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Camera Simulation for Predicting Information
Metrics and Machine Vision Performance

Norman Koren, Founder and CTO, Imatest, LLC
Short Course, Electronic Imaging, SC05, March 2026

We present a new set of camera performance metrics, based on
information theory, that are superior to traditional metrics such as
MTF (SFR) and noise or Signal-to-Noise Ratio (SNR) for predicting
Machine Vision/Artificial Intelligence (MV/AIl) system performance.

We describe a new image sensor noise model, and E-
show how it’s used with Imatest’s camera/ISP
simulator, Simatest, to

+ predict imaging system performance, and

» allow camera systems to be soft-prototyped.
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Outline of the presentation
* My background — photography & engineering
* Introduction to information theory and metrics
- Calculating information capacity, C, in the presence of a signal

« Information metrics

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

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

* Information-based Dynamic Range using & low-light performance from the new
InfoDR chart.

* Image sensor noise model based on Photon Transfer Curve (PTC) or EMVA 1288
» Simatest: ISP/Camera simulator (lens, sensor, ISP)

“Green is for geeks” boxes contain equations or technical details you don’t
need to follow during the presentation, but you may want to review later.
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Measurement and simulation
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My background

* Grew up in Rochester, NY. “Kodak city” Frequently visited George Eastman
House (museum). Fascinated by both the fine prints and the cameras.

* Interest in photography started around age 12. Dissatisfied with sharpness of
cameras | could afford. ,

* Summer job University of Rochester Institute of Optics,
1961. MTF curves.

* Master’s degree in physics; 34 year career in magnetic
recording technology; Similar math (FFTs...) to imaging.

* Lifelong interest in Photography. Mastered darkroom
printing; had occasional shows.

* Launched normankoren.com (images and technical
tutorials) in 2000, which led to founding Imatest in 2003
for measuring lens and camera quality.
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How | became acquainted with information
theory

I worked at Kodak San Diego from 1985-1998. During that time | frequently
visited UCSD Center for Magnetic Recording Research (CMRR), where | became
acquainted with infor-mation theory.

CMRR (now, Center for Media and
Recording Reasearch) produced the
video, which I highly recommend.

Claude Shannon — Father of
the Information Age.

| enjoy the intersection of >

science and art. b E SHANNOR

@m s @
.com/watch?v=z2Whj_nL-x8

Claude Shannon - Father of
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Introduction to Information theory

Developed by Claude Shannon at Bell Labs in 1948-9.

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 capacity C in bits/second, which is the
maximum rate information can be transmitted without error.

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

Imatest has developed a method to conveniently calculate C by measuring signal power,
S(f), and noise power, N(f), at the same location in slanted edge test patterns.

C,, which is measured directly from ISO-standard 4:1 contrast slanted edges, is of special
interest. It is the amount of information a 4:1 contrast object — typical for several
applications — can convey. It’s closely related to its detectability.
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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 uncertainty, i.e., how much is learned from the
outcome of a measurement. It is the basis of all electronic communication.

For a system with n possible states, sy, ..,, 5, with probabilities p(s;), ..., p(s,),
information can be represented as entropy,
n n
H S = i 1 1 i = — i 1 i
()= ). plloga(1/p(s) == ) pls)loga(p(si)
Example 1: a “fair” coin flip. p, = p, =1/n=0.5; H =entropy =.5 +.5 (information
gained from the flip) = 1 “bit”.

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

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

When H < 1, data can be encoded for efficient transmission. Coding is a key aspect
of information theory — integral to data compression (PNG, JPEG, etc.)

The number of states n is closely related to the Signal-to-Noise Ratio (S/N or
SNR) of a continuous system.

Electronic channels — including cameras — are communication channels that
can be characterized by a channel information capacity, C (the maximum rate
that information that can be transmitted without error), which has units of
bits/pixel or bits/image.

Cis calculated from the Shannon-Hartley equation (next page), which uses
+ frequency-dependent signal power S(f) (which includes MTF),
* Noise power N or NPS(f)

The challenge: How to conveniently obtain S(f), N or NPS(f).
The key performance indicators for MV/AI systems are closely related to C.
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O ——
Shannon-Hartley equation for C,

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

S(H) = ((Viight — Vaark) SFR(f))Z/lz is the mean signal
power of the edge, V(x): includes sharpness (SFR(f)).

v S(f) .
C,=| log (1 + —) df
! -[0 : NPS(f)] ~<«———— NPs(f) is the Noise Power

W is always the Nyquist frequency, 0.5 C/P. Spectrum, from the noise image

C,, 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, S(f), sharpness, SFR(f), and noise. NPS(f).

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

The widely used slanted edge test pattern— a part of the ISO 12233 standard for
image sharpness — is fast and compact enough to map MTF over
an entire image. The 1SO 12233 algorithm

® Linearizes the image,

* Finds the center of each scan line,

* Fits the centers to a polynomial,

* Adds each shifted scan line to one of four bins to obtain a 4x
oversampled averaged edge, Amplitude (voltage) = V(x) = o ot 5018 exemsapron
1s(x), shown on the right, is used to calculate MTF and ——— '
information metrics. MTF = |FFT(dV(x)/dx)|

§
3

10-90% rise = 2.39 pixels
= 1447 por PH
Over

°
®

o
2

Binning effectively reduces noise by ./samples in each bin.

Edgo profie (tinoar)

°

Imatest 23.1.0. ALPHA Mastor

Best results are obtained when edge ROl length > 100 pixels. [e.g., |
100 pixels in 4 bins (=25 per bin), reduces noise by V25 = 5.] 2 I s o

The key to conveniently calculating information metrics is to
measure signal (SFR or MTF) and noise in the same location.
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Measuring noise, N(x), from the slanted edge

Information capacity, Cragevar i calculated with the spatially dependent noise
power, N(x) (the edge variance), measured at the same location as the signal,

Sum the squares of each scan line to find the edge variance
a%(x) = N(x) (the noise power).
1 —L-1
Spatially dependent noise power N(x) = o2(x) = I yi(x) — pi(x)*
1=0

*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 amplitude o,(x) = /N(x), which was not

Uniformly-processed Bilateral-filtered (JPEG) previously visible.
A O R ok A% 1 o | N(x) can look very
| Noise ook e b different for different

o(x) - o o(x)

A nq pgak edge | types of image processing

g
&

(same image capture)

Edge noise V for Info Capacity
Edge noisa V for Info Capacity

Pixels — Pixels —
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Noise power N for calculating information capacity, C

N must be calculated where SFR (MTF) is measured for accurate results

Noise to enter into Shannon-Hartley eq. depends on the image processing.

0148 sxcmptprotors2un

Noise amplitude o(x) = /N(x) W e
§ Peak

Noise
oyx) - _ no peak

2

Processing type (minimal/uniform or
bilateral filtered) can be determined from
1. knowledge of image processing, or
2. Absence or presence of a peak in N(x) S

g g

Edge noise V for Info Capack

2

Edge noise V for Info Capacity

Pixels —

P (Hor)

Little or no noise peak. Distinct noise peak.

Minimal or uniform processing Nonuniform processing (bilateral filtered)

Use the mean of the noise power for C, Use the peak (smoothed) noise power for C,
N= mean(N (x)) N= Npeak-smaoth

A better method for Cis available. MTF does not represent texture.
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o —————————
Signal power for calculating C

The mean signal power, S,,,cqn (f) must be entered e
into the Shannon-Hartley equation in addition to BN T, N
noise power N to calculate information capacity, C. o Vop -

o dm‘vmean T
The measured signal from the slanted-edge, typically .. [
with 4:1 contrast. has a Peak-to-Peak amplitude, o 2= Vinin e
VP-P = Vmax - Vmin'

Mean signal power Syean(f) = (Vp—p MTF(f))2/12

The frequency-dependence of S,,ean(f) comes from MTF(f). Division by 12 gives
the mean power for uniformly-distributed data over Vp_p, which maximizes C.

Signal power , Siean(f), is a strong function of exposure and chart contrast (the 1SO
12233 standard 4:1 contrast is strongly recommended for MTF measurements).
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Calculating information capacity C,and C,,,,

For most applications, we prefer C,, measured from ISO 12233-standard 4:1 contrast
slanted edges, which are relatively immune to saturation (for good exposures) and
have good SNR. C, is a strong function of exposure, making it useful for measuring
performance over a wide range of illumination, including low light.

Because C, varies with exposure, we developed a more stable metric, Maximum
information capacity, C,,,,, by extrapolating V, , 10 Vpyqr = 1 ( or the maximum for
the camera) and adjusting the noise, which follows a simple equation for linear
sensors. = SN (DNnoise) Tempora! & fota vs. Log 10 (DK) R-channel

Because C._ is difficult to calculate for HDR sensors,

SIN (DNnoise) Temporal & total

max P4
which have irregular N(V) response (shown on the right), 7/
and is not useful for low-light, we have de-emphasizedit. .| / s

Log,, (Digital Number (DN
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Measuring information capacity C,and C,,,,

2 L ——C, raw->TIFF |

C,, which is a function of exposure and chart Camera 1 (10 MP) Shannon capacity G, & G, vs. Exposure
contrast ratio n, and maximum information 45 o 41 Stantedrecges: raw " TIFF 8 JPEG
capacity, C,,q, are shown on the right. . IPEG g

E 3-54 - ¢ —o
C.ax (upper plots) is a stable measurement, 3 TIFE max
nearly independent of exposure, that canbe = *| (Uniformly
used as a single number to characterize a & 25} processed)
camera’s potential. Care is required in when “

calculating C,,, .-

C raw->TIFF
max

——

C, (lower plots) is useful for characterizing R ‘ b Con PEO

camera performance as a function of 107 10°
. . an (proportional to exposure)

exposure, especially low light.

C,and C,, characterize the potential 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 C,or C,,,,

mapped over the image. )
C,and C,,,, are displayed

Mean(Cyq) = 2.96 b/p. in the Edge/MTF plot.
Total info capacity C,,ox1ot = Mmean(C,,,,) *
number of pixels = 47.23 Mb Information capacities
e C4=2.36 b/p; Gy = 3.75 b/p.

G3_eSFR_ISP160_excmp1P1060138.tiff

Edge profile NU Corr: Horiz (V-odgl (sagittal) 21:Aug-2023 135218
4608 x 3464 pixels (WxH) x4t
E ROI12: 165x259 pixels 10-90% rise = 2.46 pixels
E 5.6% leftof ctr 0_0_L = 1407 per PH
I 3 um per pixel Chart contrast = 4
f “ (chart) = 0.412 Use for MTF.
g V(LR,mean.A) = 0.458 0.113 0.345 0.26)
e o Info cap C, = max = 375 b/p;
E Edge 581 from NEQ (Nois ethad)
B.112- Imatest 23.2.0. ALPHA Master
-30 =20 -10 0 10 20 30
Pixels (Hor)
e i B e e i
4B0Bx 3464 pxls (WxH). 45RO 16 Mpuis
Lchannel Vert-edges. Gamma »0.40 (0.427 from ROM)
Coko Vs et
H t t @
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O ——
C,and C,,,, results for three cameras

max
Sensors: 4.5 um BSI, 3.88 um, 2.14 um
and C,,,, decrease with Exposure Index (El, also called ISO speed), which

* is proportional to analog gain,
* Isinversely proportional to total exposure (or illumination), and
* increases with pixel size.

N. Koren:

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 pym

—s— Camera 1: 10 Mpxt; 2.14um pitch
3 —— 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

N w
m w o

Shannon information capacity € (Bits/Pixel}
"

Shannon information capacity € (Bits/Pixel)

L

Exposure Index — Exposure Index —

107 10° 10" 10° 10° 10° 10* 10°
Exposure Index (ISO speed) Exposure Index (ISO speed)
C,..x IS larger than C, by roughly 2 bits/pixel.
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Sharpening and information capacity

Uniform Sharpening has little effect on C
because it boosts the high frequency signal

and noise by the same amount. More generally,

Minimally processed TIFF USM-sharpened TIFF C'is unaffected by Imear,
in_suv_sc_1n1mm_u_lsoiuo_n-:| uw— reversable image processing.
1 i : For this reason, it is not useful for
% g finding optimum image processing.
2 . . A .
& = . The image information metrics, to be
R “;’;‘”“'"J  Ea e described in the following slides (SNRi
‘ —— z s ey and Edge location o)

MTF50 = 0.2508 Cy/Pxl
=143

= 3043 LWIPH NR

i e RZ‘:};‘:S_ZZ * measure how well objects and
£ c edges are detected, and
max ~
{ | 381b/p « are sensitive to image processing,
MTF: Horiz (V-edge) wNR " MTF: Horiz (V-adgoe) wiNR
] 0.2 04 0.6 0.8 1 0 02 04 06 08 1
Frequency, Cycles/Pixel Frequency, Cycles Pixel
. 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 of C so far, which is based on the spatially dependent noise power,
N(x) = 6%(x), is called the Edge Variance method.

Cragevar is approximate because it omits the Noise Power Spectrum, NPS(f).

«f's. Noise Peak

olit oy(x) #— near

NPS(f) cannot be measured accurately for bilateral-filtered
images, because they are nonuniformly processed, i.e.,
lowpass-filtered to reduce noise in much of the ROI,

but sharpened near edges where MTF is calculated.

Edge noise V for Info Capacly

3 A7R 150168 excroto 1340132 10

The Noise Image method, which is only valid for minimally o Noi;senA

or uniformly processed images, results in a more accurate $us| OX) 5 no peak
. 0 . 0 ] N )
value of C, and enables the image information metrics, gJN
NEQ, SNRi, Edge Location o, and more. Pixels ‘
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P19 0 Imatest"

Image information metrics flowchart — review

Noise image method

[ Read slanted edge image ]
| Calculate noise image by
debinning u(x)
|
Calculate Noise Power spectrum,
I NPS(f), from 2D noise image
Calculate no'se pOWGI’, N(x) — G?(x) ................................. (requ|res fN(x) dx)

Calculate Noise Equivalent
VB Quanta, NEQ(f)

Calculate Cy,;corm @nd related

Calculate oversampled
average edge, p,(x)

Uniformly
processed (no
N(x) peak)?

Edge variance

No . : .
uetied Image Information Metrics, SNRi
Calculate Cgygeyar Calculate Cgyepq, USING (object detectability), Edge
using N = Nyak-smooth N = mean(N(x)) location o, matched filters, etc.
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P20 6 imatest”
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The noise image enables the calculation of
the Noise Power spectrum, NPS(f), 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 low-noise contents of each
interleave back to its original locations.

The de-binned image (2) has much lower noise than the original (1).

L. L. . . . Micro 4/3 camera
Noise image (3) = original image (1) — de-binned image (2). @150 12800
(1) (2) (3) Noise image =
Original De-binned original — de-binned

The noise image
is shown
lightened.
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Noise Power (Wiener) Spectrum NPS( f)

The initial calculation of information capacity, Cgggeyar is based on the assumption
that noise power, N, is white, i.e., it has no frequency dependence.

C can be calculated with greater accuracy from the noise image, which enables the

noise power spectrum, NPS(f), to be calculated for the integral form of the
Shannon-Hartley equation.

Cnoiserm = f

w S i idth = 0.
log, (1+ ) ) s Wis bandwidth 0.5 C/P (fuyq):
0

NPS(f) S is mean signal power.

To calculate NPS(f), start by calculating the magnitude of the 2-dimensional (2D) Fourier

transform (FFT) for each channel of the noise image, then transform the 2D spectrum into
1D for use in the Shannon-Hartley equation

[Full details in the Appendix, in the “green for geeks (best read offline)” area.
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1D Noise Power spectrum NPS( f)

* The 2D FFT is divided into n,,, regions with f;= 0 shifted to the center.

* Forregion i, the initial (unnormalized) NPS; ,,0qn(f?), is the mean noise
power of the n; points.

NPS; mean(fi) = [ZZ;DNZ] /n; where f; = 0.5(i — 0.5)/nyaqs

* Because this procedure does not maintain the invariance in energy
between the spatial and frequency domains implied by Parseval’s
theorem, NPS(f) must be normalized so that

Psi_mean(f) fN(x) dx

N
INPS(f)df = [N dx;  NPS(f) = —F "0

Normalizing the noise power NPS(f) to the mean edge variance N(x) or N, removes the
effect of the M scan lines, i.e.,

Image information metrics are not affected by ROI size (as long as it’s not too small).
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1D Noise Power (Wiener) Spectrum NPS( f)

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

The noise amplitude (voltage) spectrumis Ny (f) = \/ NPS(f)

NPS( f) is a part of the kernel (the i L Sl i) f i
defining factor) of the image Nolse Power Spectrim.(NFS)
information metrics to be
introduced,

K(f) = MTF?(f)/NPS(f)

K(f) is proportional to NEQ(f)
(next slide)

L
T

-
o

NPS(f)

Noise Power Spectrum (NPS)
3
4

3 -
The noise power for the Y channel is lower that f(C/P)
for the uncorrelated R, G, B channels because is 10
a derived channel: Y = 0.21*R + 0.72*G + 0.07*B 0 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 045 0.5

Frequency, CyclgsJPi:el —
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Noise Equivalent Quanta NEQ( f)

SonyA6000_Star_SG__60mm_f8_ISO100_s0.8_00091.iff

NEQ( f) is a frequency-dependent Signal-to- ™" Noise Equivalent Guanta (NEQ)
Noise (power) Ratio, equivalent to the number
of quanta that would generate the measured
SNR when photon shot noise is dominant. Used
in medical imaging.

14.50p2024 215856 N
RODY178x 268 nxls

Noise Equivalent Quanta (NEQ)

Vinean MTF?(f)
NPS(f)

Frequency, Cycles/Pixel —

= V,Zrlean K(f) 0 005 01 015 02 025 03 035 04 045 05

NEQ(f) =

K(f) = MTF?(f)/NPS(f) is the kernel (the defining factor) of the image
information metrics to be introduced.

NEQ( f) and K( f) are not affected by uniform, linear, reversable filtering,
such as most sharpening and lowpass filtering,
because they affect MTF?(f) and NPS(f) identically.
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Calculations related to NEQ( f)

Information capacity can be calculated from NEQ(f) by substituting V3_p/12
(for a uniform distribution) for V2,4, This is the accurate noise image calculation.

2 2
C = ffNyq log, |1+ Vp-p MTF'(f) df
Noiselm 0 2 12 NPS(f)
Choiserm €an be thought of as a Channel R G B Y
summary metric for NEQ( f). Info capacity C,, (EdgeVar) = 3.52 4.1 375 4.21
Info capacity C, (EdgeVar =161 212 171 222
Results are close to Cggeyqy, but more o7 e Ay
. Info capacity C,, (NEQ) =345 404 37 413
accurate because Cyiserm includes the o Max
. Info capacity C,(NEQ) =154 206 166 214
noise spectrum.

(for the 24MP Micro Four-Thirds camera).

Detective Quantum Efficiency, DQE(f), is the ratio of NEQ(f) (the DQE(f) = NEQ(f)
number of quanta equivalent to the measured SNR) to the mean q
number of incident quanta. It has maximum value of 1.

Under development.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 p 26 6 imatest“”

13



3/4/2026

Ideal Observer Signal-to-Noise Ratio SNRi (1)

SNRI is metric for the detectability of objects, calculated for w X kw rectangles.

For g(x,y) =Vp_p- rect(x/w) . rect(y/kW), rect(x) l— 1 —>
The Fourier transform of g(x,y) is

FFT(g(x: Y)) = G(fx'fy) = kw?Vp_p

sin(rw ;) sin(mkwf, )
Twf, Tkwf,
nyyq foyq
SNRi? =f f 1G(fe )1 K(f) dfy dfy where f = |fZ+ f;
0 0

Ny SFR2(i,j) G(i.j)
j=1" NPS(i,))

The numerical calculation (for reference) is SNRi2 = Afy, Afy, % 3

Since Parseval’s theorem states that the integrals of a Fourier Transform pair must be equal,

f (o) 2dx = f IR(@)dw = f RQ2nf)[2df,

SNRF is the total noise-whitened (S/N) energy of the object in the spatial domain.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P27 ﬁ imatest”

Ideal Observer Signal-to-Noise Ratio SNRi (2)

SNRi was retrieved by Paul Kane from ICRU Report 54 (an obscure medical
imaging document that correlates SNRi with Bayesian detection statistics).

In spatial domain, SNRi? is the total energy of the noise-whitened object S/N:
related to object visibility.

___SonyAG000_Star_SG__60mm_f8_IS0B00_s1-10_00095.tiff
SNRi is proportional to the Michelson ol W x 4w rectangle SNRi RO 1
contrast of the chart, ((It-dk)/(It+dk))
(0.6 for 4:1 contrast ratio).

Iy
o
T

30 - 13-May-2024 11:42:47
/ ROI 1: 178x268 pixels
6024 x 4024 pixels (WxH)
Chart contrast ratio = 4 |

mean noise [Auto]

MTF50 = 0.2123 C/P Ima 22.1

SNRi plots can be difficult to o Edge Vo = 004380.157 |
interpret because they strongly Featuresize win pixells forvlvx4w reclalngle —
. . . 10° 2 5 10" 20
increase with w. Feature size w in pixels -

It is affected by filtering (Image Sigr
processing).

SNRi dB for w x 4w rectangle

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P28 6 Imatest”
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Optimum equalization: the matched filter

A matched filter optimizes 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 in ICRU Report 54.

Matched filters optimize a single metric: SNRi or Location o for a specific object width w.

If the matched filter transfer function (below) is known, it 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 10! Edge Matched Filter

w=2; w=1 T W=2;W=1:

3

Edge Matched Filter 2
(some sharpening +
Lowpass) optimizes

Object Matched Filter B

Matched Filter for Edge

Matched Filter for Object

Lowpass) optimizes SNRi 10° .
wp pass).op Edge Location o \
Frequency, Cycles/Pixel — \ Frequency, Cycles/Pixel — \

0 005 01 015 0.2 025 0.3 035 04 045 05 0 005 0.4 015 02 025 03 035 04 045 05

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 29 Q |matest N

Example 1a: Exposure Index
24 MP Micro Four-Thirds 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 .5 Information Capacity C, and Cy,
0.25 -
4

0.2 35
a 3 Cmax
Oo1s \L ) é a5
3 Y S,
= .
= Nearly constant O s C

. 1 4
0.05 noise o
Less illumination — , Less illumination
100 1000 10000 100 1000 10000

Exposure Index Exposure Index

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 30 ﬁ |mat95t :
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Example 1b: Exposure Index
24 MP Micro Four-Thirds mirrorless camera, El 100-12800

SNRi/pixel dB forw =1, 5 Edge Location o for w x 4s rectangle;

w=1,5
30
2 é’ w =1 pixel
= 2
o = i o
S 2 w =5 pixels =
= °
c &
o o w =5 pixels
T IS
= (8]
n S
. o Less illumination —
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 |mateSt

Example 2: Image processing

24 MP Micro Four-Thirds mirrorless camera, EI 800

Gaussian blur (LPF) Sharpening-only LPF 0.7 + Sharpening
Edge Location o for w x 4s Edge Location o for w x 4s Edge Location o for w x 4s
rectangle; w=1,5 Gaussian rectangle; w=1,5 rectangle; w=1,5
09 blur-only 09 0.7 pixel Gaussian blur
0.85 0.85 09
08 ' w =1 pixel 085
© w =1 pixel 08 o 08
o 075 c 075
® o7 ® o7 o .
9 < 5 07 w =1 pixel
3 0.65 .% 0.65 w=5 piXE|S § 0.65
© 06 S os 2 06
T oss5 _ : — 055 Doss -
o5 w =5 pixels § 05 ([ w =5 pixels
0as W g5 Lower is better. 0as
04 0.4 0.4
0 05 1 15 0 1 2 3 4 0 1 2 3 4
Gaussian blur pixels Standard sharpening n (R2An) Sharpening Amount: n (R2An)

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

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

H @
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P32 0 |mat95t
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Example 3: Exposure compensation
16MP Micro Four-Thirds mirrorless camera. El 160, f/5.6

Exposure compensation from -2 to 2 f-stops (dark to light).
Each step of 1 f-stop doubles the illumination, improving the performance.

Information capacity C, and Ciy SNRi / pixel dB forw =1, 5 Edg?elz:)tcaer‘:;;cl)g' zlfgerSX 4w
35 ’ '

w =5 pixels 5 |
@ P % os w =1 pixel @
3 g o ks
x o = L
OE 25 gzs ) g
e Ca z : :
=1 _ . ©
N @ 20 ‘_8“0-2 w =5 pixels g
05 . . . o
More illumination — 3
0 15 Wo.1
-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 e s, m
compensation 4
b i 0 +2 mEimjun
from -2 to 2 f-stops 2 .u i

(dark to light)

G3_eSFR 1SO160_excmp-2P1060134 it G3_eSFR_ISO160_excmpOP1060137.1iff G3_eSFR_ISO160_excmp2P1060139.tiff

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P33 6 Imatest”

Information metrics summary 1

Information capacity C,

* can be conveniently calculated using tricks for measuring signal power S(f) and
noise power spectral density (NPS(f)) at the same location in 4:1 contrast
slanted edges.

* is not affected by reversable linear image processing (with no nulls at f<
Fiyquist)- In particular, it is not improved by sharpening.

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

ISO 23654 standard — we are working on incorporating the new metrics into 1ISO 23654,
Photography — Digital cameras — 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 ﬁ imatest”
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Information metrics summary 2

Image information capacity, C, quantifies the potential performance of a camera,
and is not affected by reversable image processing.

Object and edge detection metrics, SNRi and Edge location o (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 of C 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. With experience, this should

* Minimize power consumption, and

* Minimize cost

* Maximize speed

In addition to the slanted-edge, C can 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 measure C, — the information capacity in
a 4:1 object measured from a 4:1 slanted edge — over a wide range of exposure
from a single image. This 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
@

- 3 S}

Edge Info Capacity C , bits/px

=
2

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

C, as afunction 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 detail

Two types of chart are currently in widespread use.

Charts with high spatial detail Sharpness and C,
— the information capacity of 4:1 contrast objects
measured from widely-used 4:1 edges — can be _
measured at only one illumination level. ————————>]

Charts with high tonal detail Traditional Dyna-
mic Range based on Signal-to-Noise Ratio (SNR), but
not C,, 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 measure C, over 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)
alarge number near-vertical Each square differs from its neighbors
and near-horizontal 4:1 contrast Py AD = 0.6 (4:1 contrast). Groups of
(ADensity = AD = 0.6) slanted {1,2,1,2} patches of the same Density.

edges in a compact arrange-
ment so SFR doesn’t vary by
much in the active area.

smaller density steps than
0.6 (AD =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 imatest”
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Constructing the InfoDR test chart

Four groups of squares are combined for Schematic: 4 groups, each
the final (reflective) chart design. offset by
AD =0.15

Each group is offset from its
neighbors by AD = 0.15.

_—
B 12 18 14
> 1 g% | Patchnumber(1 B
LA . 0.
° g 24) on top. Z5 | 15
{ Optical density
: (OD) (0-2.25)
13 14 1 -
4
045 | 1.05 below o B
g 15/
17 5
s 0.9
Final Vertical edges
desi gn Horizontal edges
Quadrants
N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P. 39 Imates

Two-layer film InfoDR test chart

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

Six groups of squares; each offset

from its neighbors by AD = 0.20. 2nd 2Bl
; — . 22
layer with D = 2.4 on bottom. 4 @, @@
' 1 4 2.0 1.4 0.8
42 patches; D,,,, = 5.2 (104 dB); os B > B

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- 0s-

But transmissive film charts can vary enough so
that individually-measured reference files are
supplied with each chart. Contrast can differ Viark
from 4:1.

Edge V(x) |

lenatest 36.1.0, ALPHA Master |

Piass o)

The edge density increment is AD; = Dj — D, for adjacent patches j and
k. Contrast ratio is 10AD",

To correctly calculate C, for each edge i, replace AV; = (Vught — Vdark) with
4= AV; 10(mean(AD)—ADi)

AVi—correr:te

Where mean(AD) =0.6.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P41 é Imatest”

Alternative InfoDR (C,) test chart
(design — 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 HER R
40 N N ’
decade 4 -3
i - \\ ."L/‘\-“P
20 r
) }JB 2pdb,
= 0
1
g
&
0
10 - SNR‘H_‘7 100% LED Power
~——SNR,,:0.4% LED Power
— « =SNR_: 100% LED Power
-20 DN o
ASNRW 0.4% LED Power
30 Suggested by Uwe Artmann

10" 10° 10’ 10% 10 104 10° 10°

3
Mean Signal [DN]

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 L,gp = Lygurce 1072P", where D,y
Is the patch density f?om the density reference f|Ie

The x-axis selections for the C, plot:

« three relative measurements: S
Log,, exposure (-Density), Exposure dB,
and F-stops (EV) and

Density (D)
)
)

* three absolute measurements:
Luminance cd/m”"2 @ patch (Lpgecn),
H = Exposure in Lux-sec @ sensor, and ol L N
I—Oglo(H) Where -3.0 -2.0 10 00 1.0

Exposure [log H (lux-seconds)]
~ 2 .
H=0.65Lt/A* 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

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

Lower

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

N. Koren:

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

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

25

Edge Info Capacity C, bits/px

1 20.9
0.5 33.2
40.4
48.2

0 — T H
-3 -2.5 -2 1.5 1 -05 0

2026-02-25 12:26:10 infodr

3664 x 2752 pixels (WxH) 10.083 Mpxls
| 48-bit color max=65535 of 65535

Gamma = 0.441 = 1/2.27

Max = -0.000505
Best around -0.10

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

Iogw(SignaI (DNIDNmn))

Whole img

Rotate 3D Crop

Chart 12. InfoDR

Read image file | Save Reload

[_JAcquire from Device

New analysis of the current image

Setup... More Settings...

MTF compensation

Display
19. Info metrics (C_4...) vs exp... -

1. Info Capacity C_4
C in bits / pixel
[l Logarithmic y-axis

Plot
- Display
Image Stats

|.7. Log10(Exposure Lux-

% f
5 4 3 z 4 0 1 [Savescreen| Help o3 ALPHA
Log1°1Exposure H Lux-seconds) for 6440 Lux max Save data Exit O imatest®

Short course: Camera Simulation and Information Metrics March 2026
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C, vs. Exposure (log,o(H)) : the key InfoDR result

The C, curve (similar for Vertical and Horizontal edges) is the best
metric of pixel-level performance, especially at low light levels.

Dynamic Range

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

Dynamic
Range bars
and values:

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

7. Log10(Exposure Lux... ~

AL
C, Dynamic rangedB | ____

values T mETWE i

Preliminary heu- 2 |t ic.-0m 22

ristic Figure of | e e =01 42

Merit: C,A is the —& S e iad

areaunderthe C, & [ar1muwow A

curve, wherethe ¢

x-axis has log;, g ,. =i

units (same as i o4
48.2

Optical Density) T

N. Koren:

Log1l0(Exposure H Lux-seconds) ~—

Short course: Camera Simulation and Information Metrics March 2026

1. Log10 exposure (-Density)

2. Exposure dB

3. F-stops (EV) 4]
4. Patch number

5. Luminance cd/m*2 @ patch

6. Exposure Lux-sec @ sensor

7. Log10{Exposure Lux-Seconds)

p.as > 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, = 1.6

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

N. Koren:

log, ((Signal (DN/DN__ )

log,,(Signal (DN/DN__ )

Short course: Camera Simulation and Information Metrics March 2026

051 Gamma= 0.441 = 1227

A
o

0

0T 2026-02-18 10:06:46 infodr

-0.5 | 48-bit color max=65535 of 65535

O 2026-02-1723:32:52 infodr
3664 x 2752 pixels (WxH) 10.083 Mpxis
48-bit color max=65535 of 65535

Max = -0.000505
Best around -0.10

Luminance cd/m? = 2049.9
Aperture (f#) = 5.6; Shutter speed = 1/40 s
Ref: Last file: CRC_200KI_density_reference_fixed.csv |
-4 -3 -2 -1 0 1
Logm(Exposure H Lux-seconds) for 6440 Lux max

&

6024 x 4024 pixels (WxH) 24.241 Mpxls

Gamma = 0.450 = 12.22
Max = -1.65e-06
Best around -0.10

Luminance ed/m? = 2049.9
Aperture (f4) = 8.0; Shutter speed = 1/20's
Ref: Last file: CRC_200K|_density_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”

Results: Compact 3:1 zoom camera

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

C,A = 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

Short course: Camera Simulation and Information Metrics March 2026

[ 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

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

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 55
332

404

. I ] ! i 22

B 2.5 & 1.5 o 05 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

p.as > 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 | Hioh @ m v
f/2.8 prime macro, f/8, 3.88 ym pixels, e Ty
24 Mp

7B|d (64-0.1): 67.4
C,A = 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

aa
—— T : 674

ol " i
-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 . 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 @
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

. . C, Dynamic rangedB [ o
Premium full-frame camera with L ol Bk (€ m2: 2
. High (C, =1): 38.1
Sony 90mm f/2.8 prime macro, f/8, § | (oo mon: a7
3.88 ym pixels, 42.4 Mp o 2| Bad (o o0ty 58
. 2 | ¢,A=13C,ADensity
C,A =5.78 bits/px = 245 Mb total 8 | 578 bispinel
. S 2[ 245 Mbtotal 26
High, Low DR (dB) = 26, 49.8 dB E
=
Dyin = -2 (very good) 5! 2
o a7
0 : : : : =8
-35 -3 -2.5 -2 -1.5 -1 0.5 0
=, 01 2026-02-1812:36:56 infodr
E 7968 x 5320 pixels (WxH) 42.390 Mpxls
= -0.5[ 48-bit color max=55942 of 65535
=] Gamma = 0.450 = 1/2.22
Z 4t 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 25 Ref: Last file: CRC_200KI_density_reference_fixed.csv |

-5 -4 -3 -2 -1 0 1
Logm(Exposure H Lux-seconds) for 6440 Lux max

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P.50 6 Imatest”
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Results: Pixel 8 Pro camera phone

Pixel 8 Pro camera, 1.2 pm pixels, 50 Mp
C,A = 4.95 bits/px = 248 Mb total
High, Low DR (dB) = 39.8, 46.2 dB

Edge Info Capacity C4 bits/px

31 High (C, =1):

2 C,A = 5C,ADensity

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
39.8
Med (C, =0.5): 434
FLow (C,=0.2): 46.2
Bad (C,=0.1): 713

—— Veedges
H-edges

4.95 bits/pixel
— - . . 1.5 | 248 Mb total
Dpmin = -1.2 (issues with stray light)
1 30.8
The rough C, response was caused by
SFR falloff from the image center. 0Ely —
Q = 73
224s) UR 0.2 o -35 -3 -25 -2 -1.5 1 -0.5 0 0.5
0.19 = 2026-02-18 13:30:52 infodr
2544 x - 02h 8160 x 6144 pixels (WxH) 50.135 Mpxls
0.18 ZE - 48-bit color max=65535 of 65535
2744+ Q_ 04t Gamma =0.407 = 1/246
0.17 £ Max = -0.0234
& = 06 Best around -0.10
3144 P g
[ o
0.15 @ 08 )
3344 2 Luminance cd/m® = 2049.9
0.14 g -1 perture (f#)=1.7; Shutter speed = 1/88 s
3544 = Wer: Latit filo: CRC_200KI_density,_reference_fixed.csv |
iy 0.13 5 4 3 2 -1 0 1 2
Logm(Exposure H Lux-seconds) for 6440 Lux max
H @
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Results: iPhone 15

Camera phone, /1.8 1.22 ym pixels,
48.8 Mp

C,A =5. 4 bits/px = 263 Mb total
High, Low DR (dB) = 53.6, 73.9 dB
D -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

min

o

Mean edge noise LR =
0.000386 0.000888

a

r

Edge noise V for Info Capacity
ey w

o

-10 -5 1] 5
Pixels (Hor)

10 15

N. Koren:

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
C,A = £C, ADensity
2 [ 5.4 bits/pixel 1.95
263 Mb total
15F
1r 53.5
051 64
7309
e " 1833
-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 March 2026

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

 valuable for measuring low light performance

* more 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

.- Edge Info Capacity C, bits/px
€, Dynamic range dB

Although It has excellent tonal detail R /.

(ADensity = 0.2 = 4 dB over a 92 dB range), B 0y 2

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
o
o
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Image Sensor Noise model and
Simatest Image System Simulator

AB000_C4DR_60mm_f8_ISO100_s1-8_0291. ARW

PHOTON TRANSFER NOISE Lo

Introduction to Simatest camera simulator 0250328 92850 0 Conm ko «

16-bit BAW max=16506 of 65535 Iy
Estm. gamma = 1
Offset (orig / optimized) = 512/ 613.6 ' 4

Finding the Image sensor noise model from ¢

A. Photon Transfer Curve (PTC),
measured from a raw (undemosaiced)
image of an InfoDR or 36-patch HDR -
test chart s/ B

FPN
& Data smoothed
* R

B. EMVA 1288 results o’ .

R : =

Running Simatest

Input RGB Level/16384 (DN normalized to 1)

Simatest results Photon transfer curve (PTC)

02 7

Noise normalized to 1

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 54 0 |mat95t :
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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, much more...

|
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 é |matest

Simatest — Camera/Image Signal Processing (ISP) simulator

N Calculate image sensor noise model and relative RGB sensitivity
Input imag es from raw grayscale image or EMVA 1288 parameters

Raw or minimally- W : Simatest
rocessed camera —> A a
P - J : Physical Simulated Image Signal
image el .
..... properties Processing (ISP)
] Tl Simulated i i
. . s Adjustments Degradations
[ Simulated image \) blur (MTF) Mosaic/Demosaic Noise
g Exposure/gain Filter (LPF)
\4 ¢ Gamma
Simulated image : RGB balance, AWB Enhancements
run through lens design — SI mu l ated Monochrome CCM (color matrix)
program (degraded sharpness, | m ag e Sensor —> Invert Tone mapping
etc.) i Cos* lens shading Sharpening
noise mOdeI Fog Bilateral filter
I

L7
[ P I 1
[ Visual assessment J Color/Tone Rescharts (MTF (SFR), Image
PTC, SNR, ... Information metrics...)
A\
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

O imatest”
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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), independent of
color.

This allows the PTC — a plot of noise as a
function of exposure (-chart 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 an image sensor noise model that can
predict camera performance under a wide variety of conditions
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Structure of the Photon Transfer Curve

A6000_60mm_f8_ISO100_s1-20_0336.ARW

The PTC — Plot of noise as a function of _ [eorovmmsreanose ™ Y
exposure V (—chart density) combines § s artscress A
three no'se sources. ﬁ Offset {orig / optimized) = 510 / 509.9 ..'
c Photon shot noise- -
* Dark noise ky4q, (fixed) 5 daminiant s
= @ 7]
» Photon shot noise kys,,VV : increases o \ ’ 'é'§
with V¥ 5 /S
= 4 Dark, shel, FPN
. i i S Dark noise ‘0' Dark, shol noise
_Photo Respgnse NonUniformity KpgyyV = it y o
increases with V. . \ m—
2 ®  Greent
9 2 2 ) ) JEAPEN o e
O'(V) = kNdark + sthotV + kPRNUV < 10° 10 10° 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, DN, if present.

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

“Raw” images often contain an offset, DN, (frequently unknown) that must
be removed to obtain a correct PTC.

For a chart where the mean (input) DN of each patch is V;,,,,,
V="V,u - DN,z should be used to calculate the PTC.

input

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

st "
If DNOﬂEtis too high, i.e., if DNﬂE >V

S offEst min

some values of V<0, and data will be lost.

P

10° ]

Maise normalized to 1

Noise

If DN, is 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 DN, : : ‘
that works well for a wide range of linear cameras. V=V

input
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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 D,4nge = Dy Dimin:

The Luminance ratio of the chart is L,,,;, = 10Pra"g9¢ = 1QPmax /1 QPmin

min max’

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

min max*

The signal V for calculating the PTCis V=1V,

input

- DNOff'

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

(Vinax — DNoff)/(Vmin - DNoff) = min(l‘ratio' 105) = LrTarget

Solving, DNoff = (Vinax — VminLrTarget)/(l - LrTarget)
This gives areliable estimate of Ky a0 Knshor @Nd Kpgay, €VEN though
the x-axis (V) may be a little off in the dark (no signal) region.
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Finding the PTC coefficients by optimization

Input data for calculating the PTC con- A A .
sists of the measured patch noise for all § PSR I L. EOR WAkt y
channels, N(V), as a function of the mean N |G e osss i
(corrected) Digital Number (DN = V), g Photon shot noise- S
shown as colored dots, e e e o). 5 sl v 3
~ L =3
The Levenberg-Marquardt optimizer finds ¢ \}- ;gs
the values of k that minimizes Y s &<
~ ] Dark, shot, FPN
Error = (N2(V) — a%(V))/N%(V s Dark noise & ok e
(N2(V) = a* (V))/N*(V) S e
where o \ i
R aasais P ten
Z il i

G(V) = \/ Ndark + sthotV + klzi'RNUV2 T S
Raw input signal ¥V (normalized)

Division by N?(V) is critical to obtaining good results. Without it, large values
of N have excessive weight, and k?),,, cannot be accurately estimated.
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PTC from the 36-patch Dynamic Range chart

A6000_60mm_f5.6_ISO100_s1-20_00219.tiff

PHOTON TRANSFER NOISE y ]
For the camera under T [ RaS s Measured PTC 4
. =] Offset (orig / optimized) = 0/ 510.3 »
-C: !
te_st (24MP APS-C; pixel J2 /
pitch = 3.9 um) 3 G Vil
. o o S
=
_ f 4 X Zoom  [ideatinput spit > sRGB
Kndari = 0.0001623 S " e —
Dark noise (total) | P y Fatend
l) | 45 Do sren e | @ Embede cs ceride ) cque fiam Devis
S = A g
sthOt 0 005499 ) ".*‘Q% PN e Ref |Last fle: 914915 o5y ~
PhOton ShOt no'se .2 .! k : Z:gm Display Input Carrection matrix
C jae V M"" Ndark | o Display
Z ®  Greenb # |11, Noise analysis (not for all charts)

k = 0 . 0 0 5 3 9 7 10% 10 10° 102 107 Settings... |moge Eiets
PRNU

Input RGB Level/16383 (DN normalized to 1) 10, Noiss vs_pixel (il caw OR)

PR N U flxed 'pattern noise DN Offset (orig / optimized) = 0/ 510.3; Satlevel = 16383; RGB balance = 0.426 1.000 0.674 [0 Display patch (nat channel) colors
Min max Patch DN = 510.4 8051.7; Pixel DN = 488 8468
SN=1 (0dB)@ x=0.000178;  S/N= 10 (20 dB) @ x = 0.00331

i Dynamic Range = 5619.= 7508 = 125 EV;  Maximum SNR (EMVA 1288) = 40.2 dB Log X scale nommiz. 1 ~
Gal n (DN/e_) & RG B b al ance [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
(0426 l 0674 )aISO Gain (DN/e-) = 0.4955; e- per normi signal = 33067;  Saturation capacity = 15221 e- @ x = 0.4603 [Save screen |
Dark noise =0.0001623 (5.368 ¢-) FIT [ =0.0001626 (5.376 e-) meas.) & MR g10bsaLeHA
important Raw noiseHep sewims | B O3imatestd

Photon Transfer Curve (PTC) & results
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PTC from new InfoDR chart (for comparison)

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

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

Kysho: = 0.005576  Photon shot

noise — Close (was 0.005499)

Kppyy = 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.
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AB000_60mm_f8_ISO100_s1-20_0336.ARW

PHOTON TRANSFER NOISE ».
T 2026-02-21 11:52:22  InfoDR,,1-82-Confirm-Auto o
16-bit B&W max=14324 of 65535 &
Estm. gamma = 0,993 &
™S | offset o/ optimized) = 510/ 509.9 ’
QL '
N
-
S 4
£ 45
- [ &
=) Q Zoom  Jigsatinput spit patches
=] 7 4 b Chart  Info Dyn Range v
&-\ * Read image file Reload
Dark, shot, FPN
..' % Dart. ot nase CE:nhcded cs override () Acquire from Davice
9 Dark oIor | Adobe RGB (1998) >
Y e spacs
& Shot
> FPN Ref Last file: CRC_200KI_dansity_reforen...
Q Data thed
v v o e Display Input Correction matrix
- ®  Greenr
=) ~ V o kNdark e Bue Display]
Z - ®  Greenb 2 |11, Noise analysis (not for all charts)
10 10% 102 102 107! Setiings... Image Stats
Input RGB Level/16383 (DN normalized to 1) 10. Noise vs. pixel (all: raw DR)  ~

DN Offset (orig / optimized) = 510 /509.9;  Sat level = 16383;
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.]

RGB balance = 0.401 1.000 0.554

Raw noise Help

(O Display patch (et channel) colors

Log X scale normiz 1

Savescreen | HelD oo aoun

Save data Exit

Photon Transfer Curve (PTC) & results

Comparison of InfoDR C, plots: Experimental and Simulated

A6000_60mm_f8_ISO100_s1-20_0336 tiff
Edge Info Capacity C, bits/px
C, Dynamic range dB
w | Exc (€, =2 244
S 4[High(c,=1) 37.7
[ Med (C, = 0.5): 45.6
2

———V-gdges
= H-edges |

C,A - the area under the

Results (C,A & 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

size is very different.

Simulated

C, curve —is aprelimi- 40.1
nary figure of merit. e (i )
5AR

o ee—— a5 O‘ _— %

4 35 3 25 2 15 g pE®caad 35 3 25 -2 45 4 05 0

o
n

=, 0720260225 16:29:50 infod = 2026-02-22 20:46:09 infgs

g 6024 x 4024 pixels (WxH) 24241 Mpds g 825 x 775 pivels (WxHIC_0.717 Mpxis)
2~ -0.5 | 48-bit color max=65535 of 553 = 48-bit color max=16767 of 5535
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
= 9 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 1 Ref; Last file: CRC_200KI_density_referencge_fixed.csv | ° 2 Ref: Default values

5 4 3 2 - 0 1 5 4 3 2 E] 0 1

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

O imatest®
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O ——
Unfinished work: modeling High Dynamic Range (HDR)

SNR Curves: PTC and SNR Curves
1010 Photon-Transfer Curve 50 SNR [dB]
2
-~ —a2_:100% 36dB
8 tzcmp 0.4% 4a0r 35d8\ H
10 0‘;""" : ;"52‘\ ] 10 dB / decade A L )l P{fé‘
— + — 2y 100% " iy 30 : \W,.r""/ Ve 1
108 | Fen: 04% #H{(/ |
o
2. o = 20 \
— ~ —a2 : 100%
(’ﬁzpl d r,r‘ /1 @ 26dB 28 dB
" o2,:04% i 2
10 4, z
/ 7]
L - 0F
107 #
B ~ « ~SNR,, :100% LED Power
-10 o SNR,,04%LED Power ||
0 LY
10 20 — + —SNR,_: 100% LED Power | |
—=—SNR, 1 0.4% LED Power
i i i i i i .30 ! L L I I
107" 10° 10’ 102 10° 104 10° 10° 107! 100 10’ 107 103 10* 105 108
Mean Signal [DN] Mean Signal [DN]

from IEEE P2020 Noise Metrics — A Review
Orit Skorka and Paul Romanczyk (2022)

HDR sensors have steps in noise and SNR.
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Key EMVA 1288/1SO 24942 measurements
The key EMVA 1288 results needed to model noise are

Temporal dark noise O4 OF Opgx  ©-
Dark Signal Nonuniformity DSNU DSNU o e-
Dark current (noise) He OF ipark e-/s

(Photon shot noise = \/K/DN 4, )
Photo Response Nonuniformity PRNU PRNUgq %
Gain (DN/e-) K DN/e-

Saturation capacity Me 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)
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EMVA 1288 measurements for the noise model
For DN = Digital Number and e- = electrons, and s = exposure time, where
V = normalized amplitude = DN/DN,,,, Where

DN,,..is the maximum DN for the system, typically 2¥1 for bit depth = N,

The key EMVA 1288 measurements for Simatest input are

Knpark = total dark noise = \/0(21 + DSNU? + (ipgri 5)* X Gain(V/e—)

k = photon shot noise =
Nshot p \/ DNmax DNmax

Gain(DN/e—) J K

kprvuy = PRNU Fixed Pattern noise = PRNU(%)/100

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

EMVA 1288 measurements are
» well-established and documented: 1SO 24942 standard.

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

* 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
* new and somewhat unfamiliar (though the PTC has been around for a while).

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

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

EITHER measurement provides input for Simatest simulations.
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I ——
Running Simatest - preparation

Characterize the image sensor noise (obtain the key parameters, Ky ,x» Knshot» Kpsnu s
etc.) with a Photon Transfer Curve or from EMVA 1288 results .

Simatest ISP/Camera Simulator

Read image file

Ideal test chart images can be
created with Imatest’s Test Charts
modaule. Blur can be simulated

Simatest Settings

* with a Simatest gaussian filter to
duplicate measured MTF50 or

* by running the image through a
lens design utility such as
Keysight’s CODE V 2D Image

Simulation (IMS) or Zemax e S
OpticStudio. T

Step & show single block

Save processed image Zoam sut Crop Save sereen

T Reas image 84 23 Reschars MIF Mo ssim o ews Mo arop, Save semngs

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

New DR test chart designed to minimize ghost images

H @
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o IIIS—S—S—_————
Running Simatest
Open Simatest.

Open the test chartimage: 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

* Simulate the PTC by converting the image into
pseudo-raw, or

* Simulate 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 @
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o —————————
Simatest settings

Simatest settings  Description 00216 45000 Image Signal Pracessing (ISP) Blacks

Settings are located in most of G RENINI .

the Settings window, except for E——T o

the upper right Image Signal Pro- =« en-msanwsoe- o o sommu Tyt
cessing (ISP) Blocks section, = — % xtmenenis

which shows the selected blocks.  zm  oweme e m S TR———
The contents of the ISP Blocks B ST e 8L o | e

box can be edited (moved, E] ommt [ oes | from s G Ta e
deleted, disabled, etc.) usingthe - . . e =N

buttons below the window. T i

The OK button near the bottom- = === ™\ e o) P
right saves and closes the Set- e B | el s
tings window. Calculations are ———

updated if Auto update is s e e
checked. y PR | EW s

Image o save sanings
Save images - 16 b1, full ampl. except raw Offset (D) 512 Saturation (ON) 16383

Halp Reset setmngs Read settngs Save setings Save semtngs i named fle Cance OK | B Auto update
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Changing Simatest settings

To Change a setting Degradations (noise, blur)

Choose a processing block, then adjust its BN | | Noise (gaussian) - sensor M
parameters. “ »| 0.5 Luma frac.

Use the Set dropdown menu to copy it to a line in p

Noise coefficients

the ISP blocks box (right, last slide). (Empty lines & Dark Shot  PRNU (Fix Pat)
comments (%) are ignored.)

For example, to enter noise coefficients, Ky .1 /
Kyno» and kpgyy, enter the values into the win-

{ 0.0001673 | | 0.005554 0.005477

; mv Filter Gaussian (imgaussfilt) ~

dows for the Dark, Shot, and PRNU Noise [ »| o085 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 right. \

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
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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 rggb
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
Imatest modules for

further analysis.

N. Koren:

Calculate
Update calculations Input
[I0isplay resutsfor 15 during update
Step through calculations

Step & show single block

Save processed image

[Jalso save settings

Help Processed > Input

Read imags fle (2)

Side by.ide view

Zoom out

Procimg > clipbd
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Simatest — Results: Side-by-side view

(1) eSFR_1600H for_Simatest png (24001600 uint6) Processol d

20

20 30 20

 — o]
Processed (R) + Gamma Targ 1 + Filter gaus 0.85 + Exposure 0.25 + RGB mult 054 10.54 +
(re)mosaic{rggb} + Noise 0.00526 1 1 0.000259 + 1/Exposure 0.25 + demosaic{rggb} + Sharpen

Std 2150 + Gamma Targ 0.5
Save screen_|

Analysis and View

Image statistics Crop.
Rescharts MTF MTFnn ssiM Dat. faces No crop Save settings
ColoriTone OCR  MTFnnP | PSNR&DIff  Det pecple Exit
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Simulated PTC using measured k-parameters

Read an ideal image 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).

Noise (gaussian) - sensor ~

4 »| 0.5 Luma frac.

Noise coefficients

Dark Shot PRNU (Fix Pat)
0.0001678 0.005559 0.005876
mv Filter Gaussian (imgaussfit) ~

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).

N. Koren:
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04-Oct-2025 10:33:46 gaus 0.55 Noise 2 0.000168 0.00556 0.00588 0.5

Dark, shot noise
Dark

Shot

FPN

Data smoothed

L'
s Wy

{ PHOTON TRANSFER NOISE '—
025-10-0410:36: 3. dr-36-Confirm-Auto e ’
16-bit BEW max=13627 of 65535 . '
F Estm. gamma = 1.06 S I t d
Offset (orig / optimized) = 512/ 511.9 I m U a e "
-
-]
3 " S
3 £ s
8 1al) ’ $
E10°F Y | *ﬁ.
2 [ ' 4
s | &
©
2
8 S
z Dark, shot, FPN | 4

' L]
= e k ®  Greenr
e Ndark ® Bl
Gusen @ V ®  Greenb
108 104 102 102 107!

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

AB000_60mm 15.6_1S0100_s1-20_ 00219.1ff 04-0ct-2025 10:33:46 gaus 0.55 Noise 20.000168 0.00556 0.00588 0.5
PHOTON TRANSFER NOISE i PHOTON NOISE
1 2026-02-22 10:23:24 SDR-36-Confirm-/ s 025-10-04 10:36:32 . scr-36-Confirm-Aut
16-bit B&W max=8468 of 65535 L] 16-bit B max=13627 of 65535 -
Eim g 2054z Measured Ean. g 105 Simulated ,*
mg | Ofettori optimizec) =04 5103 Offset (orig / optimized) = 512 / 511.9 y
g PTC PTC
N 4
o
— Pl - i
54 » £ " IS
g /oS S8
= $ ¢ LoV ¢ g
; B 0o ; &
=] Fd *,Q | 5 & ES
= .f Chart  36-patch € o 4
o & Readimagefile ‘5
= R Dot s, PN o / Dar shot PPN
—~ X Datk, shot noise || b o Dark, shot noise
(<) ’ 9 Dark olor | 6B 8 Dark
Pode Shot T= By Shot
S PPN Ref  Last fil: 914918
o £ — ’ AR —
. ®  Red npu .
S ’ k . Green- M. ." L . Green-r
i - Ndark | o e Dieplay P Kydark ®  Bue
Z ¥ i ®  Gresnb 2 11, Noise analysis (1 {ome V ®  Greenb
105 10 102 102 107 Settings... Image 10 10% 10° 102 107!
Input RGB Level/16383 (DN normalized to 1) 10, Noise 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 DD\SD'W patch (not ch: DN Offset (orig / optimized) = 512 /511.9;  Sat level = 16384; RGB balance = 0.773 1.000 0.945
Minmax Paich DN = 510.4 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, shot noise coefficients} = 0.0001611, 0.00567; err = 0.5454 Dark, shot noise coefficients] = 0.0001620, 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-) = 0.4955; - per norml signal = 33067; Saturation capacity = 15221 e- @x = 0.4603 Savescreen |y Gain (DNle) =05022; - per norm signal = 32622;  Saturation capacity = 25249 e- @ x =0.774
Dark noise = 0.0001623 (5.368 e-) FIT [ = 0.0001626 (5.376 o-) meas.] '™ Dark noise =0.0001665 (5.43 ¢-) FIT [=0.00017 (5,545 e-) meas.]
Raw noise Help Save data Ex

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

LX5_UHDR_ISO100_s1-25P1010275.RW2

Edge rise distance,

0.25 |- Edae tinear unnomi: Horiz v-edge) 15Jan-2025 10:46.07 | 0.3 |- Edge tinear unnormi: Horiz v-edge) (sagittal) 15-J8n-2025 14:52.09,
P PR o | 1010x 1600 pass ity
MTF50, I RSt A ml  [FE e
. a S 0.2 | rot: 1208180 pixels 10-90% rise = 2.29 pixels. 5 0251 rot: 116x177 pixels 24
Information capacity E 7 [2onwpsorer = 1203 por PH E | onwnorar 10.90% rise = 2.19 pixels
S| veonamne 3 Over findershoot = 2% DT £ 02 venama o) = 7294 por PH
P £ VLR meana) = 0.222 00555 0.167 0139 5 Over fimbershoot s 6.7% ) 66
are similar Zows e 60 G, 185 G = 347 i : A T e S
2 Neise image mehod (mean noise) E 0.15 Info cap C, =1.83; C__ =3.31blp;
S o1 B angle = 4.62° = Edge angle = 5.08° Noise image method (mean noise)
) )
The shapes of the MTF i o
0.05 @ Imatest 25.1.0. ALPHA Master 0.05 P Imatest 25.1.0. ALPHA Master
curves are somewhat Fra— . - P — o = - ——
different Pices Hor) Piels (Hor)
.
1 MTF50 = 0.2391 Cy/Pxl 1 MTF50 = 0.2338 Cy/Pxl

=1317LWPH NR =7483 LWPH NR

(RGB) = 0.248 0.237 0243 Cyxl
MTF50P = 0.24 CIP = 1322 LW/PH 08

(RGB) = 0.269 0.219 0273 CyPxi
MTF50P = 0.234 C/P = 748.6 LW/PH

Undersharpening 34 8% Undersharpening 22.7%

Simatest is well-suited

E 06 MTF area PkNorm = 0.259 Cy/Pxl ED 6 MTF area PkNorm = 0.243 Cy/Pxl
for designing ISP £ rmedoneia Z e
. . 0 @04 04
pipelines and evaluating
0.2 0.2

MTF: Horiz (V-edge) wiNR

their performance, R —— i e
. . . 0
including image ° B e ' ¢ e '
information metrics. Simulated image: Noise model

Acquired image (demosaiced raw from undemosaiced raw image.
with minimal processing) Mosaicing/demosaicing applied.

. . . . . Filter blur set to match MTF50.
www.imatest.com/imaging/Simatest-overview/

H @
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O ——
Simulating low light (high ISO speed) performance

Simulated image started with an
ideal edge.

Blur was to match MTF50 for
simulated and acquired images.

Noise model was calculated from
a raw acquired image at 1SO 100.

High ISO speed (low light) was
simulated by attenuating the
signal, adding the modeled noise,
then restoring the signal.

Simatest can predict
system performance for a
wide variety of conditions,
including low light and ISP
tuning.

Edge profile (linear)
2

Edge profile (linear)

02

Acquired (measured)

A6000_60mm_{5.6_ISO100_s1-10_00216.ARW

tal)

“1s0 100

1020%ise = 158 pires
i

6.8% right of ctr | Over /undershoot = 1.5% / 0.4%

Y-channel (YR 7) i VILR.mean.A)= 0.339 0.104 0235 0.221

i [iinfocapc, =3.37; = 4.8900p;
Noise image method (mean noise)

C,=3.37; Cpp =4.89bip
B!ﬂ“""'—'_—"‘",

Imatest 25.1.0. ALPHA Mas ter.

5 0 5 10
Pixels (Hor)

AG000_60mm_f6.3_1SO3200_s1-320_00212.ARW

) 01-ApI-2025 23:39:30
o e 31

ISO 3200

ROI1: 159231 pixels 10490% rise = 1.60 pixels
6.8% right of ctr = 2520 per PH
Y-channel (YR 7) Over /undershoot = 3.3% / 2.7%
VILR 0.32 00941 0226 0207

finfocapC =141 C =
£ Noise image method (mean noise)
Edge angle = 5.35°

C,=1.11; C,, =2.61b/p
B 08 e iy

o, - Imatost 25.1.0. ALPHA Mastor.

5 0 5 10
Pixels (Hor)

o
3

Edge profile (linear)
°
S

I
=

02

Edge profile (linear)

Simulated

01-Apr-2025 23:25:58 gaus 0.55 Noise 2 0.000167 0.00555 0.00548 0.5

[ gittal) 01Apr2025 232904
+1SO 100 *
% rise = i

o Takioe et 10-90% rise = 1.59 pixels

= 1007 per PH
9% lef of ctr i

| viRmeana) =028 00797 0201 018
Info cap C, =3.32 C,_ =497 blp;
Noiso image method (mean noise)

Edge angle = 5120

C,=3.32; Cpp =4.97blp

Imatest 25.1,0. ALPHA Mastor.

091

5 0 5 10

Pixels (Hor)

01-Apr-2025 23:38:23 gaus 0,55 Noise 2 0.000167 0.00555 0.00548 0.5

a) Q1-Apr2025 233580
% rise = i

o it 10-90% rise = 1.52 pixels

= 1051 per PH
% lef of ctr Over fundershoot = 30%
Y-chanriel (YL 9) i | VILRmean.a) = 0.28 0.0797 02 0.18

Info cap C, = 0.993; C,_ =267 bip;

i Noise image method (mean noise)

Edge angle = 5.18°

C,=0.99; Cpp =267 bip
e s e V,

Imatest 25.1.0. ALPHA Master

5 0 5 10
Pixels (Hor)

www.imatest.com/imaging/Simatest-overview/
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Simatest Imatest’s Camera/lISP simulator — Summary

Simatest simulates camera and ISP performance over a wide range of

conditions:

+ Apply blur from lens design programs of add gaussian blur to ideal images to

match measurements.

+ Sophisticated image sensor noise model

« A large number of ISP operations can be applied in arbitrary order.

* 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.

N. Koren:
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Short course — Summary

We have

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

+ Introduced the InfoDR test chart, for measuring Dynamic
Range and low-light performance based on Information
Capacity, T R R T

ge Info Capacity C, bits/px

o ——Vedges
—— H-edges|

+ Introduced the Photon Transfer Function-based
Image sensor noise model,

acity C, bits/px

69 bits/pixel
o |27 b total 5

+ Described Simatest, Imatest’s camera simulator, which
uses the noise model to predict camera performance
over a wide range of illumination. DT Es 2 s a4 08 o

Edge Info Cap:
8

&8
[
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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.

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 80 0 Imatest”
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Validating the information metrics 2

mtf50_0 vs Average Confidence

In both plots the image has been degraded
with

» Gaussian blur

» Poisson noise

» Reduced contrast

Upper plot: Detection confidence vs. MTF50 for  * Detection confidence vs. MTF50
large figures. No trend is visible. i :
Lower plot: Detection confidence vs. Shannon s N P

Information Capacity (SIC) for all four figure
sizes. Result is a function of SIC and figure size.  :,.

Detection confidence vs.
Shannon Information Capacity

-

More work is needed.

The results may be plotted as a single curve — a
function of SNRi for object size a fraction of the
total figure size (for heads, feet, etc.)

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 81 0 Imatest

Thank you.

Documentation is linked from

image information metrics Simatest InfoDR

www.imatest.com/solutions/image-information-metrics/

www.imatest.com/imaging/simatest-overview/

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 82 o Imatest”

41


http://www.imatest.com/solutions/image-information-metrics/
https://www.imatest.com/imaging/simatest-overview/

3/4/2026

Appendix: Calculation details
with “green for geeks” background in some

+ Converting 2D to 1D noise
* ROl size

+ Removed slides (many redundant;
would make presentation too long)
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Noise Power (Wiener) Spectrum NPS( f) 2D —» 1D
(Contents of green boxes are highly mathematical (“for geeks”). Best read offline)
To convert the 2D Fourier Transform (FFT) of the noise image into 1D.

* Shift the 2D |FFT| so that f= 0 at the center of the 2D FFT array (MATLAB fftshift).
Each point in this array is represented by a Digital Number, DN.

* Divide the 2D FFT array into n,,, annular regions (between 4 and
20), depending on the minimum size of the array.

* n,.4 IS a tradeoff between noise and frequency discrimination: a
small frequency increment (large n,,,) may result in excessive
noise. For minimum ROl size ng,,, (pixels), n,qq = 4 for ng,,,, < 16;
4+round((ng,,-16)/7) for 16 < ng,,, < 128; 20 for ng,,, > 128.

* Noting that the outer (dark red) ellipse is at the Nyquist frequency,
fyq = 0.5 C/B, the mean frequency of region i is
fi = 0.50 — 0.5)/Nyqas 5 Af = 0.5/Npqqs.
[n,,4s = 5 in the image on the right.]
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Converting NPS( f) from 2D — 1D (continued)

(Geek alert — best read offline)

* In region i, the initial (unnormalized) Noise Power Spectrum, NPS; ,.....(f}), is
the mean noise power of the n; points. [Exclude DC component: work needed.]

n;
NPS; mean(fi) = [Zk_1DN2] /n; where f; = 0.5(i — 0.5)/nyqqs

* Because this procedure does not maintain the invariance in energy

O
©

-

between the spatial and frequency domains implied by Parseval’s
theorem, NPS(f) must be normalized so that

e \

/-'\ \‘
No_te that NPS(f) { H I/,_‘Re‘gion\l;
NPS d :JN x) dx is independent Lok [ f152, 30445
J ) df (x) of the scaling of VAN

DN (and
NPSi_mean(f) f N(x) dx NPsi_mean(ﬂ'))

NPS(f) =

fNPSi_mean(f) df
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Effect of ROI size on measured noise

(Geek alert — best read offline, after the class)

* The mean noise power of the noise image N, is different from the noise power N, of
the input image because the noise power N, of the de-interleaved image is nonzero
for finite ROl size.

* For M scan lines total, each of the four interleaves is the mean of =M /4 lines.

* The noise power of each interleave, and hence the de-interleaved image is Np; =
Np/(M/4) = 4Np /M.

*  When the de-interleaved image is subtracted from the original image to obtain the
noise image, the noise powers add. Therefore the corrected noise image power is
Ny; = Np/(1+ 4/M). For large M, Ny; = Np.

* Normalizing the noise power to the mean NPS; mean(f) [ N(x) dx
edge variance N(x) or Ny, removes NPS(f) = I;IPS d
the effect of the M scan lines. J i-mean(f) df

Image information metrics are not affected by ROI size. @

H @
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Edge SNRi  (There are some questions about scaling.)

Edge SNRI, is new metric for the 0dd impulse pair N
detectability of edge location or object shape. Jlr

I(x/w)=3[8(x+%) -8

X ——
2

Similar to SNRi, with the object replaced by the edges
(the gradient of the object), which forms Line Spread
Function doublets (pairs opposite-polarity &-functions spaced by w).

Ah(x, }’) =Vp_p - Li(x/w) - II(Y/kW);

FFT(Ah(x,y)) = H(fo f) = ©2fx fy G(fer ) = 2 Vp_p sin(nwf,) sin(mkwf,)

10

wx 4w Edge-SNRi_ROI 1
c,

forCp y =4: =06

Edge SNRi? = UIH(fx,fy)IZK(f) dfy dfy

o

Edge location o (next slide), derived from Edge SNRi, is a
promising metric for evaluating system performance. 02:Nove2023 14:38:48

28842672t )
MTFS0 =057 CylPw— 8073 LWiPH

In spatial domain, Edge SNRi? is the energy of the LSF

doublets. /

Edge-SNRi dB for w x 4w rectangular impulse
o

Feature size w in pixels for w x 4w rectangular impulse —

&

10° 2 5 10' 20

Affected by filtering (ISP). Feature size w in pixels ->

e
o

N. Koren: Short course: Camera Simulation and Information Metrics March 2026 P 87 é Imatest"”

Edge location o (standard deviation)

Edge location o (standard deviation of edge or 0dd impulse pair w—>
object location) is metric for the detectability of

. . _ 1 w
edge location or object shape. I(x/w)=> [8 (x + ;) —-é (x - g)]
Edge L ti 1
e Location 0 = ———
g E d e S N R i SonyA6000_Star_SG__60mm_f8_I1SO800_s1-10_00095.tiff
g
e '8 "7 Location Slgmaw;(4w ;e:t;ngie e
. . . = 13-May-2024 11:42:47
Edge location o has units of pixels (but can be ™| m;@;;ygﬁgm
. g 12 H
converted to distance, angle, etc.). 3 O e e ot
3 e 2 004380157
A candidate for our preferred metric for 208 o
evaluating system performance. @ - T
206
AffeCted by filtering (ISP)' Can be used to E Fean.lresilze w in pixels fnlLocallion Sligmaforwlxdwrectanglea
design matched filters to optimize location 05 0 2 s o' »
(shape) detection. Feature size w in pixels -

Work is needed on its scaling and interpretation.
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To do

« Verify the correlation between image information metrics and Machine
Vision/Al performance: accuracy, speed, and power consumption.

« Determine the best practices for designing practical matched filters, which must
trade off optimization for different measurements and object sizes?

Questions to be answered

« Does information capacity, C, correlate with visual quality?

« Does Cindicate how much the image can be sharpened without excessively
boosting noise (based on perceptual estimation)?

Concerns about Edge Location o = 1/Edge SNRi (scaling and interpretation)?

+ Is there an advantage to working with YUV (or YC,C,) color space or raw images?
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