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A concise guide to camera image quality testing, primarily for machine

vision, focusing on metrics derived from information theory, which are

more predictive of camera performance than traditional metrics such as

sharpness or noise.

Shannon-Hartley equation for Information capacity, C

2
S(f) = ((Viighe — Vaar) SFR(S))" /12
is the mean signal power derived from the
edge, V(x): includes sharpness (SFR(f)).

)
NPS(f)) “

o v

Bandwidth B is always the Nyquist
frequency, 0.5 Cycles/Pixel.

Vdark

5000_CADR,

o, 3 150100_318_0291 10

it 2612 ALPHA M

NPS(f) is the Noise Power Spectrum,
from the noise image

Edge V(x]

A6000-V2_60mm_{8_ISO100_s1-25_0360.tiff
Edge Info Capacity C4 bits/px

C, Dynamic range dB V-edges

| Exc (C,=2): 224 ——— Heedges
High (C, =1): 359 :
Med (C, =0.5): 43.3
Low (C, =0.2): 47.9
Bad (C,=0.1): 529

CAA = ECAADansity
5.03 bits/pixel
122 Mb total

(o
o

Edge Info Capacity C, bits/px
N

05 433

-3.5 -3 -25 -2 -15 -1 -05

2026-03-28 16:54:16  infodr

6024 x 4024 pixels (WxH) 24.241 Mpxis

-0.5 | 48-bit color max=57459 of 65535

Gamma = 0.452 = 1/2.21
Max = -0.0697

Best around -0.10

Luminance cdim? = 2049.9
Aperture (f#) = 8.0; Shutter speed = 1/25's.
Ref: Last file: InfgDR-V2_refprence.txt

log,,(Signal (DN/DN,___ )

18 16Patch14 12 10 8 6 Patch 4 —
479
_—A/ . : : 529,

£ 5 4 -3 2 - 0
Log, (Exposure H Lux-seconds) for 6440 Lux max

1

Zoom

Whole img Crop

Chart 12. InfoDR

Read image file| Save Reload

New analysis of the current image

Setup...

Acquire from Device

More Settings...

Display

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

MTF compensation

1. Info Capacity C_4 Plot

C in bits / pixel

| Logarithmic y-axis

7. Log10(Exposure Lux-

| Save screen |

Save data

Display
Image Stats

Help 2620 aLpHA
Exit (3 imatest®

Imatest Camera image quality testing based on information metrics

Information Capacity, C, is the
basic performance metric derived
from information theory. It is cal-
culated from sharpness, noise,
and image amplitude.

C+is the information capacity
measured directly from 4:1 slan-
ted edges. Itis the maximum
information per pixel for an object
with 4:1 contrast.

This plot, made from the new
Information-based Dynamic Range
(InfoDR) test chart, shows Csfora
wide range of illumination. itis a
key result of a new approach to
measuring dynamic range and low
light performance based on
information theory.
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References are mostly links, which can be opened with control-click.
There are a few traditional IEEE/IS&T [n] references at the end of the paper.

If you are reading this from a hardcopy, most can be found by searching
www.imatest.com/docs/. A few are on Wikipedia, www.wikipedia.org/.

A concise introduction to Imatest’s approach to information metrics in on Image

Wmmr%g%;/;ggg%img;%téggmlsolutions/image-information-

tesN@3bRS Ao indicate technical material that can be skipped by
readers who don’t want to dive down deep rabbit holes.
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Introduction

Suppose you are an engineer, tasked with selecting a camera to be
embedded into a device — any device — a vehicle, a medical endo-
scope, a security camera, etc. What test charts should you acquire,
what tests should you perform, and how should you interpret the
results?

Or suppose you are a reviewer for a publication. You have similar
questions, but you might expect the answers to be somewhat
different.

This document is designed to help guide you through the process of choosing the right
measurements, which can resemble a very deep rabbit hole. It will be mostly high-level,
i.e., itwill only have a few complex equations, usually in green boxes that non-technical
readers can skip. There will be
lots of links to online documents
with greater depth. Although this
is something of a primer or crash-
course on image quality testing, it
will include some recently-deve-
loped measurements based on
information theory that are still

relatively unfamiliar, but which

“Cheshire Puss.” she began. rather timidly.

we believe are superior for evalu-

as she did not at all know whether it would

ating camera performance. like the name: however, it only grinned a little

[ wider. “Come, it’s pleased so far,” thought
Prerequisites—The reader Alice, and she went on, “Would you tell me,

. . . please. which way I ought to walk from here?”
should be familiar with the basic

“That depends a good deal on where you

want to get to.” said the Cat.

concepts of photography:

exposure time, aperture (f-StOp), “I don’t much (-.are where——" said Alice.
“Then it doesn’t matter which way you

total exposure, noise, etc. If you ok mid the k-

so long as 1 get somewhere,” Alice

are new to photography, we

added as an explanation.
“Oh, you're sure to do that.” said the Cat.

recommend Sean McHugh’s
excellent tutorials, & . | “if you only walk long enough.”
Cambridgeincolour.com Photography concepts. If you are an engineer, you should know
something about linear systems and what a Fourier transform does (converts sighals
between spatial and frequency domains).
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Note that this document has minimal instructions for running Imatest modules. More can
be found in the Imatest Documentation and in the many links.

Basic imaging concepts

Many readers can skip this section and go directly to Information theory or Camera
characterization, which is theheart of this document. We will keep this section as concise
as we can.

This section may also be viewed as a guide to the Imatest Documentation page, which
can be challenging to navigate. It is also as the outline of a hypothetical textbook that we
don’t plan to write.

Camera

A digital camera is a device that consists of

e alensthatfocuses light from a scene (sometimes called an object) on animage
sensor (an m x n array of photosensitive pixels or photosites),

® animage sensor, which converts light on the photosites into electrical signals and
also adds noise to the image. The signal is usually digitized on the sensor. The
unprocessed digital output of the image sensor is called a raw image.

® image processing (often abbreviated ISP for Image Signal Processing), which
converts the raw image into an interchangeable image format that can be used and
interpreted outside the camera. ISP also enhances the image to be more pleasing
for human vision or more useful for machine vision.

e Storage: digital memory cards (photographic film in the old days).

) 43

The m x n pixel size is sometimes referred to as the camera’s “resolution”, but it should
not be confused with resolution measurements, such as “vanishing resolution.” The
meaning is usually clear from the context.

Digital image

A digital image is an m x n x k matrix, consisting of m rows (height in pixels), n columns
(width in pixels), and k (usually 1 or 3) colors. A pixel (picture element) is a single element
of the image, typically consisting of one, two, or more bytes (8, 16, or more bits (binary
digits), where one byte is 8 bits). An 8-bit image can have 28 = 256 levels (0-255). Similarly,
a 16-bitimage can have 2'¢ = 65536 levels (0-65535), etc. High Dynamic Range (HDR)
images usually have bit depths = 16.
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Raw image, raw conversion, and demosaicing

Raw images directly out of image sensors can have bit depths RIC1 R1C2 RIC3 RICH
that are not multiples of 8 (10, 12 and 14 are common). They are
generally structured as monochrome images (k= 1). For color R2C1 R2C2 R2C3 R2C4
image sensors, where the photosites are covered by a Color
Filter Array (CFA) (shown on the right for the popular Bayer CFA),
each pixel represents one color. Converting a raw image into an

R3C1 R3C3 R3C3 R3C4

R4C1 R4C2 R4C3 R4CH

interchangeable format (which is associated with a color space)

involves several operations. Bayer CFA

e Demosaicing: For color image sensors, convert each individual pixel, which repre-
sents a single color, into three pixels representing red, green, and blue (R, G, and B)
colors (though there are other configurations). Can be quite mathematically
sophisticated.

There are other CFA configurations, for example, RGB-IR (IR

R1C1R1C2Z R1C3 R1C4

shown in dark gray), which is normally converted into separate B 2 -

RGB and IR images. R3C1 R3C3 R3C3 R3C4

e Apply agamma curve along with a tonal response to the (usually) [kl st

linear raw image. Digital Number (DN) = illmination(encoding gamma)_ RGB-IR CFA
e Sharpening, which is typically visible on edges. It boosts high
spatial frequencies.
o Noise-reduction, which can be
- uniform (also called lowpass filtering, which degrades sharpness and texture by
attenuating high spatial frequencies), or
- edge-preserving (nonuniform; also called bilateral filtering) [6], which lowpass
filters relatively smooth regions away from sharp edges, but leaves edges alone.
Almost universal in JPEG images from consumer cameras. Makes the image
more visually pleasing at the expense of fine texture.
e White-balance and color correction. Color correction is often accomplished by
applying a 3x3 Color Correction Matrix (CCM) to each 3-element RGB pixel.

Sharpening and the other image processing operations can also be applied later in the
image processing pipeline. See Sharpening and Gamma, Tonal Response, and related

concepts.

The output of raw conversion is an interchangeable image file. Imatest (MATLAB) supports
several types. The mostcommon are
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Uncompressed BMP, TIF May require large amounts of storage

Lossless compression | TIF,PNG Typically around half the size of uncom-
pressed images

Lossy compression JPG, GIF

JPEG file compression (quality) is variable, set when saving the file. High-quality JPEGs
are suitable for most Imatest analyses, but low-quality JPEGS have blocky artifacts
that make them unsuitable. Many of the issues observed with analyzing JPEG files from
consumer cameras are caused by strong image processing applied during raw conver-
sion, especially bilateral (nonuniform) filtering [6], not by JPEG compression itself.

Gamma encoding and Tonal Response Curve

Raw images are almost always linear, i.e.,

eSFR-ISO_EOS-6D.JPG
their digital numbers (DNs) are proportional ‘ '

-0.2 | Density response & patches for all channels

to the pixelillumination. 29-Mar-2026 01:23:18

04t 1695x1680 crop of 5472x3648 pxls
’ 24-bit color max=236 of 255
Horiz lines are MTF patch values.

Most interchangeable images (TIFs, JPEGs,
etc.) are encoded with a gamma of around
1/2.2,i.e.,

08|

26.2.0. ALPHA Master |

Log ( Pixel level / max )

pixel level = illumination(encoding gamma)

Estm. gamma = 0.569 = 1/1.76

There are several reasons for this. In the old L : ‘ .
days of Cathode Ray Tubes (CRTs), bright- 2 2 15 -1 05 0
ness was proportional to (grid voltage)yamma, Density (tonal response) plot

where gamma was between 2 and 2.5, so it made sense to encode the signal with the

inverse, around 1/2.2 = 0.454. Also, as explained in Gamma, Tonal Response..., gamma-
encoding increases the effective dynamic range, especially for files with bit depth = 8.

The full encoding curve, called the tonal response curve, is often a little more complex
than a straight-line gamma curve. The curve shown above has a region of reduced slope in
the highlights, called a “shoulder,” that helps to control highlight “burnout” in pictorial
images.

Images need to be linearized, i.e., gamma-encoding needs to be removed, for SFR or MTF
to be calculated. The linearization can be approximate.

For more information, see Gamma, Tonal Response Curve, and related concepts.
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Color Space

A Color space is a mapping between an image’s Digital Numbers (DNs), most often in
RGB format, and device-independent colors, generally expressed as CIELAB (L*a*b*)
Values. Color spaces also have associated display gammas, most often approximating
2.2, and color gamuts that quantify the range of colors that can be represented.

Raw images don’t have a color space, but all
interchangeable images have one, either implied or
embedded.

Common color spaces

sRGB is the standard color space for stillimages in
Windows and the internet. It is a relatively small color
gamut color space with gamma approximating 2.2
(consisting of a small linear region and a region with
gamma = 2.4).

Adobe RGB is a medium gamut color space with gamma = from Jeff Schewe via Wikipedia
2.2, often used for fine art printing, where a slightly higher color gamut is desirable.

Several other color spaces are commonly used for video and cinema.

Dynamic Range, Stray Light, and Tone Mapping

Dynamic range is the range of illumination over which a camera has good contrast and
good Signal-to-Noise Ratio (SNR). It is described in depth in the Dynamic Range page. It
can be measured from transmissive grayscale charts, including the three described in

Tonal measurements, below: the Imatest 36-patch Dynamic Range chart, the Contrast
Resolution chart, and the new and highly accurate InfoDR chart.

Itis important to distinguish between camera and image sensor dynamic range. Although
some image sensors have extremely high dynamic ranges (as much as 150 dB, measured
from flat patches at a succession of light levels), camera dynamic range is limited by stray
light, also called flare light or veiling glare, that originates with light reflected from lens
surfaces or the interior of the lens barrel. Stray light can be reduced by high-quality lens
coatings, which reduce the light reflected from a glass-to-air surface from 4% to at best
0.4%, but it can never be eliminated entirely. Read more about stray light here.

Although stray light has little effect on sharpness (SFR or MTF) or noise, it has a strong
effect on Csinformation capacity, as described below.

Imatest Camera image quality testing based on information metrics P.8


https://en.wikipedia.org/wiki/Color_space
https://en.wikipedia.org/wiki/CIELAB_color_space
https://en.wikipedia.org/wiki/List_of_color_spaces_and_their_uses
https://en.wikipedia.org/wiki/SRGB
https://en.wikipedia.org/wiki/Adobe_RGB_color_space
https://en.wikipedia.org/wiki/List_of_color_spaces_and_their_uses
https://www.imatest.com/imaging/dynamic-range/
https://www.imatest.com/imaging/dynamic-range/#sensordr
https://www.imatest.com/imaging/dynamic-range/#sensordr
https://www.imatest.com/imaging/dynamic-range/#moreflare

Because High Dynamic Range (HDR) images cannot be displayed well on standard
displays (monitors or prints), they are often locally tone-mapped — a highly nonuniform

process that maintains local contrast, but lightens dark areas enough to be visible. This
can make tonal response and dynamic range measurements from standard grayscale
charts quite unreliable. Local tone mapping can often be recognized by very low measured
values of gamma (< 0.25; well below the nominal value of 0.45 for most common color
spaces). Imatest designed the Contrast Resolution chart, to produce useful results with

locally tone mapped images, but for accurate dynamic range measurements, images with
nonlinear or nonuniform processing should be avoided where possible.

Spatial and frequency domains and sharpness: MTF & SFR

Sharpness, illustrated on the right, is
a familiar concept. The upperimage
is sharp; the lower one is blurred.

Sharpness is most visible on
features like edges. It can be
measured by the edge (step)
response. The rise distance (a good
summary metric) is shown.

Sharpness can be characterized by a

step response. A camera system
consists of a number of cascaded
components, each of which has its

Blurred

own step response. The total system
response can be calculated by a
process called convolution, which is

 — Step response

Sharpness and step response
complex, slow, and hard to visualize.

The overall response of a linear system is much easier to calculate in /\

frequency domain, where frequency f=1/(Period d). Spatial-domain \/
(real-world) signals are converted to frequency domain for MTF analysis
Period d

by the Fast Fourier transform.

The sharpness of a component or a system can be characterized by its Spatial Frequency
Response (SFR(f)) or Modulation Transfer Function (MTF(f)). SFR and MTF are used inter-
changeably. The SFR of an individual component, such as a lens, is the Michelson Con-

trast of a sine wave of frequency fat its output, (Viignt- Vdark) / (Viight + Vdark), normalized to
1 atf= 0. The total system response can be calculated by multiplying the frequency
response of each component.

Frequency response can be visualized with the sinusoidal pattern below, where the upper
half represents the input and the lower half represents the output, whose amplitude
decreases as spatial frequency increases.
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Sine p
Sine p nly

For the widely-used slanted-edge test pattern [5], SFR is the absolute value of the Fourier
transform of the derivative of the step response.

SFR(f) and MTF(f) have native frequency units of cycles per pixel, but can be expressed as

- cycles (line widths) per picture height,
- cycles per distance (mm or inches), on the image sensor or scene (object)
- cycles per angle.

MTF and SFR are functions of frequency, f, normalized . __ Pixels (Hor)
. 1 MTF50 = 0.2606 Cy/Px 4
to 1 at f=0. They are plotted along with several sum- \ v Lovgngzggﬂ'g;fgyr/rprR

S
=3

Undersharpenmg 27.9%
MTF30P = 0.379 Cy/Px

MTF area PkNorm = 0.274 Cy/Px ]
MTF at Nyquist = 0.167

mary metrics in the Edge & MTF plot (right). Some com-
monly used summary metrics are

S
=)

S
~

Nyquist f

SFR (MTF) NO NU Corr.

— MTFnn (often MTF50) — The spatial frequency
where MTF drops to nn% (50%) of its value at f=0. o LMTE: Horlz (Vedge) wiik

S
o

0 0.2 0.4 OIG 0.8
Strongly affected by software sharpening. < oo Freauency. Celes/Pixel

— MTF50P —The spatial frequency where MTF drops to 50% of its peak value. Slightly
less affected by sharpening than MTF50.

— MTF area (peak normalized) — The area under the MTF curve below the Nyquist
frequency, fnyg = 0.5 cycles/pixel (the highest frequency where digital information is
correctly conveyed). Relatively insensitive to sharpening.

Although more extended MTF (higher MTF50) implies better sharpness, there is a limit for
sampled systems. If there is significant energy above the maximum frequency where the
input signal can be reconstructed — the Nyquist frequency, fnyq = 0.5 cycles/pixel, an
effect called aliasing causes low frequency artifacts such as Moiré fringing, which can be
disturbing for repetitive patterns.

This large subject is covered in Sharpness — What is it and how is it measured?

Slanted edge charts

Slanted edge test charts are Imatest’s most popular charts for calculating
MTEF(f) and related metrics, but before we list the reasons, we must answer
two questions.

Why are the edges slanted? They are slanted because if they were perfectly Slanted
vertical or horizontal, i.e., if they were aligned exactly with the image sensor edge
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pixel boundaries, MTF(f) would be highly sensitive to the sampling phase (the position of
the edge with respect to the pixel boundaries), resulting in inconsistent measurements.
Slanting the edges ensures that there will be multiple sampling phases, resulting in much
more stable measurements. The angle is not critical. The standard calls fora5or 5.7
degree (arctan(0.1)) tilt, but any tilt between 2 and 8 degrees will work.

Why 4:1 contrast? The original ISO 12233:2000 release called for a contrast ratio between
40:1 (about the maximum matte media can attain) and 80:1. The trouble with these values
is that

(1) itwas very easy to saturate the image, even with very little exposure error, and
saturation severely distorts the MTF(f), making it look better than reality,

(2) the value of gamma used to linearize the image had to be estimated accurately,

(3) the high contrast tends to maximize sharpening, especially for bilateral-filtered
images [6], which are common in consumer cameras, and

(4) the contrastis much higher than most of the real-world objects that need to be
detected.

ISO 12233:2014 (and succeeding versions) corrected this by specifying a 4:1 contrast ratio,
which is essentially a very good compromise.

(1) itis difficult to saturate, even with moderate exposure error (though we once saw
some images that were intentionally overexposed to boost MTF).

(2) The estimate of gamma doesn’t have to be very accurate. You can make an excellent
estimate from the measured edge contrast if the chart contrast is known.

(3) Signal-to-Noise Ratio, SNR, is decent down to relatively dim light.

Other advantages of slanted edges:

e Compact: small size enables MTF to be mapped over the image surface with good
detail. Summary metrics like MTF50 or MTF50P are typical displays.

e Fastcalculations ‘

e Relatively (though not perfectly) insensitive to noise

Additional charts for measuring MTF, texture, and vanishing

resolutions are described here.

Siemens star
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Noise

Noise consists of random perturbations of the image. It is traditionally measured from flat
patches, and can be characterized by an amplitude, which is equal to the standard devi-
ation of the signal when illumination is uniform, and a frequency spectrum, also called the
Noise Power Spectrum (NPS).

e
Imatest has developed a sophisticated image sen- oNar 2028 134700 3036 Conm-Auo Al
16-bit BAW max=16212 of 65535 » 4
sor noise model, based on the Photon Transfer Ot (o opimizedy 1075110 ',"
. . . v
Curve (PTC) [14], which displays noise as a func- P
. »
tion of exposure, measured from totally raw (unde- 7
P

mosaiced) images, for use in the Simatest camera

Noise normalized to 1

simulator, which predicts camera performance
based on traditional and information metrics. See .
Image Sensor Noise — Measurement and modeling. v
As of April 2026, the model does not yet include
High Dynamic Range (HDR) sensors.

Photon Transfer Curve (PTC), illustrating
. image sensor noise as a function of
Two broad types of noise are signal, obtained from a raw image.
e temporal noise, which is random and different for each exposure. Itis gaussian or
Poisson-distributed (for photon shot noise with small numbers of photons).
e Fixed pattern noise, which is always the same and often has a fabric-like repetitive
pattern (not at all gaussian). There are two types, described in the EMVA 1288 stan-
dard: Dark Signal Nonuniformity (DSNU) and Photo Response Nonuniformity (PRNU).

Charts and lighting

Although inkjet chart files can be generated with the Imatest Test Charts module (this
page for SVG charts), for the best results we recommend the charts in the Imatest store),
which has a huge selection, including many charts that must be printed on media other
than inkjet, such as film charts for Dynamic Range measurements.

Once you are clear about what tests need to be performed, choosing the right test charts
might seem relatively straightforward, but we strongly recommend contacting our sales
engineers for assistance. Ordering the wrong chart can result in costly delays. (Our sales
engineers frequently contact customers to confirm that they are ordering the charts they
really need.)

The two broad categories of test chart are reflective and transmissive. The choice of chart
depends on
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the measurements needed,
- the camera resolution (m x n pixel size),

the field of view (i.e., the physical size of the chart),

the lighting requirements, and

whether the chart needs to be used for Infrared (IR)).

The operating limits of several test chart media is contained in Test chart suitability for MTF

measurements.

e Reflective charts — Inkjet charts can be printed very large, but are too coarse for
small sizes, though some specialized small charts (non-inkjet) are available. Maxi-
mum optical density, Dmax, is around 1.6 (40:1 contrast ratio) for matte charts, which
don’t have specular reflections, and 2.2 for semigloss charts, which can have serious
specular reflections, especially for wide angle lenses. (Sometimes lighting can be
arranged so specular reflections don’t fall on measurement areas.) Finer photographic
charts are available.

Lighting: Several reflective lighting systems are available from the Imatest Store,
most notably the excellent Kino Flo lights.

e Transmissive charts — can be finer than the finest reflective charts. They include

inkjet (coarsest; translucent),

— photographic film (B&W or color; transparent; much higher Dmax, (3.0 or larger) than
reflective charts; for IR, color is transparent but B&W is OK). Often called “LVT”
charts because they are made with the “Light Valve Technology” (laser-drum)
process,

- photomask (halftoned Black & White; very fine, visible and IR), or

— chrome-on-glass (the finest; suitable for microscopic applications; only available in

two-tone 10:1 contrast).

Because film and photomask charts cannot be manufactured with the precise tones
or colors, they are supplied with CSV reference files that contain patch densities
(logio(transmittance 1) for monochrome (B&W) charts of CIELAB (L*a*b*) values for
color charts. The reference files must be entered into Imatest for reliable results.

Lighting: we recommend Lightboxes or Light Panels from the Imatest Store.
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Information theory and metrics

Claude Shannon’s ground-breaking work on information theory [1,2]
is the basis for calculating information capacity and related metrics
from the widely-used slanted-edge test pattern, described in several
recent papers from Imatest[3,4] and summarized in the introduc-
tory web page, Image Information Metrics.

In electronic communications systems, channel (information)
capacity, C, is the maximum rate in bits per second that information
can be transmitted through a channel without error. For additive
white gaussian noise, it is given by the deceptively simple Shannon-Hartley equation.

Shannon-Hartley equation for Information capacity, C

2
S(F) = ((Vigne — Vaarr) SFR())" /12
is the mean signal power derived from the
edge, V(x): includes sharpness (SFR(f)).

AB00O_CADR_60mm_f8_IS0100_s1-8_0291.1ifF

unnamalized)

0 s¢) Vo -
67[0 log, (1 + W(f)) df

Bandwidth B is always the Nyquist NPS(f) is the Noise Power Spectrum,
frequency, 0.5 Cycles/Pixel. from the noise image

Imaging systems are communication channels where

e |[nformation capacity, C, has native units of information bits/pixel (though
bits/image, bits/distance, bits/angle, etc., can also be calculated). Information bits
should be not be confused with bits as units of storage (as in image size).

e Because Cdepends on test chart contrast, we define Cr as the information capacity
measured directly from edges with n:1 contrast. C4, which is measured directly from
the ISO 12233-standard 4:1 contrast edges [5] used in most Imatest slanted-edge
test charts, is the amount of information that can be contained in an object with a
4:1 contrast ratio.

o S(f)= ((V“-ght — Vaar) SFR(f))2/12 is the mean signal power, where
— Viignt - Vaark is the signal amplitude, i.e., the difference between the mean Digital
Numbers (DNs) of the two sides of the slanted edge. It is affected by stray light.
- SFR(f) or MTF(f) is the spatial frequency response derived from the edge.
- The denominator 12 scales S(f) to be the mean value of signal power for
uniformly distributed amplitudes between Viign: and Vaark, which maximizes C.
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Calculating Spatial Frequency Response, SFR(f), from slanted edges has always been
straightforward (using the ISO 12233 standard), but combining it with NPS(f), which was
traditionally calculated separately in flat regions, was cumbersome and error-prone. The
breakthrough that enabled the convenient calculation of C came when we discovered how
to measure signal and noise at the same location (which was anything but obvious). Refe-
rences [3] and [4] describe the algorithm in detail.

S(f) is a function of image contrast (Viign: - Vaark) that has been generally ignored in image
quality calculations. This is a significant omission because (Viight — Vaark) is degraded by
stray light from dust or dirt inside the camera or on the lens. (A good example is dried salt
spray, which is common in climates where roads are salted to melt snow.) Information
metrics, especially Cq, rectify this omission.

We are particularly interested in C, which is the maximum information capacity that can
be conveyed by an object with a 4:1 contrast ratio, which is typical of objects (e.g., neutral-
colored cars or clothes on neutral backgrounds, such as concrete) that need to be detec-
ted in important applications, such as automotive imaging. Cs is also the key metric for
performance as a function of illumination, measured with the InfoDR chart.

Because (¢ is a strong function of signal level, a standard signal level should be used when
reporting it. A good choice is to set the exposure so the normalized edge level, Leggenorm =
DNeagemean/DNmax = 0.18, where DNedgemean is the mean linearized Digital Number of both
sides of the edge and DN..« is the maximum Digital Number, typically 2tdert_1_0.18 (18%)
is sometimes considered “neutral gray.” C+ measured at this level can be labeled C4(0.18).
[We considered 50%, but it was too close to the maximum level, (100%+25%)/2 = 62.5%,
for an image where the bright patch is saturated.]

The key point is that information capacity Cis a function of three factors:

(1) image contrast, Viignt - Vaark (Or Michelson contrast, (Viigne - Vaark) / (Viight + Vdark)),
(2) sharpness, SFR(f), and
(3) Noise Power Spectrum, NPS(f),

making it a complete image quality metric with units of information bits per pixel, in
distinction to the three individual factors, which are partial metrics. For comparing
cameras, C should be measured at a standard normalized digital level.

[Note that this statement omits other important metrics, such as color and optical distortion, that don’t

References [3-4] describe techniques for calculating NPS(f) and S(f) from the same slan-
ted-edge location, making the calculations fast and robust. They also define additional
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metrics such as SNRi (Ideal observer SNR) [4,8-10], which quantifies how well an object of
a given size can be detected.

These calculations work best with minimally or uniformly processed images. They are less
accurate, though still of interest, for JPEG images from consumer cameras, most of which
have been bilateral (nonuniformly) filtered [6].

The real advantage of information capacity and related metrics is that they directly
answer the question, “How good is this image?” Sharpness, which is typically measured
as MTF50 (in units of cycles/pixel, cycles/image

height, or cycles/distance) doesn’t fully answer
the question.

“Well! I've often seen a cat without a grin,”
thought Alice; “but a grin without a cat!
It's the most curious thing I ever saw in all

my life!”

Significant interpretation is required for MTF

measurements, especially since MTF50 and related measurements are affected by soft-
ware sharpening, which adds no information to the image. The same holds for Signal-to-
Noise Ratio, SNR. For a flat patch, SNR =20 dB (10:1) looks pretty good, but 0 dB (1:1),
which is commonly used to define Dynamic Range, looks terrible. Visual appearance offers
limited clues about how traditional metrics relate to object detection.

Imatest users will need to determine the values of information metrics, usually Czand a
related metric such as SNRiJ, that need to be specified to meet the performance require-
ments of their system. Once specified, these values should be more stable and robust
than MTF or SNR, which is why we are confident that information capacity, even though it’s
unfamiliar and difficult to visualize, will become a key image quality metric.

A paper by Dairmaid Geever et. al. of the University of Limerick, “Information Capacity as a

Predictor of Perception Performance” [13] contains the first results that correlate machine

vision performance with information capacity.

Imatest is actively working on ISO 23654, “Digital imaging — Image information metrics,”
which will describe how information capacity and related metrics, including Cs, are calcu-
lated and interpreted. Expected publication date is November 2028. New committee
members are welcome.
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Ideal Observer SNR, SNRi

Of the metrics derived from information theory, Ideal Observer SNR, SNRi, which
quantifies how well an object of a given size can be detected based on Bayesian statistics
[4,8-10], is one of the most useful. Unlike C, SNRi is affected by image signal processing
(sharpening, etc.).

SNRi is derived from an integral that includes the Fourier transform of the object,
G(v. V), for spatial frequency, v = |/vZ + v3.

16y * SFR2 (v, v

SNRISIV:Réquﬁ itdgratad) noise-whitehed Signal/Noise energy of the

object in the spatial domain.

SNRiis typically calculated from rectangles of size w x kw pixels, where k=1 for a square
or 4 for a 1:4 aspect ratio rectangle, as illustrated by the plot on the right.

It’s important to note that SNRi for w x kw
pixels only indicates the presence of an
object. To identify it, i.e., to distinguish a car
from a boat from a person, much smaller
sizes should be used: roughly 1/10 the total
object size. (This subject needs more
research.) SNRi can be plotted for several
valuesofw (1, 2, 3, 5, 10, and 20 pixels) for a
wide range of exposures using the InfoDR

SNRiw x 4w rectangle ROI1

| C,8&C ., forY-channel

Edge var. 1.67 341
Noise img: 1.33 3.08 <
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o
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SNRi for w x 4w rectangles with w = 0.5
to 20 pixels for the compact camera
used in this document.

chart, as shown here.

Performance specifications — more questions than answers

Imatest was founded to enable customers to make fast, accurate, and cost-effective
image quality measurements, primarily sharpness, with noise, color, and tonal response
close behind. We have consistently encouraged customers to move away from obsolete
measurements like vanishing resolution (still available with wedges) to more up-to-date
and accurate measurements like MTF.

The introduction of image information capacity and related metrics is a real paradigm shift
that offers strong potential benefits and comes with equally strong challenges. A major
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potential benefit is improved test results, with fewer false positives and false negatives,
saving time and money. But this will require determining suitable pass/fail thresholds,
based on SNRi or C4, which will take effort and understanding, and the knowledge gained
will need to be communicated to customers.

Determining pass/fail thresholds for traditional metrics, such as a combination of sharp-
ness and noise (or SNR) may well be more complex than for a single information metric
such as SNRi — the key information-based metric for object detectability. The object size

for measuring SNRi is normally consi- . i cati . p Jtail

etter specifications, i.e., improved pass/fai
derably smaller than the total object L e . . 5 . i
. criteria based on information metrics such as
size because small features (a per- ) . .
, SNRi, produce more reliable test results with
son’s hand, face, shoe, etc.) enable . ) .
fewer false positives or false negatives, leading

the type of object to be identified. L . o
to significant savings in time and money.

To strengthen the case for the new
metrics, we need to remind the reader that older sharpness summary metrics, such as
MTF50, may be familiar, but can be highly misleading because they are strongly affected by
sharpening and bilateral filtering, which can make sharpness numbers arbitrarily high
without improving object detectability. They can even degrade performance by boosting
artifacts like noise. We even wrote a paper about it, Correcting Misleading Image Quality
Measurements [15]. (The paper helped motivate us to develop the information metrics.)

We encourage customers to step back and ask questions like “Will this test (or set of tests)
help improve camera quality?” and “How well does this test correlate the camera’s suc-
cess at performing its intended task?” There are plenty of questions to be answered,
related to using the new metrics. We encourage you to contact us to discuss any of the
topics in this document.

Camera characterization

To fully characterize camera performance, the “Three Pillars of image quality measure-
ment” are recommended.

I. Spatial measurements over the image field, consisting of sharpness, information
capacity, and often lateral chromatic aberration, each measured at multiple loca-
tions in the image, usually at a single illumination level. Spatial measurements may
include optical distortion, uniformity, and texture (which is only an issue for nonuni-
formly processed, i.e., bilateral-filtered images). A spatial measurement at a single
location is never sufficient to characterize a camera’s performance.
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II.  Tonal measurements, usually made near the center of the image. These require a
grayscale test chart — typically a transmissive chart with a large density range.
Measurements include tonal response and noise, Signal-to-Noise Ratio (SNR), and
Information capacity, C4+ (measured from the newly designed InfoDR chart), as a
function of illumination. Dynamic Range is derived from these measurements.

I1l.  Other measurements. These include color response, (flat field) uniformity, and
defect analysis (also from a flat field image), none of which are directly related to
information metrics.

Believe it or not, that pretty much covers the key image quality measurements. Each
measurement can, of course, be made in a number of different ways, depending on the
application, field of view, lighting requirements,and camera resolution. Many test charts
enable multiple measurements from a single image.

Spatial measurements over the image field

These involve measuring sharpness, information capacity, and often lateral chromatic
aberration, measured over the image field, usually at a single illumination level. This is
typically done with a test chart that contains multiple slanted edges, which make efficient
use of space for measuring MTF. Although Distortion and Uniformity (light falloff) can also
be considered spatial measurements, we will limit our discussion of them because they
don’t directly contribute to information capacity.

We recommend one of the four multi-ROI charts supported by Imatest Rescharts. These
charts are summarized by a table in the Imatest Documentation. All can measure sharp-
ness for all edges and Lateral Chromatic Aberration (LCA) in the outer edges. They are
designed to fill the frame, individually (SFRplus, eSFR ISO, or Checkerboard) or as a group
(SFRreg).

Table of spatial resolution charts

SFRplus — Excellent spatial resolution: many slanted —._.-._._“-
edges), Color and grayscale patches are present, buttoo [l K B E BEER
small for good noise statistics. Good optical distortion

measurements (though less detailed than Checker- . . . . . . .
board). Must be framed with white space above and - - - . . .
below the top and bottom bars. _-_-_-_._._._._
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eSFR ISO — An enhanced version of the edge SFR chart
illustrated in the ISO 12233 standard [5], with additional
slanted edges, wedges, and colors. Good spatial reso-
lution (though not as good as SFRplus or Checkerboard).
Very limited optical distortion measurements.

Checkerboard — High spatial resolution. Most detailed
optical distortion measurements. No grayscale or colors.
Works over a wide range of magnifications, limited only
by chart quality and ROl size.

SFRreg — Several charts are needed to cover the field of
view. Not recommended for applications where any of
the above three charts do the job. Useful for long dis-
tances or extreme wide-angle lenses. No distortion,
color, or grayscale measurements, though color and/or
grayscale charts can be added between the SFRreg
charts.

These charts come in a great many sizes and media, allowing you to choose the one that
best suits your needs.

The test chart must be large and fine enough to produce reliable sharpness results, i.e., if
the chart is magnified (shrunk) to the same size it would occupy on the image sensor, it
should be significantly sharper than the lens. Test chart suitability is discussed in two Ima-

test web pages, Test chart suitability for MTF measurements, and (for charts operating
close to their limits), Compensating camera MTF measurements for chart and sensor MTF.

Spatial (slanted-edge) results

The results shown below are from eSFR ISO, but can be generated by any of the slanted-
edge charts listed above.

Edge & MTF plot

The Edge & MTF plot is one of the original plots included in Imatest. The most recent
enhancement is the addition of Information capacities (C+ and Cmax). We show three plots.

Imatest Camera image quality testing based on information metrics P. 20


https://www.imatest.com/docs/esfriso_instructions
https://www.iso.org/standard/88626.html
https://www.imatest.com/docs/checkerboard_instructions
https://www.imatest.com/docs/sfrreg_instructions
https://www.imatest.com/docs/test-chart-mtf-suitability/
https://www.imatest.com/docs/mtf-compensation/
https://www.imatest.com/docs/esfriso_instructions

or noise reduction). The complete Rescharts window is shown.

2.
3.

Note that the shapes of the edge
and MTF in the raw-converted
image (1 & 2) are characteristic
of unsharpened images. The
peaks in the JPEG results (3) are
characteristic of strongly shar-
pened images. They can be
thought of as a “signature” of
sharpening.

MTF50 and MTF50P are greatly
boosted for the JPEG, which is
strongly sharpened, but Cs
information capacity is nearly
unchanged.
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Edge & Spatial noise plot

The spatial noise plot was added to Imatest at the same time as the information capacity
calculations. The plots below are for (1) a raw-converted (unsharpened) image and (2) a
JPEG (bilateral filtered and strongly sharpened) image.

The large spatial noise peak for the JPEG (lower plot, below-right) is striking and important.
As we’ve indicated in earlier documents introducing the information metrics, it indicates
the presence of bilateral filtering [6], which can cause texture loss, butit’s not 100%
reliable. Sometimes peaks appear in uniformly processed images, but they are generally
small, like the peak on the left, below. A peak may be absent If the bilateral-filtered image
is out of focus or the lens is defective. On one occasion we found an unexpected strong
peakin a “raw” image from a premium camera phone that didn’t seem to affect the

performance.
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image with minimal processing

If a strong peak indicating bilateral filtering is present, it may be worthwhile to analyze the
camera with a Dead Leaves (Spilled Coins) or Log Frequency-Contrast chart to determine

the amount of the texture loss.

3D plot (summary results plotted over the image surface)

3D plots, which include weighted summaries of results, are available for a large number of
summary metrics (MTF50, MTF50P, MTF Area, Information capacities Cz and Cmax, €tc.) We
show results for MTF50P — the spatial frequency where MTF falls to half its peak value —
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which is relatively insensitive to exposure. MTF50P is identical to MTF50 and very close to
MTF area (Peak normalized) for images that are unsharpened or have low sharpening (no
response peaks).
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3D plot of MtF50P over the image surface.
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Csinformation capacity closely tracks MTF50P, but it is
highly sensitive to exposure, hence it is useful primarily
for its relative values, unless exposure is carefully con-
trolled. If you plan to use C,, we recommend aiming for
an average edge reflectance (the mean of the light and
dark portions of the linearized ROI) of 0.18, which is
close to “neutral gray.” Measurements of Czas a
function of exposure are described in the section on the
InfoDR chart below.

3D plot of C,information capacity

Additional spatial resolution charts

Several additional charts, shown below, are available in Imatest for SFR (MTF) measure-
ments. They are all less efficient in their use of space than the slanted edge, hence less

Edge Info Capacity C_n V-edges

appropriate for mapping sharpness over the image field, but they have several sepcialized

uses, such as measuring texture.
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Sharp, contrasty features: Low contrast:
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MTF test patterns, ordered by contrast ranges: high on left; low on right
Several additional charts, shown above, are available in Imatest for SFR (MTF) measure-
ments. They are less efficient in their use of space than the slanted edge, hence less
appropriate for mapping sharpness over the image field, but they have their uses, such as
measuring texture. They are included here primarily for reference.

Wedge — Imatest’s logarithmic wedges have a much better frequency distribution than

traditional hyperbolic wedges, resembling p————— -
Bode or frequency response plots. Primarily %w_
designed for visual analysis, but Imatest can s . § s hsdeedeal L4 s b1

e 5 7 10 12 15 20 30 40
analyze them for the onset of aliasing (closely

related to vanishing resolution). There is significant demand from industry, but we don’t
consider wedge measurements to be vital for assessing camera performance.

Siemens star — widely-used, but less space-efficient than the
slanted edge. Slightly less sensitive to bilateral (nonuniform)
filtering. Low-contrast versions may be useful for measuring
texture. It can be used to measure information capacity, where

its continuous-tone design makes it valuable for measuring the
effects of data compression.
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Dead Leaves or Spilled coins (Imatest’s implementation of

Dead Leaves) — Widely used for measuring texture, but
results can be confusing because the threshold for sharpe-
ning/noise reduction can be lower than the maximum contrast
(3:1) of the chart. This causes some edges to be sharpened
and others to be blurred, muddling the results. Its random

design makes it relatively immune to Al “cheating” (recogni-
zing the chart design, then creating a perfect replica to pass
tests flawlessly).

Log-F Contrast — a sinusoidal chart whose spatial frequency
increases along the x-axis and contrast? (i.e., modulation?)
increases along the y-axis. Useful for displaying the effects of
bilateral filtering [6] on texture when a noise peakin the Edge &

e | T

Spatial noise plot indicates its presence.
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Log F-Contrast results
Tonal measurements

Tonal measurements are complimentary to the spatial measurements described in the
previous section. They are made from transmissive grayscale charts, which can have a
larger tonal range (maximum density, Dmax) than reflective charts. For medium to high reso-
lution cameras (> 2 megapixels) the test chart images should occupy the central portion of
the image, i.e., the chartimage is not designed to fill the frame.

Although we describe three charts for tonal measurements, we will emphasize the InfoDR
(Information-based Dynamic Range) chart, which conveniently measures Cs information
capacity over a wide range of illumination from a single exposure. Strongly recommended
for new work.
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Photographing and analyzing tonal charts — Charts should be backlit with a lightbox or
light panel and photographed in a dark environment, with care taken to minimize reflec-
tions back to the chart. They normally occupy the central portion of the image. If you can
control the exposure,

— For standard Dynamic Range (DR) measurements from flat patches (DR36 charts,
etc.), expose so a maximum of one patch is saturated.

- ForInfoDR DR measurements, which are derived from slanted edges, i.e., pairs of pat-
ches, expose so the maximum mean density is a little under saturation. This reduces a
calculation inconsistency when the lighter patch nears saturation.

The use of transmissive charts for measuring dynamic range is described in Dynamic
Range. There are several flavors in two broad categories: camera [c] and sensor [s].

Name Chart Description

DRsng-36 DR36[c] The widely-used traditional DR measurements, from the scene-refe-

DRsnr.info InfoDR [c] renced SNR of flat patches. A minimum slope is required. Quality levels
from “high” (20 dB) to “low” (0 dB).

DRcr Contrast Based on SNRcr = (light signal-dark signal)/(mid noise), where “mid”

Resolution [c] refers to the large surrounding patch (middle density).

DRec4 InfoDR [c] Measured from C, information capacity. Quality levels from “Excellent”
(C4=2)to “Bad” (C,=0.1) are not exactly the same as the SNR-based
measurements. Best performance predictor.

DRsensor Flat field Image sensor DR, from a succession of differently-exposed flat images.
image [s] From EMVA 1288. Generally larger than camera DR because there is no
stray light.

36-patch Dynamic Range (DR36) charts

36-patch Dynamic Range charts are widely used for mea-
suring tonal response and dynamic range, DRsnr-s6. They
come in one-, two-, and three-layer versions with maximum
(patch — base) densities, (Dmax— Dbase), of 2.5, 5, or 7.5,
equivalent to 50, 100, and 150 dB. The added layers cover
the bottom three rows of the active chart pattern.

Dynamic range DRsnr-36 is measured from scene-referenced
SNR, which can be simplistically defined as the noise in -", ;
each patch divided by the derivative of the patch’s digital number DR36 chart
with respect to illumination.
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The figure below shows the primary output of a DR36 run for a 10-megapixel compact
camera: the Noise analysis, displaying scene-referenced SNR and Dynamic Range for
several quality levels.

The upper plotis the tonal response (also called OECF). Measured gamma = 0.440 is
almost exactly the ideal value of 0.454 = 1/2.2 for standard color spaces. The “plateaus” in
the dark region (Exposure < -90 dB) are caused by stray light (“ghost images”) reflected
from the lighter upper rows of patches to the darker lower rows. This has been slightly
improved in the new V2 version, where the lighter patches are in the central rows. The
dynamic range is shown in the colored horizontal bars in the lower plot: 31.7 dB for “High”
(SNR=20dB =10); 59.8 dB for “Low” (SNR = 0dB = 1), where the quality is so poor that it
would be difficult to distinguish any detail in moderate-contrast objects. There is no simple
way to relate SNR-based Dynamic Range, DRsnr-3s, t0 C4 information capacity.
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Contrast Resolution chart

The Contrast Resolution chart was designed to measu

the visibility of low contrast objects over a wide range of

tones.

It consists of twenty large patches that cover a 95 dB tonal
range, each of which contains four smaller patches. The

small light and dark gray patches have a 2:1 (6 dB) con

ratio (Michelson contrast = (T, — T.7)/( To + Tn-1) = 1/3) with the

same mean density as the surrounding large patch.

re

trast

Contrast Resolution chart

The difference between them defines the signal
for the Contrast Resolution Signal-to-Noise
Ratio (SNRcr) measurement, where noise is
measured in the larger gray patch, which has
better noise statistics. The difference signal
responds correctly to flare light or uncorrected
black level offset, and should be relatively

SNR (dB)

A0F

| 3670x5496 Pixels  48-bit color

Pixel offset =0 {min = 0)

02-Apr-2018 08:56:15

Gamma = 0.422 = 1/2.37

dB Contrast Res DR

—8— Slandard ¥ (luminance!
===H== Contrast Resolution SNR

Gray indicat#® poor SNR

-20
100

unaffected by tone mapping. The red and blue
patches are for visual analysis-only.

80 70 60 50 40 30 20 10
Exposure in dB (-20*target density) Nominal values

90

Contrast Resolution Dynamic Range, DRcr

Information-based Dynamic Range (InfoDR) chart

The Information-based (InfoDR) Dynamic Range chart, introduced in early 2026, is a major

addition to Imatest’s menagerie of measurements. B

ecause its approach to measuring Cs

information capacity over a wide range of illumination is a major improvement over previ-

ous Dynamic Range and low-light measurements, we
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The transmissive InfoDR chart consists of 6
groups of patches: 3 lighter on top and 3
darker on the bottom. Within each group,
all boundaries between all adjacent pat-
ches consist of slanted edges with a 4:1
contrast ratio (AD = 0.6). The groups are
offset from their neighbors by AD = 0.2.

The overall chart has 27 distinct values of D
with AD = 0.2, for a patch tonal range of
104 dB or an edge tonal range of 92 dB

2-layer transmissive InfoDR chart

InfoDR chart design
The InfoDR chart is designed to

- measure Csfrom 4:1 contrast edges (AD = 0.6)

- over awide range of illumination in a compact area where
sharpness (SFR) is reasonably consistent,

- with smaller density steps (AD = 0.2) for the overall chart
to achieve good tonal resolution.

1/44 = 1743 =

1/256 1/64
D=34 B=ig
n

1743 1/42 =
1/64, 1116
D=13g Lr=1.2

Building blocks of the
InfoDR test chart
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Because 4:1 (AD = 0.602) density steps are coarser than desired, we designed a two-
layer transmissive chart, with 3 groups of 7 patches on the top and 3 on the bottom that
mirror the top, where each group is offset by AD =0.2 from its neighbors. The bottom
half of the chart is covered with a sheet with D =2.4.

The desigh was accomplished with the building blocks shown above. The lightest
patch (transmittance t = 1; density D = O relative to the base density) is shown on the
lower right. The two neighboring patches (to the left and above) have t=1/4 (D = 0.602).
The next single patch, adjacent to the previous two, has = 1/16 = 1/4%(D = 1.204). This
progression{1, 2, 1, 2... patches} continues as needed. All of the boundaries between
adjacent patches are slanted edges with a 4:1 contrast ratio, equivalent to density step
= AD = 0.602 or Michelson contrast = (t,— Tp.1)/(Ts+ Th1) =0.6.

The chart has 42 patches with 27 distinct values of D, for a total patch density range is
5.2 (104 dB)

The InfoDR chart has 24 near-horizontal and 24 near-vertical slanted edges (48 total) with
an edge density range of 4.6 (92 dB) in steps of D =0.2 = 4 dB, which is sufficient for the
great majority of cameras, including High Dynamic Range (HDR) cameras, which can have
up to 150 dB sensor dynamic range. But practical camera dynamic range is limited to
around 100 dB by stray light from lens surfaces and interior reflections.

Working with the InfoDR chart

The most important considerations when photographing the InfoDR chart are

- The active area of the chart should fill only the central portion of the image, about 600
to 1000 pixels (vertically). Fewer pixels may reduce measurement consistency; more is
unnecessary and increases the likelihood that the outer edges may be far enough from
the image center to have reduced SFR.

- The chart should be back-Illuminated with a lightbox or light panel in a dark
environment, taking care to minimize the light reflect back to the chart.

- Forbest accuracy, exposure should be set so the brightest patch is just below
saturation.

- The chart must be accurately focused to obtain correct values of C;.
This is not required for traditional SNR-based Dynamic Range measurements, where

some misfocus can be tolerated.

- Todisplay Csresults as a function of absolute illumination, lightbox luminance must
be measured. Otherwise, the x-axis will have relative units — Logi, exposure
(-Density), Exposure (dB), or F-stops (EV) (all based on chart density).
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— As of April 2026, the InfoDR chart is only available in 7.75x9.25 inch (197x235 mm) LVT
color film. It should be easy to make smaller (but not microscopic) versions. We are
working on a larger VisNIR photomask version.

Measuring luminance — Because all illumination comes from behind the chart, a
luminance (reflected light) meter is required for absolute light measurements. Luminance
meters have limited fields of view for measuring the source (lightbox) luminance, Lsource, OF
patch luminance, Lyan. The relationship between the two is Lsource = Lpaten 10PP7°" where
D,aich is the patch density obtained from the density reference file. The meter can be held
very close to the chart (even in contact) because shadingisn’t anissue.

Edge contrast adjustment

The nominal edge contrast for measuring C,is 4:1 (AD = 0.602). However, actual chart
densities, and hence edge contrasts, vary because transmissive charts cannot be manu-
factured with perfect consistency, which is why they are supplied with individually-mea-
sured density files.

The actual density increment of edge i is the difference between the adjacent measured
patch densities, i.e., ADi= D;j- Di. for adjacent patchesj and k. To correctly represent
the edge signal for the C, calculation, replace nominal AV, = (Vignt - Vaark) With

AVi_correctea = AV; 1 (mean(AD)-AD;)

Where mean(AD) = 0.602 is the mean measured patch density increment.
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InfoDR Results

Tests were performed on several consumer
cameras that had raw output, which could
be challenging to obtain with some develop-
ment systems.

The figures on this and the next page contain
the most significant results from the InfoDR
chart. The upper plot of each figure contains
C,as afunction of exposure and the Infor-
mation-based Dynamic Range, DRcs. The
lower plot displays the logarithm of the
normalized digital number, log1o(DN/DN max)
for each patch, i.e., the density response or
OECF (Opto-Electric Conversion Function),
which is equivalent to a classic film
characteristic curve.
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Edge Info Capacity C, bits/px

-l
©

ITIGX)

10g,,(Signal (DN/DN
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——y aran

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

NI WM US4 i SIS WS

for a 10-megapixel compact consumer camera
with 2.14 um pixel size and a premium zoom lens.

The bumps in the lower tonal response plots are caused by reflections from the light to
dark patches. They are more regular but clearly worse for the DR36 chart, shown above,
where the minimum value of logo(DN/DNp.x) only reaches —1.5.

The x-axis, Logio(Exposure H in Lux-seconds) of the figures, is the approximate exposure at
the focal plane for each patch, derived from ISO standard 12232:2019, Annex B [12].

H

R

0.65L¢t
A2

where A is the aperture (the lens f-number), tis exposure time in seconds, and L is the
patch luminance in candelas per meter? (cd/m?).

A and t are often available from EXIF metadata. The equation involves several approximations,
most notably, lens transmission factor T=0.9. T is easy to find for cinema lenses, butis rarely
available and difficult to measure for still camera lenses. Since it can vary from about 0.85 to
0.95, depending on the number of lens surfaces and the quality of the coatings, the 0.9
approximation should be adequate for most applications. The ISO 12232 standard has a more
precise equation for close distances (image distance < 10xlens focal length) or when Tis

known.
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C4A is calculated from a simple summation, and an excellent 90mm macro lens.

C,A = Z C,u(x)Ax

where x = logio(Exposure H in Lux-seconds) and Ax is the x-axis increment=0.2 OD
(Optical Density units). C4A is the area under the C4 curve in the upper plot.

Note that even though the two figures look similar, the numeric results and x and y-axes of
the C4 plots are very different. C4A for the 42-megapixel full-frame camera on the right is 9x
higher than for the compact 10-megapixel camera above: not unexpected given the diffe-
rence in the price and weight of the cameras. (Sometimes, you get what you pay for.)

Although C4A is of interest for consumers and engineers tasked with selecting cameras, the
added detail in the plots of C4 as a function of Exposure H should be especially useful for
camera designers concerned with low light performance.

If C4A turns out to be a durable metric for predicting the performance of a large variety of
cameras, it will need a better name.
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InfoDR SNRi

InfoDR can calculate the object
detectability metric, SNRi, for
multiple object sizes (values of w

[=2]
o

(4.1
o

for w x 4w pixel rectangles) at
multiple illumination levels. This

B
=}

plot can be produced after applying
Image Signhal Processing (ISP) with

w
(=}

the Simatest simulator. Itis a
particularly good indicator of low

N
(=]}

light performance.

SNRi dB (w x 4w pixels; w = 20,10,5,3,2,1)

LX7-InfoDR_10.8mm_f5.6_1SO80_s1-30_1060302.RW2
SNRi dB (w x 4w pixels; w = 20,10,5,3,2,1)
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Patch Luminance cd/m? for 2050 cd/m? max

SNRi for multiple rectangle sizes over a range of illumination

Deeper exploration

In addition to information-based Dyna-
mic Range (DRc4), the new InfoDR chart
can also be used for all standard slan-
ted-edge measurements as well as tradi-
tional SNR-based DRswr.info, Which does
not fully characterize performance.

For the 10-megapixel camera, DRc4 is
slightly lower than DRsng-inf, in part
because the DRc, quality levels are new,
somewhat arbitrary, and don’t corre-
spond exactly to the classic DRsnr
quality levels. But the lower DR, values
should better represent camera
performance.

40 . . . .
Scene-referenced (f-stop) SNR dB for R, G, B, and Y channels.
Ref: Last file: InfoDR-V2_reference.txt
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220 -4 . ; ; L
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Exposure in dB (-20*target density) from file

SNR-based Dynamic Range DRsnr-info fOr the same
10 megapixel image capture used for DRca.
DRsnr-info is nearly identical to the DRsnr-3s

measured on the 36-patch DR36 chart, above.

Results can sometimes be surprising. For example, a peak in the spatial noise can indicate

the presence of bilateral filtering [6], which is a form of edge-preserving noise reduction
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that degrades texture response. Its presence 6
indicates that it might be worthwhile to =
measure Log F-Contrast or Spilled Coins to §

better understand the image processing. E ’
Although it is almost universal in JPEG files % :
from cameras, we’ve only seenitonceina E ?
raw image — for a premium camera phone, &

that appeared to have noise reduction but 0

no sharpening. When it is present,
information capacity is estimated using the

<107 iPhone15_6.8mm_f1.8_ISOB0_s1-122_8998 tiff
T T i T

| Mean edge noise L,R =

=
T

T
Mean signal L,R = . Noise image method (mean N)
0.0634 0.254 Mean noise = 0.000944
¥ Pk smoothed noise = 0.00471 7
Pk/mean = 4.99

0.000386 0.000888

Pixels (Hor)

Spatial noise, showing unexpected peak

amplitude of the smoothed peak noise instead of the mean noise. Even with noise

reduction in the “raw” image, it had impressive performance.

Photon Transfer Curve and Simatest

A particularly useful result from any of the three transmissive tonal charts is the Photon

Transfer Curve (PTC) [14], which can be calculated from pure raw (undemosaiced) test

chartimages, as a result of a special property: the noise in each patch is a function of the
mean Digital Number (DN) of the patch, independent of color.

The PTC, which is a plot of noise as a function of
exposure, characterizes an image sensor’s noise
behavior. Itis the heart of the image sensor

noise model, which consists of dark noise,
photon shot noise, and PRNU (Photo Response
Nonuniformity) noise, each of which responds
differently to light. For linear sensors, noise can
be characterized by just three coefficients:

lized Digital Number, V.

Imatest calculates the noise coefficients using
nonlinear optimization. [As of April 2026, Imatest
does not yet support High Dynamic Range (HDR)
sensors, which have multiple operating regions.]

LX7_17.7mm_f4_ISO80_s1-10_1060203.RW2

T T T T
102 PHOTON TRANSFER NOISE I B
|- 20-Mar-2025 22:57:12 - sdr-36-Confirm-Auto 4
I 16-bit BEW max=4087 of 65535 .g 4
|- Estm. gamma = 0.97 | 3
| Offset (orig | optimized) = 128/ 144.1 ‘}
7
>
° »”
°
H ;!
5 4
& o
& 4 L
= L
o o
2 o
= o s Dark, shot, FPN
107 ? Dark, shol noise | |
Dark 1
& # Shot
' FPN 4
. Data smoothed | |
’ ®  Red
T o ®  Greant 1
ogm ®  Bie
b T ®  Greenb
10° 107 107 107 107 10°

Input RGB Level/4095 (DN normalized to 1)

DN Offset (orig / optimized) = 128 / 144.1;  Sat level = 4095; RGB balance = 0.412 1.000 0.537
Min max Patch DN = 16.14 3967, Pixel DN =0 4037
SN=1 (0dB)@ x=0.000444; S/N=10(20dB) @ x=0.0119
Dynamic Range = 2251=67dB = 11.1 EV, Maximum SNR (EMVA 1288) = 37.6 dB
[Dark, shot noise coefficients] = 0.0003876, 0.01029; err=1.395
[Dark, shot, FP noise coeffs for Simatest] = 0.000395, 0.009938, 0.006745; err=1.051
Gain (DN/e-) = 0.4045; e- per norml signal = 10124;  Saturation capacity = 7895.8 e- @ x = 0.7799
Dark noise = 0.000395 (3.999 e-) FIT [= 0.0003783 (3.81 e-) meas.]

Photon Transfer Curve (PTC)
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The image sensor noise parameters can be Simatest Camera performance simulator

entered into the Simatest camera simu- Generate Input image (test chart):

same resolution as image sensor

lator, along with simulated (ideal) images of '
‘ Lens effects: from lens design program or measurement ‘
any test chart described in this document, to !

. Image sensor noise model:
predict the performance of prototype came- from Photon Transfer Curve or EMVA 1288
ras under a wide variety of lighting condi-

|
tions and Image Slgnal Processing (ISP) filtering, color correlction. much more...

Simatest

ISP: Image Signal Processing: sharpening, bilateral
¥

Display results: standard and information-based metrics

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

Simatest: Simplified block diagram.

Simatest — Camera/Image Signal Processing (ISP) simulator

Calculate image sensor noise model and relative RGB sensitivity

Input images from raw grayscale image or EMVA 1288 parameters
Raw or minimally- 1 Simatest
rocessed camera : 3 . .
s . J Physical Simulated Image Signal
image % .
properties Processing (ISP)
e Simulated Adi i
: . : justments Degradations
[ Simulated image ]\-_"') blur (MTF) Mosaic/Demosaic Noise
Exposure/gain Filter (LPF)
Y i Gamma h
Simulated image : RGB balance, AWB Enhancements
run through lens design —_] Slm UIated Monochrome CCM (color matrix)
program (degraded sharpness, image sSensor — Invert Tone mapping
etc.) A Cos* lens shading Sharpening
noise model Fog Bilateral filter
T
Y
[ T
[ Visual assessment J Color/Tone Rescharts (MTF (SFR), Image
PTC, SNR, ... Information metrics...)

Note: Simulated or acquired Test Chart images are especially valuable, but any image can be used. _, |

Simatest: Detailed block diagram showing input, ISP, and output options.

Any of the results shown in this document can be calculated. Details are on Simatest:
Overview, Simatest: instructions and reference, and related pages.

Other measurements

The spatial and tonal measurements presented so far — the first two pillars of image qua-
lity measurement — are the key measurements for characterizing camera performance,
but more may be needed to complete the picture. Since none of these are directly related
to information capacity, we’ll keep the descriptions brief.
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C o '.0 r 100 e ’@.Jaa‘ncarma mm(mm)m

) camera { \
AC 2000

Color can be measured with two of the spatial charts: eSFRISO B Y i
or SFRplus, in Rescharts (interactive) mode or from their fixed, -\\\5 s !
batch-capable modules. The best results are obtained foreSFR =« &) &) ® 5 1
ISO when color patches have been measured and a reference |\ O

file is available. Split colors (reference/input) and a*b* color
error (on the right) can be displayed.

Most color charts are designed be analyzed with a*b* color error
Color/Tone, which can provide more detail than the spatial chart
modules (above) and can be run interactively or as a batch-capable fixed module. The

most popular color charts are

- the familiar 24-patch
Colorchecker Classic,
- Colorchecker SG,

- Colorgauge and Rezchecker:
both tiny charts, well-suited for

endoscopes, available in

several sizes, whose color Colorchecker Classic
patches are made from the

same pigment-based material as the Colorcheckers.

Rezchecker

Uniformity (Light Falloff) and Defects (Blemishes)

Uniformity and defects (blemishes) can both be mea- P

IMG_9873_1600_deadhot jpg

AP

sured from the Flatfield module (Using Flatfield, Part 1, £

Using Flatfield, Part 2, Using Flatfield-Interactive, Using gg / \ % .

Flatfield Blemish Detect), which runs in both fixed and

H]
interactive modes, by directly photographing a light _ % % \ / //
panel or lightbox, which doesn’t have to be in perfect B\ \\ oners < §

focus. No chart is needed. ) "::3 2y 9909:3_/ 1.4‘,,‘@/
N I |

Limited uniformity results (but not blemishes) are e ]

available from SFRplus (from the light regions between i 5 SO

the slanted squares) and Checkerboard (from the light Flatfield contours

squares).
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Summary

We have presented a strategy for measuring camera performance that consists of three
pillars.

I. Spatial measurements: For a test chart that contains multiple slanted edges
distributed over the image field, measure sharpness, information capacity
(especially, Cs4), and if needed, lateral chromatic aberration, for each edge,

II.  Tonal measurements: For a test chart that contains grayscale patches with a wide
range of densities,

a. Measure the signal, noise, and Signal-to-Noise Ratio (SNR) from each patch,
b. If the recommended InfoDR chart is available, measure sharpness and information
capacity, C4, from the 4:1 contrast slanted edges in each patch group to obtain
1. performance (C4) as a function of illumination, for a wide range of light levels,
2. information-based dynamic range, which is a better predictor of camera
performance than traditional SNR-based dynamic range.
[ll.  Other measurements: As needed — color, uniformity, and defects, to cover omis-
sions from | and Il. And it never hurts to look at the image, just in case a rare defect
shows up that the measurements didn’t catch. (Let us know if this happens.)

The three pillars of image quality measurement

)
l. Spatial measurements: Il. Tonal measurements Ill. Other measurements
Sharpness (SFR) and C,as a function of Color, uniformity, defects
Information capacity, C,, illumination, Information- |
over the image field based Dynamic Range

LX7_10.8mm_{5.6_ISOB0_s1-40_1060265.tiff
ige Info Capacity C, bits/px
€, Dynamic range 48

Ll
High (C,, = 1):

::; 23 Lumixix7

Bad (C,=01) 482 2.14 pm pixel pitch

197 canrc,anmsiy CoEdgeinfo
269 bisipixel capacity &

NPT Y™ Dynamic

Range

Edge Info Capacity C, bits/px

( (

We described measurements derived from information theory, most importantly the infor-
mation capacity for 4:1 contrast objects, C4, which is especially valuable for characterizing
camera performance over a wide range of illumination, and also Ideal Observer SNR (SNRi)
[7-10], that quantifies how well an object of a given size can be detected.

We emphasized that Cs, which is calculated from three factors — sharpness (SFR(f)), noise
(NPS(f)), and signal amplitude (Viignht—Vdark), is a complete pixel-level performance metric
that can answer the question, “How good is the pixel or camera”
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An internet search for Image detection, identification, and recognition turned up lots of
clever algorithms, but almost nothing about camera quality. Pixel count was the most
common camera specification. The industry hasn’t even gotten to SFR, much less

information content. We have our work cut out.

We encourage the use of information metrics such as information
capacity C+ and SNRi (object detectability) in addition to (or in place of)
sharpness and noise for evaluating camera performance.

In other words, think in terms of information bits rather than
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