000_Star_SG__60mm_f8_ISO100_s0.8_00091.iff

NEQ f) is a frequencydependent Signato- Neise Equivalent Guanta (NEQ)
Noise (power) Ratio, equivalent to the numbeg
of quanta that would generate the measured §
SNR when photon shot noise is dominant. Use@l
in medical imaging. 2

Noise Equiv:

Frequency, Cycles/Pixel —

J |F m % -"-D - :+: .E . o 005 041 015 02 025 03 035 04 045 05

LA L4 5@ | {Bis thekernel(the defining factor) of theimage
information metrics to be introduced.

NEQ f) andK( f) are not affected by uniform, linear, reversable filtering
such as most sharpening and lowpass filtering,
because they affecMTF(f) andNPSf) identically.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 25 0 Imatest

Calculations related tdNEQ( f)

Information capacitycan be calculated frotNEQ(f) by substitutingr. |7
(for a uniform distribution) foxr, o 4. This is the accurateoise image calculation

l“l A Al J| .
o i L H o
f i Vg =0 ( T ||_ -Il I

Q\loiselmcan be t_hOUth of as a Channel R G B Y
summary metric foNEQ f). Info capacity C,,_ (EdgeVar) = 352 4.1 375 4.21

Inf ity C,(EdgeV/ =161 212 171 222
Results are close ©ggeyqr, but more | c2Peol &4(Edoeven

Info capacity C,, (NEQ) =345 404 37 413
accurate becausé?,\,o,se,m includes the e

Info capacity C,(NEQ) =154 206 166 214

noise spectrum.
(for the 24MP Micro FouThirds camera).

. - . . d
Detective Quantum EfficiencyDQHET), is the ratio oNEQ(f)(the |L ﬁl) 4 [ |%l
number of quanta equivalent to the measured SNR) to the mean r A

number of incident quanta. It has maximum value of 1.
Under development.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P26 6 |matest
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|deal Observer Signdb-Noise RaticSNRi(1)

SNRiis metric for the detectability ofobjects calculated fow x kw rectangles.

For'dafty w ¢gOA@RID)¢OA Ko, rect(x) — 1 —
The Fourier transform Sffofty) is

O KT 600 EE 1Q®)

oO(ichy) AXHQ) W o =0 )
YO 'Y'Q SAAHQYs U QMW KSKE Q@ Q
The numerical calculation (for referencej¥s) 'Y 'Q3'Q3"QB B %}—h

[AYOS tFNESOIE Qs (KS2NBY Gl GSa GKFHG GKS Ayl
§@sQe  $Y] §0 $Y(¢* B QG

SNR¥ is the total noise-whitened (S/N) energy of the object in the spatial domain.
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|deal Observer Signdb-Noise RaticSNRI(2)

SNRi was retrieved by Paul Kane fra@RU Report 5¢an obscure medical
imaging document that correlateSNRwith Bayesian detection statistics).

In spatial domain SNR? is the total energyof the noisewhitened object § N:
related to object visibility.
SonyASDOO Star_SG_ BCImm _8 | ISDBI]I] s1 I1l] 00095 tiff

SNRis proportional to the Michelson ol | wx dw rectangle SNRI ROI 1
contrast of the chart,((It zdk)/ (It +dk))
(0.6 for 4:1 contrast ratio)

It is affected by filtering (Image S
processing).

SNRplots can be difficultto "~ - Edge Vg, 004380157 |

interpret because they strongly [oatre o it f°”."4: i el J
. - . 10 10

increase withw. Featuresizav Ay LIAESt a Ib

Iy
o
T

. 13-May-2024 11:42:47
/ ROI 1: 178x268 pixels
6024 x 4024 pixels (WxH)

Chart contrast ratio = 4 |
mean noise [Auto]

SNRi dB for wx lw rectangle
N
o

p2s > imatest”

N. Koren: Short course: Camera Simulation and Information Metrics March 2026
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o —————————
Optimum equalization: the matched filter

A matched filteroptimizes object or edge detection performance for a specific
system.Originally developed for radar. Filter rolloff is based on the spectrum of the object
(measured in the system). Described@RU Report 54

Matched filters optimize a single metricSNRbr Location™ for a specific object widthw.

If the matched filter transfer function (below) is knownit can be approximated by a standard
lowpass filter (Bessel, Butterworth, etc.), and, if needed, sharpening filter. The filter must perform
well for a variety of conditions, including interference from neighboring objects. This requires a

tradeoff (not severe).

Best practices are needed for designing practical matched filters.

Object Matched Filter

w=2 w=1

3

.

Matched Filter for Object

' A.‘ i +
Object Matched Fitter = (some sharpening + \
| (Lowpass) optimizeSNRI \ 100 Edge Location s
Frequency, Cycles/Pixel — \ Frequency, Cycles/Pixel — ‘\

10’

Matched Filter for Edge

Edge Matched Filter.

Edge Matched Filter "=

0 005 01 015 02 025 03 035 04 045 05

N. Koren:
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Example 1a: Exposure Index
24 MP Micro Foufhirds mirrorless camera
Vary Exposure Index (El; proportional to analog gain) from 100 to 12800.

With auto-exposure, increasing El reduces the light reaching the sensor, but keeps
the image Digital Numbers (DNs) relatively constant.

MTF50 C/P

Information Capacity C, and C,,,

0.25 45
4
0.2 35
a . C
O o1s \_ ) 2 25 max
3 Y S,
& 0.1 N
s Nearly constant o s C
0.05 noise ! 4 il
illumination Y ** Less illumination Y
Less illumination Y ,
100 1000 10000 100 1000 10000
Exposure Index Exposure Index
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 30 ﬁ |mat95tr
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Example 1b: Exposure Index

24 MP Micro FouiThirds mirrorless camera, El 202800

SNRi/pixel dB forw =1,5

Edge Location G for w x 4s rectangle;

Edge Location 0

w=1,5
30
2 - w =1 pixel
X 2

2 w =5 pixels -
E =
2 15 w =5 pixels
g
5 o g

. o Less illumination Y

100 1000 10000 100 1000 10000

Exposure Index Exposure Index
As expected, performance improves with more illumination (lower El).
H @
N. Koren:  Short course: Camera Simulation and Information Metrics  March 2026 P31 o Imatest
Example 2: Image processing
24 MP Micro FoufThirds mirrorless camera, El 800
Gaussian blur (LPF) Sharpemiltyg LPF 0.7 + Sharpenin
Edge Location & for w x 4s Edge Location @ for w x 4s Edge Location & for w x 4s
rectangle; w=1,5 Gaussian rectangle; w=1,5 rectangle; w=1,5
0.9 blur-only 09 0.7 pixel Gaussian blur

0.55 -
o5 w =5 pixels
0.45

0

N. Koren:

o
O o
o o

w =1 pixel

o
> ©
a

w =5 pixels

o
Y

Edge Location {
°o &
o &

Lower is better.

o
S b
> @

0.5 1 15 0 1 2 3

0.9
o w =1 pixel 085
0.75 °

o
o

0.75

IS}
3

0.65

o
o

0.55

Edge Location

o
@

0.45

0.4
4

Gaussian blur pixels Standard sharpening n (R2An)

Lowpass filtering (Gaussian blur = 0.7 & 1) makes some improvement. Sharpenilygcauses
some degradation. LPF + Sharpening shows no clear trend.

/ﬂm

0 1 2 3 4
Sharpening Amount: n (R2An)

The effects of image processing are not dramatic, perhaps
because the original edge was very high quality.

Short course: Camera Simulation and Information Metrics

March 2026

-+ > imatest”
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Example 3. Exposure compensation
16MP Micro FouiThirds mirrorless camera. EI 160, /5.6

Exposure compensation fronR to 2 fstops (dark to light).
Each step of 1-§top doubles the illumination, improving the performance.
Information capacity C; and Cipg, SNRi / pixel dB forw =1, 5 Edge location  for w x 4w

rectangle; w=1,5
35 1

w =5 pixels 5 e
: ? %05 w =1 pixel g
oé - Lo z g
= £
Jli C4 [i4 5 £
b2 ] _ . @
X B 20 g 02 w =5 pixels 3

. °
oe More illumination Y 2
0 15 Wo1
-2 -1 0 1 2 -2 -1 0 o1 2 -2 -1 0 1 2
Exposure compensation f-stops Exposure compensation f-stops Exposure compensation f-stops
Exposure iTm_®,m |
. | ~g" . L
compensation 3
P i 0 +2 mEiujmm
from -2 to 2 f-stops B AL
. “om g
(dark to light) LT
G3_eSFR _1SO160_excmp-2P1060134.tiff G3_eSFR_ISO160_exampOP 1060137 tiff G3_eSFR_ISO160_excmp2P1060139.tiff
H @
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P33 6 Imatest

Information metrics summary 1

Information capacityC,

A can be conveniently calculated using tricks for measuring signal p&fijeand
noise power spectral densitiNPSgf)) at the same location in 4:1 contrast
slanted edges.

A is not affected by reversable linear image processing (with no nulls at
fayquisd- IN particular, it is not improved by sharpening.

Signal averaging N identical images can be averaged to improve the consistency
(Signatto-Noise Ratio) of the results, which is improvedvily (3 dB for every doubling o).

ISO 23654 standard we are working orincorporating the new metrics intt50 23654,
Photographyt Digital camerag Image Information Metrics We encourage participation; there
is a lot of work ahead. The equations and algorithms are public and not proprietary. ETA
November 2028

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P34 s |matest
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Information metrics summary 2

Image information capacityC, quantifies thepotential performance of a camera,
and is not affected by reversable image processing.

Object and edge detection metric§NRiand Edge location A (which has some
unresolved scaling issues) are affected by image processing. We have shown how
to design matched filters to optimize these parameters (which requires a

tradeoff).

Once the required value o€ has been determined, a camera can be selected
with the minimum number of pixels to accomplish the task, and then image
processing (filtering) can be designed/ith experience this should

AMinimize power consumption, and

AMinimize cost

AMaximize speed

In addition to the slantededge,Ccan also be calculated from Siemens star and
Dead Leaves (Spilled Coins) test charts.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P35 0 Imatest”

Information -based Dynamic Range
Measuring camera performance over a wide range
of illumination from a single image

We present the new InfoDR chart that can measu€gt the information capacity in
a 4:1 object measured from a 4:1 slanted edgeover a wide range of exposure
from a single imageThis cannot be done with current test charts.

LX7_10.8mm_f5.6_1SO80_s1-40_1060265.RW2
Edge Info Capacity C, bits/px
C, Dynamic range dB Veedges
Exc (C,=2) 5.25 —— Heedges
High (C, =1): 20.9
Med (C, =0.5): 332
Low (C,=0.2): 40.4
Bad (C,=0.1): 482
C4A = )JC‘ADensity
2.69 bitsipixel
27.1 Mb total

N
@

S)

Edge Info Capacity C , bits/px

0

-3 -2.5 -2 -1.5 -1 05 0

C, as a function of exposure the new InfoDR chart

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 36 6 ImatEStr
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Spatial vs. tonal detalil

Two types of chart are currently in widespread use.

Charts with high spatial detaiBharpness and,
T the information capacity of 4.1 contrast objects
measured from widelyused 4:1 edges can be _
measured at only one illumination level. —————>

Charts with high tonal detailrraditional Dyna
mic Range based on Sigral-Noise Ratio (SNR), but
not G,, can be measured from flat patches on High
Dynamic Range (HDR) test charts, usually near the—>
center of the image.

The InfoDR chart can be used to meas@gover a
wide exposure range from a single image.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P37 6 Imatest'

The Information-based Dynamic Range
(InfoDR) test chart: building blocks

The InfoDR chart contains Basic building blocks (patch groups)
a large number near-vertical Each square differs from its neighbors
and near-horizontal 4:1 contrast Py oD = 0.6 (4:1 contrast). Groups of
(cqpDensity = gD = 0.6) slanted {1,2,1,2} patches of the same Density.

edges in a compact arrange-
ment so SFR doe
much in the active area.

smaller density steps than
0.6 (gD = 0.15, 0.2, or 0.3)
in the final chart, where
neighboring groups of ; : |
patches are offset. [

1/4

=08

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P. 38 ﬁ |mat95t .

19



3/4/2026

Constructing the InfoDR test chart

Four groups of squares are combined for Schematic: 4 groups, each
the final (reflective) chart design. offset by

gD = 0.15

Each group is offset from its

qD = 0.15. .

18

> 1 g% | Patchnumber(1 B
o . 0.
° e 24) on top. Z5 | 15
{ Optical density
: (OD) (0-2.25)
% 1 15 16
4
0.45 = 1.05 below o B
16 . 20 = |
17 5
% 0.9
Final Vertical edges
desi gn Horizontal edges
Quadrants
H ®
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P. 39 0 imatest

Two-layer film InfoDR test chart

for Dynamic Range measurements Schematic: 6 groups offset by giD = 0.20,
showing near V & H edge ROIls

Six groups of squares; each offset

from its neighbors by gD = 0.20. 2"d 2ol

i = . 2
layer with D = 2.4 on bottom. a L@ .08
42 patches; D,,,, = 5.2 (104 dB); SR E E

48 (V & H) edges; Edge D-range =
4.6 (92 dB).

Patches analyzed sequentially from
light to dark: last good MTF is kept
when SNR becomes too low to
measure MTF.

V2 (modified) design leaves
open space near the chart center where reflections are worst.
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P.40 0 Imatest”
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Edge contrast adjustment for calculating C,

4:1 contrast is the nominal value for calculating it i e 5000 13 1
C4 =
But transmissive film charts can vary enough so i : ;
that individually-measured reference files are Edge V(X) |
supplied with each chart. Contrast can differ Viark T

Piass o)

from 4:1.

The edge density increment is S’rr
k. Contrast ratio is 1090,

rg for adjacent patches j and

To correctly calculate G, for each edge i, replace ¥ (qa o1 1Fm+ gvith

YA Y, i "HHV D Yo
y-"—iii;i;? Fe > rm ¢
Where mean(zD)f 0.6.
N. Koren:  Short course: Camera Simulation and Information Metrics March 2026 P41 Q imatest”

Alternative InfoDR (C,) test chart
(design T not yet built)
For examining anomalies near steps in HDR sensor behavior
Measures C, over awide tonal range:

75 dB in steps of 3 dB (0.15 OD) (not
guite HDR).

Same analysis as C, charts, but may
require several image captures.

SNR (dB]

50
SN @ e
40 \ \.' 7
decade 4 K 1%
30 4 L AN e
g n L\ 48 2848
o 10
g
0
- SNR‘Hv 100% LED Power
10 ~——SNR,,:0.4% LED Power
— + —SNR 100% LED Power
e DN ASNRW 0.4% LED Power
30 Suggested by Uwe Artmann
10" 10° 10' 102 10° 10* 10° 10°®
Mean Signal [DN]
H @
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P.42 ﬁ Imatest
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Using the InfoDR test chart

The active area of the chart are should
NOT fill the frame & it should be near the
center, where SFR is relatively consistent.
600 vertical pixels are sufficient.

The chart must be in good focus (unlike
traditional SNR-based DR measurements).

Measure and enter the lightbox luminance
in candelas/meter?, lens aperture A (f-
number) and shutter speed t (seconds) to
get absolute light level readings.

Photograph the chart in a dark environment.
Save raw files (if possible) and convert to RGB with minimal processing.
Enter the (individually-measured) density reference file into the program.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P.43 0 |mat95t

Light measurement

Use a luminance meter pointed at the lightbox to -m
measure lightbox luminance, Ly in cd/m2. m
T

Patch luminance is Lyqcn = Leource 10PN, where Dy
Is the patch density from the density reference file.

The x-axis selections for the G, plot:

el

Athree relative measurements: 50
Log,, exposure (-Density), Exposure dB,
and F-stops (EV) and

Density (D)
)
)

Athree absolute measurements:
Luminance cd/m”2 @ patch (Lpaen),
H = Exposure in Lux-sec @ sensor, and

ook

Logye(H), where 8 )

=| N E:posur.e [leg H [qu-secong;))] "

7¢ 8 ¥= from ISO 12232:2019, Film characteristic curve with x-axis,
Annex B. Exposure [log,oH (lux-seconds)]

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P.44 6 Imatest”
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C, vs. Exposure (log;o(H)): the key InfoDR result

Upper

G, plot, showing
Dynamic Range and a
new heuristic figure
of merit, C,q

Lower

OECF (tonal
response): Log(DN)
VS. exposure

LX7_10.8mm_f5.6_ISO80_s1-40_1060265.RW2
Edge Info Capacity C, bits/px

C, Dynamic range dB V-edges
Exc (C,=2): 5.25 —— Hedges
High (C, =1): 20.9 — T
Med (C, =0.5): 33.2
Low (C,=0.2): 40.4
Bad (C,=0.1): 48.2

04A = L‘C‘ADensity
2.69 bits/pixel
27.1 Mb total

25

Edge Info Capacity C, bits/px

1 20.9
Rotate 3D Whole img | Crop
Chart 12. InfoDR
05 3.2 Read image file | save Reload
40.4 [_JAcquire from Device
(REE 48.2
0 - - New analysis of the current image
-3 2.5 -2 1.5 -1 0.5 0 =
0 Setup... More Settings...
2026-02-25 12:26:10 infodr
3664 x 2752 pixels (WxH) 10.083 Mpxis Display MTF compensation

| 48-bit color max=65535 of 65535

Luminance cd/m? = 2049.9
Aperture (f#) = 5.6; Shutter speed = 1/40 s
Ref; Last file: CRC_200KI_density_reference_fixed.csv |

log, ((Signal (DNIDNmn))

9. Info metrics (C_4... ony
05 Gamma = 0.441 = 1/2.27 1 ‘o metrics (C_4...) vs exp.
Max = -0.000505 1. Info Capacity C_4 Plot
Best around -0.10 :
C in bits / pixel - Display
[JLogarithmic y-axis  Image Stats

|.7. Log10(Exposure Lux-

% f
5 4 3 z 4 0 1 [Savescreen| Help o3 ALPHA
Logw(Exposure H Lux-seconds) for 6440 Lux max Save data Exit O imatest®

N. Koren: Short course: Camera Simulation and Information Metrics March 2026

P.45 ﬁ imatest”

C, vs. Exposure (log,,(H)) : the key Info

DR result

The C, curve (similar for Vertical and Horizontal edges) is the best

metric of pixel-level performance, especially at low

LX7_10.8mm_f5.6_ISO80_s1-40_1060265.RW2
Edge Info Capacity C, bits/px

Dynamic Range

light levels.

Dynamic
Range bars
and values:

Excellent
(C4 =2 bip)
through Bad
(C,=0.1Db/p)

7. Log10(Exposure Lux... ~

AL
values —— [E2TETRS [y
I Hi;h[(c:=1)): 209 L edees
i a8 | Med (C,=0.5): 33.2
Preliminary heu- £ |50 207 s
ristic Figure of o | Bad (G m0) 402
Merit: C,pis the —& S e iad
X its/pixe!
area under the C, g BEX Mb total e
curve, wherethe ¢
x-axis has log,, % o5 -
units (same as w 04
Optical Density) 0 ‘ ! : ! —
. -3 -2.5 -2 -1.5 -1 -05 0

Log1l0(Exposure H Lux-seconds) ~—

N. Koren: Short course: Camera Simulation and Information Metrics March 2026

1. Log10 exposure (-Density)
2. Exposure dB

3. F-stops (EV)

4. Patch number

5. Luminance cd/m*2 @ patch
6. Exposure Lux-sec @ sensor

7. Log10{Exposure Lux-Seconds)

»s6 > imatest”
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Tonal response (log,,(DN/DN,,,,) VS. Exposure)

Tonal response is calculated from
patches. Also available with traditional
Dynamic Range measurements.

Bumps from stray light (?)

For raw-converted files with a straight
gamma curve (Adobe RGB, not SRGB,
which has a linear section),

Dinin = Min(10g;o(DN/DN;y))

is a meaningful metric for veiling glare
from stray light.

Upper: compact camera with 3:1
zoom lens. D, f 1.6

Lower: APS-C camera with prime
macro lens. D, =2.2

N. Koren:

Short course: Camera Simulation and Information Metrics

O 2026-02-1723:32:52 infodr

é 3664 x 2752 pixels (WxH) 10.083 Mpxls
Z o5/ 48-bit color max=65535 of 65535
(=] 2 Gamma = 0.441 = 1/2.27
z Max = -0.000505
= A Best around -0.10
T
c
2
&€ 15 Luminance cd/m? = 2049.9
o Aperture (f#) = 5.6; Shutter speed = 1/40 s
o > Ref: Last file: CRC_200KI_density_reference_fixed.csv |
-5 -4 -3 -2 -1 0 1
Log, (Exposure H Lux-seconds) for 6440 Lux max
= 07 2026-02-1810:06:46 infodr
g 6024 x 4024 pixels (WxH) 24241 Mpxls
z -0.5 | 48-bit color max=65535 of 65535
=] Gamma = 0.450 = 12.22
5 - Max = -1.650-06
= Best around -0.10
g a5
ged
e Luminance cdim? = 2049.9
o Aperture (%) = 8.0; Shutter speed = 1/20 s
o Ref: Last file: CRC_200KI_dengity_reference_fixed.csv

-5 = -3 -2 -1 0 1
Log, (Exposure H Lux-seconds) for 6440 Lux max

Log,o(Exposure H Lux-seconds)

P. 47 ﬁ imatest”

March 2026

Results: Compact 3:1 zoom camera

Compact camera with Leica-branded
3:1 zoom, /5.6, 2.14 em pixels, 10 Mp

C,p=2.74 bits/px = 27.6 Mb total
High, Low DR (dB) = 21.3, 39.7 dB
Dnin = -1.6 average

Note that although the plot has the
same shape as the previous camera,
the x and y-axis scales are different.

N. Koren:

Edge Info Capacity C, bits/px

Iogm(Signal (DNIDme))

25

L~}

n

-

=
w0
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C, Dynamic range dB V-edges
Exc (C,=2): 5.25 —— Heedges
High (C, =1): 209 T

[ Med (C, =0.5): 33.2

C‘A = }_‘C‘ADensity

LX7_10.8mm_f5.6_ISO80_s1-40_1060265.RW2
Edge Info Capacity C, bits/px

Low (C, = 0.2): 40.4
Bad (C,=0.1): 48.2

[ 2026-02-25 12:26:10 infodr

| 48-bit color max=65535 of 65535

2.69 bits/pixel
27.1 Mb total 200
332
404
| 1 t * ' 48.2
-3 2.5 -2 -1.6 -1 -0.5 0

3664 x 2752 pixels (WxH) 10.083 Mpxls

Gamma = 0.441 = 1/2.27
Max = -0.000505
Best around -0.10

Luminance cd/m? = 2049.9
Aperiure (f#) = 5.6. Shutter speed = 1/40 s
Ref; Last file: CRC_200KI_density_referenge_fixed.csv |

4 -3 -2 -1 0 1
Log,,(Exposure H Lux-seconds) for 6440 Lux max

»s0 > imatest”
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Results: APS-C camera with prime macro lens

A6000_60mm_f8_ISO100_s1-20_0336.tiff
Edge Info Capacity C, bits/px

. c, Dynarr_\ic .rangedB — Vedges
APS-C camera with Canon 60mm | ioh @ my ara rhetee|
f/2.8 prime macro, f/8, 3.88 e m pixels, e Ty
24 Mp

| Bad (C,=0.1): 67.4
C,p=5.64 bits/px = 137 Mb total

C‘A = L‘C‘ADensity
5.64 bits/pixel

Edge Info Capacity Ca bits/px

2 | 137 Mb total =
High, Low DR (dB) = 23.8, 45.7 dB
Dmin = -2.2 (excellent) i il

&ne

— —r

ol " i T T T
-4 -35 -3 -25 -2 -1.5 -1 -0.5 0
0

= [ 2026-02-1810:06:46 infodr
é 6024 x 4024 pixels (WxH) 24241 Mpxls

= 0.5 48-bit color max=65535 of 65535
=] Gamma = 0.450 = 1/2.22
Z Ar Max = -1.65¢-06
= Bestaround -0.10
2 5¢
Jed
2 Ll Luminance cd/m? = 2049.9
o Aperture (f#) = 8.0; Shutter speed =1/20s
o 25 Ref: Last file: CRC_200KI_dengity_reference_fixed.csv |

"5 4 3 2 A 0 1

Logm(Expnsure H Lux-seconds) for 6440 Lux max
H t @
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P. 49 Imatest

Results: Full-frame camera with prime macro lens

AT7Rii_90mm_f8_ISO100_s1-20_04587 tiff
Edge Info Capacity C, bits/px

Premium full-frame camera with E O Y —
Sony 90mm f/2.8 prime macro, f/8, Mot (C' = 05%: 447
3.88 em pixels, 42.4 Mp

| e
C,p= 5.78 bits/px = 245 Mb total Gat\ = 08 Danslly
High, Low DR (dB) = 26, 49.8 dB

Dpmin =-2 (very good)

IS

w

5.78 bits/pixel
" 245 Mb total

[N}

Edge Info Capacity C4 bits/px

_/ by
400
T i i 58

ol i
-35 -3 -25 -2 -15 -1 -05 0

= O[ 2026-02-1812:36:56 infoar
] 7968 x 5320 pixels (WxH) 42.390 Mpxls
25 05| 48-bit color max=55942 of 65535
=] Gamma = 0.450 = 1/2.22
E aF Max = -0.0841
= Best around -0.10
g sf
=
2 Ll Luminance cdim? = 2049.9
=3 Aperture (f#) = 8.0; Shutter speed = 1/20 s
S Ref: Last file: CRE_200KI_density_reference_fixed.csv
“5 4 3 2 - 0 1
Logm(Exposure H Lux-seconds) for 6440 Lux max
imatest”
N. Koren:  Short course: Camera Simulation and Information Metrics March 2026 P.50 Imates
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Results: Pixel 8 Pro camera phone

Pixel 8 Pro camera, 1.2 em pixels, 50 Mp

C,p=4.95 bits/px = 248 Mb total

w

25

Px8P_6.9mm_{1.7_ISO21_s1-88_2026021300405656302.tiff
Edge Info Capacity C, bits/px

C, Dynamic range dB
Exc (C,=2): 7.93
High (C,=1): 39.8
Med (C, =0.5): 434
Low (C,=0.2): 46.2
Bad (C,=0.1): 713

—— Veedges
H-edges

g
)
£
U"f
High, Low DR (dB) = 39.8, 46.2 dB Z 2 ca=sc,amemsiy
g 4.95 bits/pixel
_ H H H © 15 | 248 Mb total
Dpmin = -1.2 (issues with stray light) S
c
= 1 30.8
The rough C, response was caused by  §
H w
SFR falloff from the image center. 0Ely —
0 — - 7.3
ol e (02 35 -3 25 2 45 -1 05 0 05
0.19 = or 2026-02-18 13:30:52  infodr
2544 8 F 02h 51693(6144 pixels (WxH) 50.135 Mpxls
0.18 ZE N 48-bit color max=65535 of 65535
2744+ 8 g4l Gamma =0.407 = 1/246
0.17 £ Max = -0.0234
2944 = 06 Bestaround -0.10
«©
31441 P 5 o8
0.15 o
3344 e Luminance cd/m” = 2049.9
0.14 g -1 perture (f#)=1.7; Shutter speed = 1/88 s
3544 = Wei: LaSi file: CRC_200KI_densily reference_fixed.csv |
iy 0.13 5 4 3 2 -1 0 1 2
Logm(ExposureH Lux-seconds) for 6440 Lux max
H @
Short course: Camera Simulation and Information Metrics  March 2026 P.51 6 Imatest

Results: iPhone 15

Camera phone, f/1.8 1.22 em pixels,
48.8 Mp

C,p=>5. 4 bits/px = 263 Mb total

High, Low DR (dB) = 53.6, 73.9 dB

Dpin = -1.6

There appeared to be noise reduction in
the raw images, evidenced by the peak in
the spatial noise & not seen in other raw

images. Even with noise derived from
peak, performance was outstanding.

<10 iPhone5_6.8mm_11.8_ISOBO_s1-122_6998.iff
Wean signal LR =  Edge Variance (peak smacthed N)
0.0634 0.254 Mean noise = 0.000944
Pk smoothed noise = 0.00471
Plimean = 4.99

o

Mean edge noise LR =
0.000386 0.000888

a

r

Edge noise V for Info Capacity
ey w

o

-10 -5 1] 5 10 15
Pixels (Hor)

Edge Info Capacity 04 bits/px

Iogm(Signal (DNIDN"m)}

iPhone15_6.8mm_f1.8_ISO80_s1-122_8998.tiff
Edge Info Capacity C, bits/px

4r
c, Dynan—uc .mnge dB V-edges
a5 Exc (C,=2) 195 | i
High (C, =1): 535 -y saturated
3l Med (C, =0.5): 64 H saturated
Low (C,=0.2): 73.9
Bad (C,=0.1): 83.3
25¢ {20
CAA = )_}C.‘ADcnsily
2 [ 5.4 bits/pixel 1.95
263 Mb total
15F
1r 53.5
051 64
7309
ol== : 83.3
-4 -3 -2 -1 0
01 2026-02-18 12:54:10 infodr
8064 x 6048 pixels (WxH) 48.771 Mpxls
48-bit color max=65145 of 85535
05| Gamma=0.440 = 1227
Max = -0.0151
Best around -0.10
“Ar
Luminance ed/m? = 2049.9
perture (#) = 1.8; Shutter speed = 1/122 s
151 : Last file: CRC_200KI_dengity_reference fixed.csv |
-5 -4 -3 -2 -1 0 1

Short course: Camera Simulation and Information Metrics

Log, ,(Exposure H Lux-seconds) for 6440 Lux max
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I

InNfoDR Summary
We have developed the new InfoDR test chart
with a compact design that measures C, infor-

mation capacity (for 4:1 contrast objects) over
awide range of exposures.

Avaluable for measuring low light performance

Amore meaningful results than standard
Dyn am | C Ran g e m eas u re m ents . LX7_10.8mm_f5.6_ISO80_s1-40_1060265.tff

25 Edge Info Capacity C, bitsipx
€, Dynamic range dB
Exc (C,=2): 58
High (C, =1): 213
27 Med (C,=05) 322
Low (C,=02): 397
Bad (C =0.): 492

Although It has excellent tonal detail

(opDensity = 0.2 =4 dB over a 92 dB range),

a chart with more spatial detail, such as

Checkerboard, eSFR, or SFRplus, should be

also be measured for a more complete camera -

characterization. .
Key result: C, vs. Exposure H

151 ¢, a =5, ADensity
2.74 bits/pixel

4 | 276 M total .

22

Edge Info Capacity C,, bits/px
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Image Sensor Noise model and
Simatest Image System Simulator

AB000_C4DR_60mm_f8_ISO100_s1-8_0291. ARW

Introduction to Simatest camera simulator [z Sm s ‘..'
. . . (E)Sﬂ‘s";l ?::.ngn/\:;-‘mma) =512/5613.6 J
Finding the Image sensor noise model fron L
&
A. Photon Transfer Curve (PTC), o
measured from a raw (undemosaiced: .- /
image of an InfoDR or 3patch HDR /s
test chart ‘,-' i
B. EMVA 1288 results e’ o
Runnlng SImateSt o . 1014InputR(;BLe‘é:IMﬁasd (DN I:Sl:nalizedmﬂ “;4 . ‘mv
Simatest results Photon transfer curve (PTC)
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 54 6 imatESt
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Simatest Camera performance simulator

Generate Input image (test chart):
same resolution as image sensor
|
Lens effects: from lens design program or measurement

I
1

Image sensor noise model:
from Photon Transfer Curve or EMVA 1288
|

ISP: Image Signal Processing: sharpening, bilateral

filtering, color correction, muchmor e é

|
v

Display results: standard and information-based metrics

Simatest

The effects of illumination level, lens, sensor, and ISP on results,
including information metrics, can be predicted and displayed.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 55 ﬁ |matest N

Simatestg@ / F YSNI kLYF3IS {A3dylFf t NRC

Calculate image sensor noise model and relative RGB sensiti

Input images from raw grayscale image or EMVA 1288 parameters
Raw or minimally W Simatest
proceisns]zgecamere] :  Physical Simulated Image Signal
properties Processing (ISP)
‘Tl gmulated Adi '
; ; : justments Degradations
[ Simulated image > blur (MTF) Mosaic/Demosaic Noise
F Exposure/gain Filter (LPF)
Si | di A4 ‘L Gamma Enh
imulated image : RGB balance, AWB nhancements
run through lens design | SI mu l ated Monochrome CCM (color matrix)
program (degraded sharpness image sSensor —>|| Invert Tone mapping
etc.) . Co¢ lens shading Sharpening
noise model Fog Bilateral filter
v
| P 1 |
[ Visual assessment] COlOr/TOne ReSChartS (MTF (S!:R), Ima = )
\t¢/Z {IblwsLYyXF 2 NX¥I UA2Y U TNOT O 0]

Note: Simulated or acquired Test Chart images are especially valuable, but any image can be used.
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 56 |mat95t'
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Obtaining the Photon Transfer Curve (PTC)

Raw (undemosaiced and unprocessed)
images have a remarkable property.

The noise in each patch is a function of the
mean digital number (DN), inde pendent of
color.

This allows the PTCy a plot of noise as a
function of exposure ( Tchart density) to be
measured from a raw image of a High

Dynamic Range (HDR) test chart, such as
the InfoDR chart or the 36-patch DR chart
shown in RGB on the right. HDR chart image (RGB)

The PTC can be used to derive anmage sensor noise model that can
predict camera performance under a wide variety of conditions

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P57 0 Imatest”

Structure of the Photon Transfer Curve

A6000_60mm_f8_ISO100_s1-20_0336.ARW

The PTC 8 Plot of noise as a function of _ [eorvmusreanose ™ Y
exposure V (i chart density) combines § 152008 mutcrsss A
three no'se SOUI’CGS ﬁ Offset (orig / optimized) = 510/ 509.9 ..'
c Photon shot noise- -
A Dark noise kygu (fixed) = gotfifiant s .
[ @ c:
APhoton shot noise @& |Yw: increases G \ P §§
. " L4 b~
with v < S g8
2 & Dark, shot, FPN
H H Dark i 4 Dark, shot noise
APhoto Response NonUniformity Kegy )V ; el s Y. =
increases with V. p \ m—
7] Green
e e ncat?? B
Z

10 107 103 102 107"

Raw input signal V (normalized)

The heart of the noise model is the three coefficients, k. But before we
calculate them, we need to deal with the signal offset, DNy, if present.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 58 6 |matest
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O ——
Photon Transfer Curve i Digital Number Offset

AfRawo i mages oft en Dgnfteguemly @anknowr) that east
be removed to obtain a correct PTC.

For a chart where the mean (input) DN of each patch is Vi, ,
V=Vt ZDNog should be used to calculate the PTC.

If DN,y is known, use it! But if DN, is unknown.
it can be estimated as DN, -

If DNyges; IS t00 high, i.e., if DNggest > Vinin »
some values of V< 0, and data will be lost.

10° ]

Maise normalized to 1

Noise

If DNyeq 1S toO low (right), the dark noise-
dominant region (x-axis) is compressed, {
and dark noise cannot be obtained. DN,y = 0 (too low)

We have developed an algorithm for finding DNgeq
that works well for a wide range of linear cameras.

V=V,

input

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P59 0 |matest N

Estimating the Digital Number Offset, DN, for the PTC

Let D.,,: be the set of measured patch densities for the test chart (supplied in a
file for film or photomask dynamic range charts). The minimum and maximum
values are D, and D,,,, and the range is Dy ,,ge = Dyax-Diin-

The Luminance ratio of the chart is L, = 10Prange = 10Pmax/1Q bmin |

Let the mean input Digital Numbers for each patch be DN =V, with minimum
and maximum values, V., and V..

The signal Vfor calculating the PTC is V=V,,; Z DNy .

The goal is to find the value of DN that makes the x-axis signal ratio identical
to the luminance ratio.

Tote rmilm o rhpl TiE+8.) doysrpa

Solving, rd gm mte o ded4rlide Toitrlac
This gives areliable estimate of Kyga: Knshon @Nd Kprny €VEN though
the x-axis (V) may be a little off in the dark (no signal) region.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 60 0 |matest
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Finding the PTC coefficients by optimization

Input data for calculating the PTC con-
sists of the measured patch noise for all
channels, N(V), as a function of the mean
(corrected) Digital Number (DN =V,
shown as colored dots, 0 0 0 0).

The Levenberg-Marquardt optimizer finds
the values of k that minimizes

pere d (P a@Eid g

where

A6000_60mm_f8_ISO100_s1-20_0336.ARW

PHOTON TRANSFER NOISE
2026-02-21 11:52:22  InfoDR, 1-92-Confirm-Auto
16-bit B&W max=14324 of 65535

Estm. gamma = 0.993

Offset (orig / optimized) = 510/ 509.9

Dark noise

atm J oRgs |

v [T«

Noise N(V),A(V) (normalized)

.q...}fl"

dominant P

Photon shot noise-
dominant

Dark, shot, FPN
Dark, shot noise
Dark

Shot

FPN

Data smoothed
R

Green-r
Blue
Green-b

=| dl ;H:' 1‘0'5 10+ 1cLG

102

107

Raw input signal V (normalized)

Division by N2(V) is critical to obtaining good results. Without it, large values
of N have excessive weight, and k?,,.« cannot be accurately estimated.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026
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PTC from the 36-patch Dynamic Range chart
T

For the camera under
test (24MP APS-C; pixel
pitch =3.9 em)

Kngark = 0.0001623
Dark noise (total)

Knsnor = 0.005499
Photon shot noise

Kprnu= 0.005397
PRNU fixed-pattern noise

Gain (DN/e-) & RGB balance
(0.426 1 0.674 )also
important

A6000_60mm_f5.6_ISO100_s1-20_00219 tiff

2O [ pHoToN TRANSFER NOISE M PTC * ¥
2026-02-22 10:23:24  SDR-36-Confirm-/ d
3= | 16-bit BBW max=8468 of 65535 easure i
Estm. gamma = 0,842 o

s— | Ofiset (orig/ optimized) = 0/510.3 P

- s

s [ 4

a7 $
== ‘ f Zoom - Jidealinput spiit > sSRGB
t— ‘ Q Chart  36-patch Dyn Rng -

’ Read image file Reload

g g:‘: :m ::;: 1 Embeded cs overids () Acquire from Device

= Color

s Dark space |SRGB ~

FPN Ref Last file: 914915 csv. ~
— Data smeothed
p o Red Display Input Carrection matrix
Green-

b P *..‘o"' B Display

L ” Greenb % |11 Noise analysis (notfor all charts)

" Semings..  Image State

10 10 10° 102 107
Input RGB Level/16383 (DN normalized to 1)

DN Offset (orig / optimized) = 0/ §10.3; Satlevel = 16383, RGB balance = 0.426 1.000 0.674
Min max Patch DN = 510.4 80517, Pixel DN = 488 8468
SN=1 (0dB)@x=0.000178; SN =10 (20 dB) @ x = 0.00381
Dynamic Range = 5619.= 7508 = 125 EV;  Maximum SNR (EMVA 1288) = 40.2 dB

[Dark, shot noise coefficients] =  0.0001611, 0.00567; e = 0.5454
[Dark, shot, PRNU noise coeffs for Simatest] = 0.0001623, 0.005499, 0.005397; err = 0.2677
Gain (DN/e-) = 0.4955; e- per norm signal = 33067;  Saturation capacity = 15221 e- @ x = 0.4603
Dark noise = 0.0001623 (5.368 &-) FIT [ = 0.0001626 (5.376 6-) meas.)

Raw noise Help

[ Display patch (nat channel) colors

10, Noise vs. pixel fall: raw DR)

Log X scale normiz. 1 -

| Save screen |

Save data

Helo 61003 ALPHA

Ext (3 imatest®

Photon Transfer Curve (PTC) & results

N. Koren: Short course: Camera Simulation and Information Metrics March 2026

P 62

O imatest”

31



PTC from new InfoDR chart (for comparison)

Taken about three months
after the DR36 image.
Same camera.

Kngark = 0.0001568 Dark noise
(total) 8 Slightly lower: tempera-
ture-sensitive (was 0.0001623)

Knshot = 0.005576  Photon shot
noise & Close (was 0.005499)

Kprnu= 0.005367  PRNU fixed-
pattern noise (was 0.005397)

RGB= (0.401 1 0.554)

Results are virtually identical, even
though the charts are different.

N. Koren: Short course:

Camera Simulation and Information Metrics
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*O  [‘onoron TransFer NoISE o
2026-02-21 11:52:22  InfoDR,,1-82-Confirm-Auto o
G- | 15 Baw mex-1a324 of 55535 &
R Estm. gamma = 0,993 P
2= | offset (orig/ optimized) = 510/ 509.9 ’
L
— 9§ 5 Zoom - |mamnpw split patches
T *‘ Chart Info Dyn Range v
‘_E Read image file Reload
3 g:;‘: :::::; @ Ermbeded cs ovenide () Acquire from Davice:
= Cok
.E ok space  Adobe RGB (1998) -
FPN Ref Last file: CRC_200KI_dansity_reforen...
— Data smoothed
/ Display Input Correction matrix
— ﬂ Display.
L -V II L 2 |11, Noise analysis (not for all charts)
10 10% 102 102 107! Setiings... Image Stats

Input RGB Level/16383 (DN normalized to 1)

DN Offset (orig / optimized) = 510 /509.9;  Sat level = 16383, RGB balance = 0.401 1.000 0.554
Min max Patch DN = 0.07126 13331; Pixel DN = 488 14324
SN=1 (0dB)@x=0.000174; SN =10 (20 dB) @ x = 0.0039%
Dynamic Range = 5742 =752 dB = 125 EV;  Maximum SNR (EMVA 1288) = 41.7 dB
[Dark, shot noise coefficients] = 0.0001567, 0.005742; err = 0.971
[Dark, shot, PRNU noise coeffs for Simatest] = 0.0001586, 0.005576, 0.005357; er = 0.4225
Gain (DN/e-) = 0.5004; e- per norm signal = 32159; Saturation capacity = 26169 ¢- @ x = 08137
Dark noise = 0.0001586 (5.1 e-) FIT [=0.0001587 (5.104 e-) meas.]
Raw noise Help

(O Display patch (et channel) colors

10. Noiss vs. pixsl (all: raw DR} ~

Log X scale normiz 1

Save screen

Save data

) 16.1.0.b.3. ALPHA

Ext 3 imatest®

Photon Transfer Curve (PTC) & results

March 2026
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Comparison of InfoDR C, plots: Experimental and Simulated

AB000_60mm_f8_ISO100_s1-20_0336.tiff
Edge Info Capacity C, bits/px
C, Dynamic range dB V-edges
Exc (C,=2): 244 | _piogoes
4 [ High(C,=1): 317 - |

2
& | Med (C,=05): 456
2

C,pi the area under the

Results (C,p & DR) are close, but total pixel

22-Feb-2026 20:41:20 gaus 0.65 Noise 2 0.000167 0.00555 0.00548 0.5

Edge Info Capacity C‘ bits/px

C, Dynamic range dB
4| Exc (C,=2): 2541
High (C, =1): 40.1
3.5 Med (C,=0.5): 47.9
Low (C,=0.2): 54.6
3 Bad (€, =04): 61

d C,A =3C,ADens
5.64 bits/pixel

2 4.05 Mb total

-edges
— H-edges |

Capacity (:‘1 bits/px

Simulated

C,curve i is aprelimi- size is very different. 401
nary figure of merit. e i 015‘ )
me 548
@ | e : 67.3_ 0 — : : ! : 51
4 35 3 25 2 15 g AE®AQQd 35 -3 25 2 -5 -1 -05 0
= 0020260225 16:29:50 infodc = 057 2026.02:2220:46:09 infgl
S % h
g 6024 x 4024 pixels (WxH) 24241 Mpds g 825 x 775 pivels (WxHIC_0.717 Mpxis)
2z 05 [ 48-bit color Max=65535 of 6553 = 48-bit color max=16767 0T B3535
a Gamma = 0.450 = 1/2.22 8 | Camma=0425=1235
Z - Max = -1.65e-06 Z Max = 0593
= Bestaround -0.10 = Bestaround -0.10
2 15 g
o S 15
e . Luminance cd/m? = 2049.9 e Luminance cdim? = 2049.9
=3 Aperture (f#) = 8.0; Shutter speed =1/20s o Aperture (f#) = 8.0, Shutter speed = 1/25s
° 25 | Ref; Last file: CRC_200KI_density_reference_fixed.csv | L 2 Ref: Default values
"5 4 -3 2 -1 0 1 5 -4 3 2 -1 0 1

Log, (Exposure H Lux-seconds) for 6440 Lux max

N. Koren:

Short course: Camera Simulation and Information Metrics
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Log, (Exposure H Lux-seconds) for 6440 Lux max

s > imatest”

32



3/4/2026
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Unfinished work: modeling High Dynamic Range (HDR)

Sensors
SNR Curves: PTC and SNR Curves
10 Photon-Transfer Curve SNR [dB]
10 T T T T T 50 T T
———ai\mp"lDD"/m wl 35d8\ 36dB =
108 _ﬁ_:i”“"f:’;i: t""‘:g‘\‘ o 10 dB/ decade ! 4.\ /.:/)‘.‘ “_,,:f“!;:f_
108 b —— ol 04% ‘{;:i{i/( : l"{r N
- 100 i g 26 dB 28 dB
4 o2:04% Lo 3
10 J/// % 10
2 /"“ ’ 0
10 .//. — « —SNR : 100% LED Power
if -10 +SNR:::::D4%LEDPower 1
10° — + —SNR,_: 100% LED Power | |
20 —+SNR,; 0.4% LED Power
. . . ‘ | | w0 | | | I I
107" 10° 10' 10? 10° 10 108 108 107 10° 10! 102 10° 10* 10° 108
Mean Signal [DN] Mean Signal [DN]
from IEEE P2020 Noise Metrics i A Review
Orit Skorka and Paul Romanczyk (2022)
HDR sensors have steps in noise and SNR.
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P65 ﬁ imatest
Key EMVA 1288/1SO 24942 measurements
The key EMVA 1288 results needed to model noise are
Temporal dark noise Ug or Opac €-
Dark Signal Nonuniformity DSNU DSNU o e-
Dark current (noise) €c OF ipak e-/s
(Photon shot noise = /EF JD+.)
Photo Response Nonuniformity PRNU PRNUgq %
Gain (DN/e-) K DN/e-
Saturation capacity €e.sat e-
From ISO 24942, section 15.2 and Annex A or EMVA 12288 4.0, section G.
DN = Digital Number; e-=-electrons; s =exposure time (seconds)
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 66 6 imatest
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EMVA 1288 measurements for the noise model
For DN = Digital Number and e- = electrons, and s = exposure time, where
T 1101 AREBREOPHAL 4, where
DN,..is the maximum DN for the system, typically 2¥! for bit depth = N,

The key EMVA 1288 measurements for Simatest input are

r+>gO1 GAIOH EO\%G- rids +v§ ¢Hi{m

C i A A o 2 ié Hi 7 L
. <PEIl GAHI OEO
e \T ”_JD+' ITJD+.
D142 02. &E@AAOCOAICH ORd 4 7

www.imatest.com/imaging/image-sensor-noise/#emva
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EMVA 1288 vs. Imatest PTC measurements 8 summary

EMVA 1288 measurements are
A well-established and documented: ISO 24942 standard.

A highly accurate and detailed: temporal noise and fixed pattern noise (DSNU,
PRNU) sources are kept separate. Valuable for image sensor designers.

A time-consuming to acquire. 30+ images of a dark field and a flat field (around
1, saturation) are required.
The Imatest Photon Transfer Curve (PTC) method is
A new and somewhat unfamiliar (though the PTC has been around for a while).

A a subset of EMVA 1288 with less detail. Fixed pattern and temporal dark noise
are combined, BUT it is sufficient for modeling camera performance.

A fast and convenient. One or at most two images are required.

EITHER measurement provides input for Simatest simulations.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 68 6 |mat95t‘”
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Running Simatest - preparation

Characterize the image sensor noise (obtain the key parametk{Sa« » Knshot» Kosnus
etc.) with a Photon Transfer Curve or from EMVA 1288 results .

1) DR Calor-tayar_min efctins. £t pog. (9103600 e

Simatest ISP/Camera Simulator
Read image file

Ideal test chart images can be -
ONBFUSR @AUK LY. g
module. Blur can be simulated %

Awith a Simatest gaussian filter to ==
duplicate measured MTF50 or

(OViewPracess Log

Aby running the image through a
lens design utility such as
Y S é a ACHRENQZD Image

Simulation (IMSpr Zemax R
OpticStudia e

Step & show single block

Save processed image
e s semngs

Image seatistics Crop

Reschans urr urrm s Danow | Moawp Save satngs

Help Procasaed > byt Prac img > cipbd ColoriTone OCR  MIFnnP  PSMREOW  Gut pacpi Ext

New DR test chart designed to minimize ghost images

H @
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P69 o |mateSt

I
Running Simatest
Open Simatest.

Open the test chart image: ideal or degraded (previous slide). An HDR chart witha
grayscale at least one slanted edge recommended.

Enter the key parameters in the settings window (next slide), then update the calcu -
lation.
You can use a variety of settings to

ASimulate the PTC by converting the image into
pseudoraw, or

ASimulate the camera for normal operation,
including low light.

Open the simulated image in an Imatest analysis -
module (Color/Tone or Rescharts) to measure
performance.

New DR test chart designed to minimize ghost images

H @
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P70 0 |mat95t
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o —————————
Simatest settings

Simatest settings  Description

Image Signal Pracessing (ISP) Blacks

Settings are located in most of = wwmemiwme
the Settings window, except for e o
the upper right Image Signal Pro =« en-msmnwiea=: il it A
cessing (ISP) Blocks section, — Qre—— e R
which shows the selected blocks mm s s omen ) [ seoeta ][ AR—
5o | Filter 1

B Rosbetine i :; % Sharpen Std 2 150
The contents of the ISP Blocks CRRER T | RS
box can be edited (moved, - fp—
deleted, disabled, etc.) USING the . e o st
buttons below the window. R o
TheOKbutton near the bottom- = F==== = e R B o T
right saves and closes the Set .. & reimons | el s
tings window. Calculations are e
updated if Auto update is - R
checked. y e al| e E

Halp Reset semngs Read settngs Save setngs Save 5853 i named hie Cancel oK 8 Auto updats.
N. Koren:  Short course: Camera Simulation and Information Metrics March 2026 P71 Q imatest”

Changing Simatest settings

To change a setting Degradations (noise, biur)
Choose a processing block, thedjast its EZM - | Noise (gaussian) - sensor M
parameters. “ »| 0.5 Luma frac.

Use the Set dropdown menu to copy itto a linein |, — —
the ISP blocks box (right, last slide). (Empty lines & | .. enot | PRNU FxPab
comments (%) are Ignored') 0.0001673 0.005554 0.005477

.

For example, to enter noise coefficientkyyk. /
Knshow @Nd Kpgyy enter the values into the win EZM | Fiter Gaussian (mgaussiit) -
dows for the Dark, Shot, and PRNU Noise [ | 065 sigma

coefficients shown on the right.

Read Kernel Paste Kemnel Show Kernel

Then select a line (07 in this case) in the Set drop
down to copy the settings. Results on lower rig

05 RGB mult 0.4 1 0.55

S raab

07 Noise 2 0.000167 0.00555 0.00548 0.5 l

Pressing OK updates the Simatest calculations if
Auto update is checked. Calculations can also be
updated from the main Simatest window.

09 % Demosaic rggb

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P72 6 Imatest”
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Simatest @ w S ASirEbysiieriew

The original simulated
image is on the left.

The processed image
with blur, noise,sharpe
ning, etc., is on the right.

Processing steps are
displayed on the left.

Simatest ISP/Camera Simulator
Read image file
Simatest Settings

[input]
01>>Gamma Targ 1
03>>Filter gaus 0.85
04>>Exposure 0.25
06>>RGB mult 0.54 10.54
08>>Bayer rggh
10>>Noise 000626 1 1 0.000269
11>>1/Exp 0.26
12>>Demosaic rggb
14>>AWB-grayworld

15>>smEen Std2150

[JView Process Log Geometry
File size: 1600 2400 3; gamma input =048
minmean,max = 0, 0,564, |

gamma processed = 05
min,mean,max = 0, 0,548, 1

Buttons on the bottom

let you select the results
display or send results to
Imatestmodules for

further analysis.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026

Calculate.
Update calculations Input

[I0isplay resutsfor 15 during update
Step through calculations

Step & show single block

Save processed image Zoom out
[lalso save sattings rer
Help Processed > Input Proc img > clphd

LI IR B Y |

(1) eSFR_1600H for_Simatest png (24001600 uint6)

20

30 20 s 30 20

e —
7 Processed (R) + Gamma Targ 1 + Filter gaus 0.85 + Exposure 0.25 + RGB mult 0.54 1 0.54 +

(re)mosaic{rggb} + Noise 0.00526 1 1 0.000259 + 1/Exposure 0.25 + demosaic{rggb} + Sharpen
Std 2160 + Gamma Targ 0.5

Crop Save screen_|

Save settings

sis and View
Image statistics
Rescharts MTF MTFnn ssiM Dat. faces No crop

ColoriTone OCR  MTFnnP | PSNR&DIff  Det pecple Exit

Simulated PTC using measured k-parameters

Read aridealimage in Simatest.
Enter parameters obtained by analyzing the

raw HDR chart.

kNdark ' sthot '

kDSNU
Gain (DN/e-)
RGB balance

Noise and filter settings

Simatest process-
sing steps

Convert the RGB image to pseudo-raw (Bayer

rggb).

m\/ Noise (gaussian) - sensor ~

4 »| 0.5 Luma frac.

Noise coefficients
Dark Shot PRNU (Fix Pat)

0.0001678 | 0.005559 0.005876

Gaussian (imgaussfilt) ~

EN- Filter
4 +| 0.60 sigma

[Input gamma = 0.45]
01>>Gamma Targ 1
03>>RGB mult 0.3 1 0.6
05>>Filter gaus 0.6
07>>Bayer rggb
11>>Noise 2 0.000168 0.00556 0.00588 0.5

Open Color/Tone to obtain the PTC (right).
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04-Oct-2025 10:33:46 gaus 0.55 Noise 2 0.000168 0.00556 0.00588 0.5

| PHOTON TRANSFER NOISE i 7
025-10-04 10:36: 3: dr-36-Confirm-Auto e ’
16-bit B&W max=13627 of 65635 . 4
F Estm. gamma = 1.06 I t d
Offset (orig / optimized) = 512/511.9 SI mulate "
-
$ S
:lanr /8
E- & &
]
Er0tr 4 )
] L ' 4
= " d
©
2
3 S
= 4 Dark, shot, FPN |
Dark, shot noise
& Dark
> Shot
FPN
Data smoothed
¢ L]
L . ®  Greenr
.“ i . Blue
l aatnadd -"- Jf 4 | ®  Greend
I I R Rt

10° 10 10° 102 107"
Input RGB Level/16384 (DN normalized to 1)

DN Offset (orig / optimized) =512/ 511.9;  Sat level = 16384; RGB balance = 0.773 1.000 0.945

Min max Patch DN = 1e-06 12681;  Pixel DN = 502 13582
SIN=1 (0dB)@ x=0.000181;  S/N =10 (20 dB) @ x = 0.00411
Dynamic Range = 5527 =74.8 dB = 124 EV;  Maximum SNR (EMVA 1288) = 41.3 dB

[Dark, shot noise coefficients] = 0.0001629, 0.005818; err = 1.305
[Dark, shot, PRNU noise coeffs for Simatest] = 0.0001665, 0.005537, 0.005859; err = 0.07385
Gain (DN/e-) = 0.5022; e- per norml signal = 32622;  Saturation capacity = 25249 e- @ x = 0.774
Dark noise = 0.0001665 (5.43 e-) FIT [=0.00017 (5.545 e-) meas]
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Measured and simulated PTC: side-by-side

AWW_W_M_H,E_IW‘W_ﬂ -W_UGITW.M 04-Oct-2025 10:33:46 gaus 0.55 Noise 2 0.000168 0.00556 0.00588 0.5

:O PHOTON TRANSFER NOISE i PHOTON NOISE
2026-02-22 10:23:24 SDR-36-Confirm-/" | 025-10-04 10:36:32 sdr-36-Confi o
O_ 16-bit B&W max=8468 of 65535 L] 16-bit B max=13627 of 65535 -
Exm gana 0042 easure Esim ganna - 106 Simulated ,*
. Offset (orig / optimized) = 0/ 510.3 Offset (orig / optimized) = 512 / 511.9 y
B & - i
y g l’ S
— 2 R
z ] o
r— § N aeay £ 107 | Il ? W&
N L) - g ) ~
— 4 Chat  36-patch € o &
¥ 4 3
1 F Readimagefile ‘g /
Y ’ Dark, shot, FPN = Dark, shot, FPN
=g N Dark, shot naise | 8 Embeded cs owemice [ o Dark, shot noise.
B &S Dark aloy & Dark’
e y. 5’ stor spacs  SROB / & Shot
»~ *‘é PPN Ref  Last fil: 914918 ¥, Q)
v— Dala smoothed oF NS Data smoothed
P o & o Re put ” S
®  Greenr . ®  Greenr
M el Display &
Blue s e L | ®  Ble
- ” v i + ®  Gresnb 2 11, Noise analysis (1 fose -I-I— + ’l ®  Greenb
105 10+ 10° 102 10" Settings... Image 10° 104 10 102 107
Input RGB Level/16383 (DN normalized to 1) 10. Noie Input RGB Level/16384 (DN normalized to 1)
DN Offset (orig / optimized) = 0/ 510.3;  Sat level = 16383; RGB balance = 0.426 1.000 0.674 Display patch (not ch: DN Offset (orig / optimized) = 512/511.9;  Sat level = 16384; RGB balance = 0.773 1.000 0.945
play patch (i
Min max Patch DN 4 8051.7; Pixel DN = 488 8468 Min max Patch DN = 1e-06 12681; Pixel DN =502 13582
SN=1 (0dB)@ 0.000178; S/N =10 (20 dB) @ x = 0.00391 S/N=1 (0dB)@ x=0.000181; S/N =10 (20 dB) @ x = 0.00411
Dynamic Range = 5619= 7508 = 125 EV;  Maximum SNR (EMVA 1288) = 40.2 dB. Log X sca Dynamic Range = 5527 = 74.8 dB = 124 EV;  Maximum SNR (EMVA 1288) = 41.3 dB
[Dark, shat noise coefficients] = 0.0001611, 0.00567; err=0.5454 [Dark, shot noise coefficients] = 0.0001629, 0.005818; err = 1.305
[Dark, shot, PRNU noise coeffs for Simatest] = 0.0001623, 0.005499, 0.005397, err = 0.2677 [Dark, shot, PRNU noise coeffs for Simatest] = 0.0001665, 0.005537, 0.005859; err=0.07385

Gain (DN/e-) = 04955 - per norm signal = 33067;  Saturation capacity = 15221 e- @ ¥ = 0.4603
Dark noise = 0.0001623 (5.368 ¢-) FIT [=0.0001626 (5.376 e-) meas.]

Gain (DNJe-) = 0.5022; e~ per norml signal = 32622;  Saturation capacity = 25249 e- @x =0.774

s ]
SN M Dark noise =0.0001665 (5.43 e-) FIT [=0.00017 (5.545 ) meas)

Raw noise Help Save data Ex

Photon Transfer Curves (PTCs)
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Simatest results:acquired vs. simulated image

Edge rise distance,

Edge linear unnoml: Horiz (V-scige) 154302025 10:46.07 | Edge linear unnormi: Horiz (V-edge) (sagitial) 15402025 145209

025 03
MTF50 g 20412764 e i) i s —!; 1910 x 1600 pixels (W)
101 e 851 306 Mprs 1000
Inf ' ti it E 0.2 |- Rot: 120x180 pixeis 10907 rise = 2.20 pixsts ?E. 025 or: 116177 pivels g - =
nrormation capacity § [ ol ontic SN B | e Tosorrise= 219 psce
H H g VILR, A)=0.222 0.0555 0.167 0139 g ™ o ¢ /unde = 0.7%/ 08%
are similar 2ot I O ceE : e s S
2 Neise image mehod (mean noise) E 0.15 Info cap C, =1.83; C__ =3.31blp;
% @ Edge angle = 4.62° = Edge angle = 5.08° Noise image method (mean noise)
& &
The shapes of the MTF g g
0.05 i 26.1.0. ALPHA Ma: 05 Imatest 25.1.0. ALPHA Master
curves are somewhat et = o e -
. -10 5 10 15 -10 5 0 5 10 15
different Pt o Pises (Hor)
1 MTF50 = 0.2391 Cy/Pxl 1 MTF50 = 0.2338 Cy/Px|

=1317LWPH NR
(RGB) = 0.248 0.237 0243 Cyxl

=7483 LWPH NR
(RGB) = 0.269 0.219 0273 CyPxi

H H N 0.8 MTF50P = 0.24 C/P = 1322 LW/PH 08 MTFS50P = 0.234 C/P = 748.6 LW/PH
Simatest is welsuited R Gty a8 kb5 0%
. . I3 06 MTF area PkNorm = 0.259 Cy/Pxi ED 5 MTF area PkNorm =0.243 Cy/Pxl
EL = =
for designing ISP o s : M o
. - - @04 04
pipelines and evaluating
0.2 0.2

MTF: Horiz (V-edge) w/NR MTF: Horiz (V-edge) wiNR

their performance,
including image ’

0.2 0.4 06

Frequency, Cycles/Pixe!

08 1 0 02 04 0.6

Frequency, Cycles/Pixel

information metrics.

Acquired image (demosaiced raw
with minimal processing)

www.imatest.com/imaging/Simatest-overview/
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Simulated image: Noise model
from undemosaiced raw image.
Mosaicing/demosaicing applied.
Filter blur set to match MTF50.
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Simulating low light (high ISO speed) performance

Simulated image started with an Acquired (measured) Simulated

h A6000_60mm_{5.6_ISO100_s1-10_00216.ARW 01-Apr-2025 23:25:58 gaus 055 Noise 2 0.000167 0.
ideal edge.

tal)

Blur was to match MTF50 for 'SO ‘1‘00 '
simulated and acquired images. wa

11S0 100 77

10-90% rise = 1.59 pixels
= 2524 per PH

10-90% rise = 1.59 pixels

ROI: 134x139 pixels
190 pie = 1007 per PH

9% left of ctr

=)

Edge profile (linear)

Noise model was calculated from

R
Edge profile (linear)

. . Edge angle = 536 Edge angle = 5.12° H
a raw acquired image at ISO 100. “.. C,=3.37; C,. =489 blp 2l C, =332 C,. =497blp
ngh ISO Speed (IOW Ilght) was nam—-—-—:—‘*“" - :nunsl-l.i-v\o?:ﬁMAMaim n"um—;_—J - ;:msust.o,:;mmm;m
simulated by attenuating the ik
Slgnal addlng the modeled no'se AG000_60mm_f6.3_ISO3200_s1-320_00212.ARW 01-Apr-2025 23:38:23 gaus 0.55 Noise 2 0.000167 0.00555 0.00548 0.5

J ! ] ) I 020000000 I 02000000
then restoring the signal. 1150 3200 e 1150 3200 el

ROI1: 134x189 pixels
9% left of ctr
0.6 [ Yachannel (YL9)

Simatest can predict i e
system performance for a| """’

e

Edge profile (I
Edge profile (linear)

wide variety of conditions,| & |eeee 1 B 5
including low light and ISR 7| G+ =1Lt Cra 2261000 1 1] Co= 0% Coa = 20700 .
tuning. R T "

www.imatest.com/imaging/Simatest-overview/
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Si matest I matestods CaBuwmmaryl S

Simatestsimulates camera and ISP performance over a wide range of
conditions:

A Apply blur from lens design programs of add gaussian blur to ideal images to
match measurements.

A Sophisticated image sensor noise model
A A large number of ISP operations can be applied in arbitrary order.

A Results can be displayed in Imatest modules, including
Photon Transfer Curves, low light performance, and
information metrics.

Simatest enables soft prototyping of camera
systems, saving development time and money.

- 2 n.!l.
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Short course 6 Summary

We have

A Reviewed information theory and showed how key
metrics, especiall\C, T the amount of information that
can be conveyed in a 4:1 contrast object, is calculated
from slanted edges,

A Introduced the InfoDR test chart, for measuring Dynamid
Range and lowight performance based on Information
Capacity,

A Introduced the Photon Transfer Functiebased
Image sensor noise model,

A5SaO0ONAROSR {AYFHGSadx LY G
uses the noise model to predict camera performance
over a wide range of illumination.

LX7_10.8mm_{5.6_ISOB0_s1-40_1060265.RW2
C, bitslpx

Edge Info Capacity C, bits/px
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Validating the information metrics 1

imatest.com/2025/04/validating-information-metrics-correlation-with-object-detection/

We have started working with Prof. Brian
Deegan of the University of Galway, Ireland.

His group is working on correlating detection
confidence with metrics including MTF50 and
information capacity.

Using the picture on the right, with four groups

of differently sized pedestrians, his group
measured machine vision
detection confidence as a
function of various measured
results with degraded
contrast, blur, and gaussian
noise.
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