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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.
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Imatest Camera image quality testing based on information metrics

Information Capacity, C, is a key camera
performance metric derived from informa-
tion theory, calculated from sharpness,
noise, and image amplitude or contrast.

C4is the information capacity measured
directly from 4:1 slanted edges. It is the
maximum information per pixel that an
object with 4:1 contrast can convey.

SNRi (ideal observer SNR) and ODEP (Object
Detection Error Probability) are important
performance metrics, calculated from Cy,
object size, and object contrast (which may
be different from test chart contrast). They
are affected by image processing.

This plot, made from the new Information-
based Dynamic Range (InfoDR) test chart,
shows (4 information capacity for a wide
range of illumination. It is a key result of the
new information theoretic approach, which
includes low light performance as well as
dynamic range.
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Most references are 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 links be found by searching www.imatest.com/docs/. A few are on
Wikipedia, www.wikipedia.org/.

We occasionally use “green for geeks” boxes, similar to the Imatest website, to indicate
technical material that can be skipped by readers who don’t want to dive down deep rabbit
holes.
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Introduction

results?

different.

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

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

This document is designed to help guide you through the process of choosing the right

charts and measurements, which can resemble a very deep rabbit hole. It will be mostly

high-level, i.e., it will only have a few complex equations, usually in green boxes that non-

technical readers can skip. There
will be lots of links to online docu-

ments with greater depth. Al-
though this is something of a pri-
mer or crash-course on image
quality testing, it emphasizes
recently-developed measure-
ments based on information
theory, including the probability
of error for detecting small ob-
jects, that allow camera perfor-
mance to be directly evaluated.

Prerequisites — The reader
should be familiar with the basic
concepts of photography: expo-
sure time, aperture (f-stop), total
exposure, noise, etc. If you are
new to photography, we recom-
mend Sean McHugh’s excellent

“Cheshire Puss.” she began. rather timidly.

as she did not at all know whether it would

like the name: however, it only grinned a little

[ wider. “Come, it’s pleased so far,” thought

Alice, and she went on, “Would you tell me,
please. which way I ought to walk from here?”
“That depends a good deal on where you
want to get to.” said the Cat.
“I don’t much care where——" said Alice.
“Then it doesn’t matter which way you

walk,” said the Cat.

so long as 1 get somewhere,” Alice

added as an explanation.

“Oh, you're sure to do that.” said the Cat.

“if you only walk long enough.”

tutorials, Cambridgeincolour.com Photography concepts. If you are an engineer, you

should know something about linear systems and Fourier transforms (for converting

signals 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.

Part 1. Essential concepts

The contents of 1A, Basic imaging concepts, will be familiar to most people experienced in
camera testing, who can skim it quickly or skip it entirely. But the contests of 1B, Informa-
tion theory and metrics, will be new to most readers and forms the basis of the new met-
rics that strongly predict camera performance. It should be read carefully.

1A. Basic imaging concepts

This section is recommended for newcomers to image quality testing. Many readers can
skip it and go directly to Information theory or Camera characterization, which is the
heart of this document. We will keep this section as concise as possible.

This section may also be viewed as a high-level guide to the Imatest Documentation page,
which can be challenging to navigate.

Camera

A digital camera is a device that consists of

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

e 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.

e image processing (often abbreviated ISP for Image Signal Processing), which con-
verts 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).

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

Raw image, raw conversion, and demosaicing

Raw images directly out of image sensors can have bit depths
that are not multiples of 8 (10, 12 and 14 are common). They are
generally structured as monochrome images (k= 1). For color
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 interchangeable format (which is
associated with a color space) involves several operations.

R1C1 R1CZ R1C3 R1C4

R2C1 R2C2 R2C3 R2C4

R3C1 R3C3 R3C3 R3C4

R4C1 R4CZ RIC3 R4CH

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

R1C1R1€2 R1C3 R1C4

R2C1 R2C2Z R2C3 R2C4

shown in dark gray), which is normally converted into separate R3C1 R3C3 R3C3 R3C4

RGB and IR images for analysis.

R4C1 R4C2 R4C3 R4C4

e Apply a gamma curve along with a tonal response to the (usually) RGB-IR CFA
linear raw image. Digital Number (DN) = illumination(encoding gamma)_

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. Complicates camera

performance measurements.
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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.

Sharpening, which boosts medium to high spatial frequencies, is almost always beneficial
for human vision (if not excessive), but tends to be less useful for machine vision because
human vision has two additional components: the display and the eye, both of which have
losses that need to be compensated by sharpening.

The output of raw conversion is an interchangeable image file. Imatest (MATLAB) supports
several types. The most common are

Uncompressed BMP, TIF  May require large amounts of storage

Lossless compression  TIF, PNG  Typically, around half the size of uncompressed
images

Lossy compression JPG, GIF | Often variable, trading off quality vs. file size

JPEG file compression (quality) is variable, set when saving the file. High-quality JPEGs
are suitable for most Imatest analyses (except for dynamic range), 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 proces-
sing applied during raw conversion, 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_E0S-6D.JPG
their digital numbers (DNs) are proportional

| Density response & patches for all channels

=
o

29-Mar-2026 01:23:18
L 1695x1680 crop of 5472x3648 pxls
24-bit color max=236 of 255

Horiz lines are MTF patch values.

to the pixelillumination.

=
~

o
[=2]
T

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

Log ( Pixel level / max )
0 . \
o]

26.2.0. ALPHA Master |

Digital Number (DN) (synonymous with =
Pixel Level) = illumination(encoding gamma) o

-2.5 -2 -1.5 -1 -0.5 0

Estm. gamma = 0.569 = 1/1.76

There are several reasons for this. In the old
days of Cathode Ray Tubes (CRTs), brightness was
proportional to (grid voltage)\display gamma) 'where display gamma was between 2 and 2.5, so

Density (tonal response) plot
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it made sense to encode the signal with the inverse, around 1/2.2 = 0.454. Also, as ex-
plained in Gamma, Tonal Response..., gamma-encoding increases the effective dynamic

range, especially for files with low bit depth, commonly 8 in consumer images.

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
measurements. The linearization can be approximate.

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

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 still images in
Windows and the internet. It has a relatively small color
gamut and 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 Part
4. Tonal measurements, below: the Imatest 36-patch Dynamic Range chart, the Contrast
Resolution chart, and the new and highly accurate InfoDR chart.
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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 an effect on
Csinformation capacity, as described below.

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. For a camera system

. Bl d
that consists of a number of casca- i

ded components, each of which has
its own step response, the total sys-

tem response can be calculated by a
process called convolution, which is
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
Perlod d

— Step response

Sharpness and step response

by the Fast Fourier transform.
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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, (Viight- 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, SFR(f) or MTF(f), 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, but they are calculated by much
more efficient methods.

Sine p al
Sine p nly

Sine wave response. Upper: input, Lower: blurred output

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)

MTF50 = 0.2606 Cy/Px 4
=2098 LW/PH NO NU Corr. NR
(RGB) =0.26 0.261 0.287 Cy/Px

MTF50P = 0.261 C/P. = 2104 LW/PH

to 1 atf=0. They are plotted along with several sum-
mary metrics in the Edge & MTF plot (right). Some com-
monly used summary metrics are

S
=)

Undersharpening 27.9%
MTF30P = 0.379 Cy/Px

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

S
o

SFR (MTF) NO NU Corr.
o
S

— MTFnn (often MTF50) — The spatial frequency
where MTF drops to nn% (50%) of its value at f= 0. o LT Horkz Vedge) wiiR

0 0.2 0.4 0.6 0.8 1
Equivalent to bandwidth in electrical engineering. — Freauencv. Cvcles/Pixel
MTF(f), synonymous with SFR(f)

Nyquist f

S
[}

Strongly affected by software sharpening.
— 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.
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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 subjectis covered in Sharpness — What is it and how is it measured?

Slanted edge test charts

Slanted edges are Imatest’s most popular pattern for calculating MTF(f)
and related metrics, but before we describe them, we must answer two
questions.

Why are the edges slanted? They are slanted because if they were

perfectly vertical or horizontal, i.e., if they were aligned exactly with the

image sensor pixel boundaries, MTF(f) would be highly sensitive to the

. . . . Slanted edge
sampling phase (the position of the edge with respect to the pixel
boundaries), resulting in inconsistent measurements. Slanting the edges ensures that they
will have multiple sampling phases, resulting in much more stable measurements. The
angle is not critical. The standard calls for a 5 or 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 of at
least 40:1 (about the maximum matte media can attain), which had the following
drawbacks.

(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.
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(3) Signal-to-Noise Ratio, SNR, is decent down to relatively dim light. Although the low-
light SNR of 2:1 contrast charts is lower, we are exploring potential uses.

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

e Relatively (though not completely) insensitive to noise

Additional charts for measuring MTF, texture, and vanishing
resolutions are described below.

Siemens star

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).

AB000_60mm_f5.6_ISO100_s1-10_00216. ARW

Imatest has developed a sophisticated image sen- .azev“‘mm ;‘
sor noise model, based on the classic Photon o ’," 4
Transfer Curve (PTC) [14], which displays noise as ‘.."

a function of exposure. The PTC is measured from ‘)'f.

totally raw (undemosaiced) images of dynamic

Noise normalized to 1

range test charts, for use in the Simatest camera

simulator, which predicts camera performance o
based on traditional and information metrics. See s
Image Sensor Noise — Measurement and modeling.
As of August 2026, the model does not yet include Photon Transfer Curve (PTC), illustrating

High Dynamic Range (HDR) sensors, which have image sensor noise as a function of
signal, obtained from a raw image.

multiple operating regions.
Two broad types of noise are

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 (it’s not gaussian). There are two types, described in the EMVA 1288 standard:
Dark Signal Nonuniformity (DSNU) and Photo Response Nonuniformity (PRNU).

Imatest Camera image quality testing based on information metrics P.12


https://www.imatest.com/imaging/simatest-overview/
https://www.imatest.com/imaging/simatest-overview/
https://www.imatest.com/imaging/simatest-overview/
https://www.imatest.com/imaging/image-sensor-noise/

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

the measurements needed,

the camera resolution (m x n pixel size),
the required distance and 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 a few specialized small non-inkjet charts are available. Maximum
optical density, Dmax, is around 1.6 (40:1 contrast ratio) for matte charts, which don’t
have specular reflections, and about 2.2 for semigloss charts, which are subjectto
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; 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,
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— 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 or 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.

1B. Information theory and metrics

Image Information Metrics contains a more detailed introduction, with numerous

links.

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) = ((Vlight — Vaark) SFR(f)) /12
is the mean signal power derived from the
edge, V(x): includes sharpness (SFR(f)).

AB0GO_CADR_60mm_f8_I50100_s1-8_0281.1iff

i S(f)

C= f log, ( ) df
/ 0 NPS(f)
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
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e |[nformation capacity, C, has native units of information bits/pixel (or bits/image,
bits/distance, bits/angle, etc.). 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)= ((Vlight — Viaark) SFR(f))2/12 is the mean signal power, where
— Viigne - Vaark is the signal amplitude, i.e., the difference between the mean Digital
Numbers (DNs) of the two sides of the slanted edge. It can be reduced 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 Viighe and Vaark, which maximizes C.

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 was learning how to measure
signal and noise at the same location (which was anything but obvious). References [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 C4, rectify this omission.

We are particularly interested in C4, 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. [We can also
measure information metrics for other contrasts using measurements from 4:1 charts.]

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
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sides of the edge and DN, is the maximum Digital Number, typically 2®tdert-1_A reflec-
tance of 0.18 (18%) is sometimes considered “neutral gray.” We label €z measured at this
level, C4(0.18). [We considered 50%, but it was too close to the maximum level for an
image where the bright patch is saturated.] C4(0.18) is illustrated in InfoDR results, below.

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

(1) image contrast, Vignt - Vaark (Or Michelson contrast, (Vigne - Vaark) / (Viighe + Vaark)),
(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, which makes the calculations fast and robust. They also define
additional 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 1 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.
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Imatest users will need to determine the values of information metrics, usually Czand a
related metric such as SNRi, 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. That is why we are confident that even though information capacity is
unfamiliar and challenging to visualize, it 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. More work is under way.

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.

SNRi — Ideal Observer SNR

Of the most significant metrics related to information theory is Ideal Observer SNR, SNRi,
which is closely correlated to how well an object of a given size and contrast can be
detected. When Bayesian statistics [4,8-10] are applied to SNRI, the probability of correctly
detecting the object can be calculated. Unlike C, SNRi is affected by image signal proces-
sing such as sharpening, which is less beneficial for machine vision than for human vision.

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

2
G(v,, SFR?(v,,
SNRiZ = ff <| (Ve vy)| (Vx w)) dvy dv,

NPS vy, Vy)

G(vx, vy) contains information on the object’s size, shape, and contrast. SNRF?
is equivalent to the total (integrated) noise-whitened Signal/Noise energy of
the object in the spatial domain.

In Appendix 2, we will show that the probability of erroneously detecting the
SNRi)
2v2 /)"

. .1
objectis Eerfc(

SNRiis typically calculated from rectangles of size w x kw pixels, where k=1 for squares or
4 for 1:4 aspect ratio rectangles, as illustrated below in calculations for w x 4w rectangles.
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It’s important to note that SNRi for w x kw pixels is SNRTdB (w x dw pixels: w = 20,10,5.3,2.4)

only correlated to the presence (detection) of an e Miawesatomen .
object of that size. For different tasks, such as é’fsg ;\.r:n[m.:a.o;‘w 0
classifying or recognizing the object type, i.e., f " .
distinguishing a car from a boat from a person, _%;30 .
much smaller sizes should be used: roughly 1/10 EZO 1
the total object size. Research is under way to ]

determine the optimum fraction, which is a %f__s in | AT i ilems
function of the task and object properties. SNRi P Logjgmmﬁ Lux_se:;:ds) o ;ww ;’;-‘i 0
can be plotted for several valuesof w (1, 2, 3, 5, SNRi for w x 4w rectangles with w=1, 2, 3, 5,
10, and 20 pixels) for a wide range of exposures 10 & 20 pixels for compact camera.

and object contrasts (based on Michelson contrast, which can be set to a different value
from the chart contrast) using the InfoDR chart, as shown here.

Object Detection Error Probability, ODEP

A key claim of papers that describe SNRi [7-10] is o °%1(Bit Error Rate (BER)) as a function of SNRi
that it can be used to derive Bayesian statistics for

object detectability. But the equations are inexplic-
ably missing. So, in May 2026, we derived them,
which wasn’t difficult because they’re similar to
well-known equations in communications text-
books. The goal was to find better correlation with

log,,(Bit Error Rate (BER)) for SNRi

measurements.

BER = 0.5*erfc(SNRI/(2*sqrt(2))

-10

0 5 10 15 20 25

Starting with SNRi and following the steps SNRi (amplitude ratio)

described in Appendix 2 and in [16], we calculated ODEP = BER = 1/2 erfc(SNRi/(2 sqrt(2))

the key metric of detectability for rectangular LX7V2. 10,8 155 15080 140, 1060275,
Log, (Bit Error Rate from SNRi)

objects of various sizes: the Object Detection w
Error Probability, ODEP, sometimes called Bit
Error Rate, BER.

log10(BER from SNRI) for w x 4w rectangles
w =20, 10, 5, 3, 2, 1 pixels
—————— Vert (Blue); --—--- Horiz (Red)

Michelson contrast Original

E Probabilit ODEP L f SNRi
Iror rropabill = = —eriIc
4 2 22

This equation is based based on an error thres- o
hold set for equal probabilities of false negatives m . _ Ren, ¢ P N |
and false positives. We added a plot of o s ure 1 Luxseomns) for o440 Ly

Log, (Exposure H Lux-seconds) for 6440 Lux max
LUZ10(EIIVI FIUNANIULy, VL)

The y-axis can be linear or logarithmic.

Log,,(Bit Error Rate from SNRi)

10

log1o(Error Probability) for w x w square or w x
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4w rectangular objects, where w= 20, 10, 5, 3, 2, and 1 pixel. Logi, was used because of
the extreme range of error probabilities.

Since object contrast is important, we added the option to display log10(ODEP) for several
object contrasts, mostly lower than the default 4:1 chart contrast, noting that SNRi is
proportional to Michelson contrast Cmich = (Cr-1)/(Cr+1) for contrast ratio Cg:1.

Available contrasts
Contrast ratio 10:1 4:1 3:1 2:1 1.5:1 1.2:1
Michelson contr. 0.818 0.60 0.50 0.333 | 0.20 0.091

The beauty of Error Probability is that it can be compared directly
with actual measured machine vision/Al performance, i.e., Detection
Error Rate. By comparison, sharpness metrics, such as MTF50, are
highly abstract and not directly relatable to performance.

Research is under way find the best relative size (as a fraction of total object size) to corre-
late Error Probability to measured system error rates. The relative size is dependent on the
object properties and the task, typically described in order of increasing difficulty as

Task (“DRI” categorization)
Detection “Something is present” (Easiest; SNRi can be calculated from a
large fraction of the object size)
Recognition It’s a car, not a tractor, bicycle, or boat” (More difficult. SNRi
(classification) must be calculated from a small fraction of the object size.)
Identification “It’s Elvis!” (Most challenging)

Recognition/classification is the most common task for automotive imaging, though not
the only one. To predict system performance, the rectangles used to calculate SNRi and
ODEP must be a small fraction of the total size of the smallest object of interest. This
fraction may correspond to a feature size, for example, the hands or face of a person,
which are roughly 1/10 of the person’s total size.

The rectangles used to calculate ODEP may also require different (usually lower) contrast
ratios than the ISO 12233 standard Cr = 4:1 (Cuich = 0.6).

We are researching the relative sizes and contrasts that best correlate with measured
system performance. We will report on them when results are available.
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The key takeaway is that we expect system performance, measured by
metrics such as Mean Average Precision (MAP) and others, to correlate to
rectangles that are smaller than the smallest object of interest,

but determining the optimum size is a challenge.

Performance specifications — more questions than answers

The introduction of image information capacity and related metrics, especially SNRi, is a
paradigm shift that offers strong potential benefits but comes with a number of challenges.
A major potential benefitis improved test results, with fewer false positives and false nega-
tives, saving time and money. But this requires determining suitable pass/fail thresholds
based on

e appropriate object sizes (expressed as a fraction of the total object size, which can
vary with the object type and must be appropriate for the task),

e appropriate object contrast

) Better specifications, i.e., improved pass/fail
(often different from the

criteria based on information metrics such as
SNRi and Object Detection Error Probability, will
produce more reliable test results with fewer

common 4:1 chart contrast),
e appropriate error rate, allowing

for some margin. . . .
g false positives or false negatives, leading to

To summarize, setting new specifica- significant savings in time and money.
tions (“specs™), i.e., pass/fail thres-
holds, requires significant effort and will need to be clearly communicated.

The following is a preliminary approach to determining the feature size and contrast for
predicting performance, and hence setting pass/fail thresholds. This section will be
updated as results become available.

1. Create images that contain objects to be detected as well as one or more slanted
edges, typically with 4:1 contrast. The objects can be of various sizes and contrasts,
with backgrounds that can be varied as well.

2. Degrade the images by blurring them, adding noise (which can be generated from
the Simatest/PTC noise model), and possibly reducing the contrast. It may be
necessary to add noise independently to several images, then use the images to
perform a “Monte Carlo” simulation.

3. Runthe part of each image with the object of interest through any of several
machine vision algorithms, such as versions of YOLO, etc. For multiple images with
independent noise, calculate relevant statistics such as percentage of errors or
correct detections.
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4. Calculate SNRiand ODEP for the slanted edge(s), adjusting the size of the SNRIi
rectangle and the contrast to obtain a similar curve of error rate as a function of
SNRi ss the machine vision results.

5. Transforming these results into actual specifications will take some effort — and
will be described when we gain more experience.

Information metrics can provide clear and unambiguous answers to classic pass/fail
questions, such as, “Do you reject a camera with excellent sharpness but a little more
noise than the spec allows (or vice-versa)?

An additional task (useful for determining motion in automotive imaging), is to find the
position or location of the object. [It’s not quite ready for prime time.]

Some older summary metrics used for pass/fail, such as MTF50, may be familiar, but can
be highly misleading because they are strongly affected by sharpening and bilateral filte-
ring, which can make sharpness numbers arbitrarily high without improving object detec-
tability. They can even degrade performance by boosting artifacts like noise. See the paper,
Correcting Misleading Image Quality Measurements [15].

Avoid setting pass/fail thresholds based on “vanishing resolution,” which can be mea-
sured from bar patterns such as wedges. Vanishing resolution was a valid measurement
for optical systems, but is unrelated to the information content of imaging systems. To
paraphrase Winnie-the-Pooh, it’s “where the woozle wasn’t.” Such measurements include
MTF10, MTF10, and MTF20, which can be boosted by noise and by demosaicing algorithms
for edges (though less for sinusoidal patterns). MTF50, MTF50P, and related metrics are
better because they correspond to the system bandwidth and are less sensitive to noise
and artifacts, but as we indicated, they’re far from perfect.

Even though they’re new and relatively unfamiliar, Information-based metrics such as SNRi
and Object Detection Error Probability are on track to become superior predictors of
system performance.

Part 2. Camera characterization

To fully characterize camera performance, we recommend the “Three Pillars of image
quality measurement.”

A. Spatial measurements over the image field, consisting of sharpness, information
capacity and related metrics, and often lateral chromatic aberration, each mea-
sured at multiple locations in the image, usually at a single illumination level.
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Spatial measurements may include optical distortion, uniformity, and texture
(which is anissue primarily for nonuniformly processed, i.e., bilateral-filtered
images). A spatial measurement at a single location is never sufficient to
characterize a camera’s performance.

B. 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, €4+ (measured from the newly designed InfoDR chart), as a
function of illumination. Dynamic Range is derived from these measurements.

C. Other measurements. These include color response, (flat field) uniformity, and
defect analysis (also from a flat field image), which are not directly related to
information metrics.

That pretty much covers the major 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 Imatest test charts enable
multiple measurements from a single image.

2A. 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-ROIl 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).
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Table of spatial resolution charts

SFRplus — Excellent spatial resolution: many slanted m"“

edges), Color and grayscale patches are present, buttoo [l K B E BEE B

small for good noise statistics. Good optical distortion

measurements (though less detailed than Checker- . . . . . . .
| A 8 ymfi § §

board). Must be framed with white space above and
below the top and bottom bars.

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.
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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.

1.

From a raw image converted from LibRaw with minimal processing (no sharpening
or noise reduction). The complete Rescharts window is shown.

Same as 1 with Plot large
ROI... checked: allows you
to examine the ROI
visually.

From a JPEG image, which
has been sharpened and
bilateral filtered.

Note that the shapes of the edge
and MTF in the raw-converted
image (1 & 2) are characteristic of
unsharpened images. The bumps
or peaks in the JPEG results (3)
are characteristic of strongly

sharpened images. They can be

thought of as a “signature” of

sharpening.
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MTF50 and MTF50P are greatly boosted for the JPEG, which is strongly sharpened, but Cs
information capacity is nearly unchanged.

Edge & Spatial noise plot

The spatial noise plots, shown below, are relatively new. Nothing like them was available
before information capacity was added to Imatest. The plots are for (1) a raw-converted
(unsharpened) image and (2) a JPEG (bilateral filtered and strongly sharpened) image.
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image with minimal processing

The large spatial noise peak for the JPEG (right, lower plot) is striking and important. 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. The peak may be absent If the bilateral-fil-
tered image is out of focus or the lens is defective. On one occasion we found an unex-
pected strong peak in a “raw” image from a premium camera phone that didn’t seem to
affect the performance. (Was it half-baked?)

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 nature and 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, etc.) We
show results for MTF50P — the spatial frequency where MTF falls to half its peak value —
which is relatively insensitive to exposure. MTF50P is identical to MTF50 and very close to
MTF area (Peak normalized) forimages that are unsharpened or have low sharpening (no
response peaks), but they can be very different for images with strong bilateral filtering.
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3D plot of MtF50P over the image surface.

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.
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Additional spatial resolution charts

Sharp, contrasty features: Low contrast:
For perceptual sharpness. Sensitive For texture measurements. Most
to sharpening (HF boost) sensitive to noise reduction (LPF)

SFR, SFRplus, eSFR I1SO http://www.imatest.com/docs/sharpness/#matrix

SFRreq, Checkerboard: 1 e i
. Slanted-edge (de- g Spilled
pends on contrast) [, coins
Random
Star Chart: Siemens - ] 1/
Wedge: B star (depends A
Better for on contrast)
onset of : 5
i Hilm Log F-contrast

re— (wide range of contrast)

T SR Log Frequency
MTF test patterns, ordered by contrast ranges: high on left; low on right

Several additional charts, shown below and summarized in the table above, are available
in Imatest for SFR (MTF) measurements. They are generally less efficient in their use of
space than the slanted edge, hence less appropriate for mapping sharpness over the
image field, but they have several 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 %m_
designed for visual analysis, but Imatest can p—— 0} "1 Ly g e e

- ' 8.7
analyze them for the onset of aliasing, where '

the number of detected bars starts to decrease (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 <N s i1 &
the threshold for sharpening/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” (recognizing 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 &
Spatial noise plot indicates its presence.

YT TR -

Wodulation i TZ1_ISOBD_P1DZ!}83_3.JPG
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Log F-Contrast results

2B. 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 chartimages 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 new
(2026) InfoDR (Information-based Dynamic Range) chart, which conveniently measures Cs
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information capacity over a wide range of illumination from a single exposure. Strongly
recommended for new work.

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. The chart may be slightly
misfocused.

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

The use of transmissive charts for measuring dynamic range is described in Dynamic

Range. There are several types of measurement. All except DRsensor are camera dynamic

range.

Name Chart Description

DRsng-36 DR36 Widely-used traditional DR measurements, from the scene-referenced

DRsnrinfo InfoDR SNR of flat patches on two different test charts. A minimum slope is
required. Quality levels from “high” (20 dB) to “low” (0 dB). The InfoDR
chart can measure traditional or information-based dynamic range.

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

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

DRec4 InfoDR Measured from C, information capacity. Quality levels from “Excellent”
(Cq=2)to “Bad” (C,=0.1) are not exactly the same as the SNR-based
measurements. Best performance predictor. Recommended for new
work, but not yet very familiar in the industry.

DRsensor Flat field Image sensor DR, from a succession of differently-exposed flat images.

image From EMVA 1288. Generally larger than camera DR because there is no
stray light. Tedious.
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36-patch Dynamic Range (DR36) charts

36-patch Dynamic Range charts are widely used for mea-
suring tonal response and dynamic range, DRsng-36. 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 DRsngr-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 DR36 chart
number with respect to illumination.

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
multiple quality levels.

The upper plot is the tonal res- o e — | 4
ponse (also called OECF). Mea- =
sured gamma = 0.440 is almost £ °
exactly the ideal value of 0.454 = e . Cortm At
e - 2026-04-04 11:55:11 ]
1/2.2 for standard color spaces. ¢ Slope o) DR 76 db
= nsitivities S_, . Sy =23.83, 168 6263 lux Zoom - | \dealfinput spit > SR
Chart 36-patch Dyn Rng v

The “plateaus” in the dark region 152

Scene-referenced (f-stop) SNR dB for R, G, B, and Y channels.

(Exposure <-90 dB) are caused R Las e 914.915.co
[ 48-bit color max=65535 of 65535
by stray light (“ghost images”)

T &8 {? Qg Read image file Reload

Embeded cs overr[) Acquire from Device

Color o
spacy Adobe RGB (1998)

Ref Last file: 914-915 csv N

w
=]

Pixel offset =0 (min = 0) Sat = 64879.65

20 |- SNR_BW (dB RGBY) = 40.0, 41.3, 387, 427, Display Input Comsclicaimetrix
reflected from the lighter upper 3| 211" Noleo ayel rol b e *
54.1 Settings... Image Stats

rows of patches to the darker

15. Scene-referenced S... ~

Scene-referenced SNR (dB)
S

. . o B @ Tonal response above noise/SNR
lower rows. This has been slight- - High: 317317
10+ M-H: 452452
. A Dynamic Range (dB) Med: 54.1 541
[y |mproved in the new V2 ver- Gray indicates %sune-rﬁf (Quality-based) —— Low: 598598 Xeais units | Exposure d8 (DR dB)
. . P60 a0 am 00 s <0 <o 20 0 [Savesareen  Help 50 mpua
sion , Wh ere th e llghter p atC h es Exposure in dB (-20*target density) from file Save data Exit © imatest®
are in the central rows. DR36 results: Noise analysis showing

Scene-referenced SNR & Dynamic Range, DRsng-3s
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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, to C4 information capacity.

A new (2025) version of the DR36 chart (right) is slightly less
susceptible to radially symmetric stray light.

Contrast Resolution chart

The Contrast Resolution chart was designed to measure

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) contrast

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

Contrast Resolution chart

same mean density as the surrounding large patch. The
smaller reddish and bluish patches are for visual analysis-only.

The difference between them defines the B — - -.
signal for the Contrast Resolution Signal- 50 ;‘"”%“Qﬁ{ﬂﬂ' ;‘j;‘f;;“"” : :

to-Noise Ratio (SNRcr) measurement, o PSREES Rz D
where noise is measured in the larger gray = _ ®r

patch, which has better noise statistics. %— o) ISR NN SOOI WO - A SR SR S
The difference signal responds correctly or . _ ]
to flare light or uncorrected black level or bk e |
offset, resulting in good measurements in wmmmmsln e e [ et e R

the presence of tone mapping. SNRcris a %0 w0 @ 1w e s 4 3 2 10 o0
. . o Exposure in dB (-20*target density) Nominal values

good indicator of the visibility of small

objects over a wide exposure range. The red

and blue patches are for visual analysis-only.

Contrast Resolution Dynamic Range, DRcr
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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. Because its approach to measuring Cs
information capacity over a wide range of illumination is a significant improvement over
previous Dynamic Range and low-light measurements, we describe it in detail.

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 a wide

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

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

Because 4:1 (AD = 0.602) edge 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 design was accomplished with the building blocks shown above. The lightest patch

(transmittance = 1; density D = 0 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 T=1/16 = 1/4?(D = 1.204). This progression {1, 2, 1, 2... patches} continues
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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.

Property Patches Edges

Total number 42 48 total: 24 nr-H, 24 nr-V
Distinct density (D) values 27 24

Total density range OD (dB) 5.2 (104 dB) in 26 steps 4.6 (92 dB) in 23 steps
Density step Dsw.p (total chart) 0.2 (4 dB)

The InfoDR chart’s edge density range of 92 dB is sufficient for the great majority of came-
ras, including High Dynamic Range (HDR) cameras, which can have up to 150 dB sensor
dynamic range, but are limited to around 100 dB practical camera dynamic range 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 (for
medium to high resolution cameras), 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 reflected back to the chart.

— For best 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 (but information capacity is not measured).

- 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).

- 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, Lyacn. The relationship between the two is Lsource = Lpaen 102" where
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D,tcr is the patch density obtained from the density reference file. The meter can be held
very close to the chart (even in contact) because shading isn’tanissue.

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. That 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., AD;= D;- Dy. for adjacent patchesj and k. To correctly represent the edge signal
for the C, calculation, replace nominal AV, = (Vignt - Viark) with

AVi_correctea = AV; 10(mean(AD)=4Dy)

Where mean(AD) = 0.602 is the mean measured patch density increment.
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. . 3941
contains C, as a function of exposure and . e ‘ 4
the Information-based Dynamic Range, B B A A A g 0

2026-04-22 08:18:59  infodr

DRc,. The lower plot displays the logarithm of = "5 | se64 x 2752 picess (W) 10.083 Mowis
. L. = 05 48-bit col_ur mexi65535 of 65535
the normalized digital number, 9 Gamma = @ ddd= 12.25
. = Max = -0.000556
log1o(DN/DN..x) for each patch, i.e., the 3 Beet 4round 0.0
. . i)
density response or OECF (Opto-Electric 2 a5 N S U—
g‘ Aperture (#) = 5.6, Shutler speed = 1/40 s

Conversion Function), which is equivalent to

|Ref‘ Last file: \nfoDR-szrpference.txl |

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

a classic film characteristic curve.
Edge information capacity C, and tonal response 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 log1o(DN/DN,.x) only reaches —1.5.
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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

IR

0.65Lt

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 appro-
ximation 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 T is known.

C4(0.18) is C+ measured at the mean linearized
& normalized edge Digital Number (DN) of
0.18.

C4A, shown on the left of the upper plots, is a
preliminary heuristic figure of merit that com-
bines €4 and dynamic range. Its value is close
to the maximum information capacity, Cmax,
and it correlates well with the perceptual
quality of cameras we’ve tested, which range
from the compact camera above to the high-
end heavyweight below.

C4A is calculated from a simple summation,

C,A = Z Cy(x)Ax

where x = logio(Exposure H in Lux-seconds)
and Ax is the x-axis increment = 0.2 OD (Opti-
cal Density units). C4A is the area under the (4
curve in the upper plot.

A7Rii_90mm_f8_ISO100_s1-20_04587 tiff
Edge Info Capacity C4 bits/px

B~

C, Dynamic range dB V-edges
| Exe (C,=2): 26.5 —H-edges |
High (C, =1): 38.2
| Med (C, =0.5): 45
Low (C,=0.2): 47.9
| Bad (C,=0.1): 605

&
3]

w

29
3

C,(0.18) = 3.47 edge 2.6
[ C,A =XC, ADensity
5.7 bits/pixel
242 Mb total

26.5

-
«

Edge Info Capacity (:4 bits/px
- h+]

=
(2]

18 16Patch14 2 10 8 6 Patch 4

o

-3.5 -3 -2.5 -2 -1.5 -1 0.5

2026-04-22 08:09:50 infodr

7968 x 5320 pixels (WxH) 42.390 Mpxis
[ 48-bit color max=55842 of 65535
Gamma = 0.450= 1/2.22

rnax))

o
o

Max = -0.0841
Best around -0.10

)

Luminance cd/im? = 2049.9
Aperture (f#) = 8.0; Shutter speed = 1/20 s

log, ,(Signal (DN/DN
N

Ref: Last file: CRC_200KI_density_reference_fixed.csv

¥
w

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

&

Edge information capacity C4 and tonal response
for a 42-megapixel professional-grade
camera with 4.51 ym pixel size BSI sensor
and an excellent 90mm macro lens.
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[Note that Cmax, which was described in earlier papers on information metrics, has been de-
emphasized because there are several pitfalls in calculating it: it can be inaccurate for HDR
image sensors, where good noise models would be complex (and different for each sensor) if
thev were available. or if the maximum Digital Number is less than 2(itderth_1 ]

Note that even though the two figures look similar, the numeric results and x and y-axes of
the Cs 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 Cz 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.

SNRi and Error Probabili ty LX7-V2_10.8mm_f5.6_1SOB0_s1-40_1060278.tiff
Inf DR . SNRi dB (w x 4w pixels; w = 20,10,5,3,2,1) »
oDR can calculate the object = o | SNRIdBfor wx dw rectangies

detectability metric, SNRi, for multiple e T Btueh = Forz o
object sizes (values of w for wx 4w pixel £ 50| Mehelson contast Orgina g
rectangles) at multiple illumination % 40 :
levels. This plot can be produced after 3 2

. . . 5301
applying Image Signal Processing (ISP) 3 ;
with the Simatest simulator. Itis a 2O

. . . . m

particularly good indicator of low light 10}
performance. You can select a Michelson Z w| TR u T 0  patcn 4 .
contrast for this display; You are not -3 25 2 1.5 -1 0.5 0

. s Log, (Exposure H Lux-seconds) for 6440 Lux max
restricted to the chart’s contrast (0.6 for Patch Luminance cdim? for 2050 cd/m? max

a 4:1 contrast I‘atIO). SNRi for multiple rectangle sizes over a range

of illumination
Available contrasts
Contrast ratio 10:1 4:1 3:1 2:1 1.5:1 2.1:1
Michelson contr. 0.818 0.60 0.50 0.333 0.20 0.091

The Object Detection Error Probability, which is directly related to SNRi by the rather sim-
ple equation, P, = Pr(error) = %erfc(SNRi/Z\/E ), can also be plotted. See Object
Detection Error Probability and also Appendix 2: SNRi and Error Probability.

Imatest Camera image quality testing based on information metrics P.37



S
(=]

Deeper exploration

Scene—refgr:anced (f-stop) ISNR dB for R, 'G B,and Y ch;nnels.
In addition to information-based Dyna- o e
% i = in = =
mic Range (DRc.), the new InfoDR chart ‘; » | SR BW (4B RGBY) = 403,406, 304 423,
can also be used for all standard slan- g
. o L 451 ]
ted-edge measurements as well as tradi-  § i
2 .
tional SNR-based DRsnr.ino, Which ¥ oof 618 1
c
’ H 3 High: 32.832.8
doesn’t fully characterize performance. g _ | o drrialetend
o -~~~ Dynamic Range decibels (d Med: 53.1 53.1
. . —AGray inc Scene-ref (Quality-base¢ Low: 61.861.8
For the 10-megapixel camera, DRc4 is 20 8 i i p——
. . 120 100 80 60 40 20 0
Sllghtly lower than DRSNR.mfo, In part Exposure in dB (-20*target density) from file
because the DRc, quality levels SNR-based Dynamic Range DRsnr-info for the same 10 megapixel
. image capture used for DRc4. DRsnr-info IS Nearly identical to the
are new, somewhat arbitrary, and DRsnr-3s measured on the 36-patch DR36 chart, above.
don’t correspond exactly to the
classic DRswr-info quality levels. But they better represent camera performance.
Results can sometimes be surprising. For g XU Pleonels 6o A 80N ¥1:120 M08 i1
. . . Mean signal L,R = 5 Noise image method (mean N)
example, a peak in the spatial noise can o | 00834 0254 : Mean noise = 0.000944
. . . . . 5 5 [ Mean edge noise LR = Pk smoothed noise = 0.00471
indicate the presence of bilateral filtering B ©00%80 0:000590 G
. . . O4t
[6], which is a form of edge-preserving noise £
reduction that degrades texture response. <)
. . . . @
Its presence indicates that it might be 82}
worthwhile to measure Log F-Contrast or .%1 I
Spilled Coins to better understand the image '

o

processing. -10 5 0 5 10 15

Pixels (Hor)

Although it is almost universal in JPEG files Spatial noise, showing unexpected peak

from cameras, we’ve only seen it once in a raw image —for a premium camera phone, that
appeared to have noise reduction but no sharpening. When it is present, information capa-
city is estimated using the 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.
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LX7_17.7mm_f4_ISO80_s1-10_1060203. RW2

The PTC, which is a plot of noise as a function of

| PHOTON TRANSFER NOISE F B

. . A 10 ar-2025 22:57:12  83r-36-Confim-Auto ]
exposure, characterizes an image sensor’s noise 0SB4 s goer o 3544 ool
behavior. Itis the heart of the image sensor e m— .."J
noise model, which consists of dark noise, s | ,."'
photon shot noise, and PRNU (Photo Response % ‘._-"
Nonuniformity) noise, each of which responds ﬂ ;.' :
differently to light. For linear sensors, noise can "ol X ! Bt e
be characterized by just three coefficients: p".‘ o]
ON = \/kl%ldark + k]%lshotV + kI%RNUV2 for norma- ] -y 4-'-".". E E‘:”::;

lized Digital Number, V. e o

Input RGB Level/4095 (DN normalized to 1)

DN Offset (orig / optimized) = 128 / 144.1;  Sat level = 4085, RGB balance = 0.412 1.000 0.537
. o . . Min max Patch DN = 16.14 3967, Pixel DN =0 4097
Imatest calculates the noise coefficients using SN=1 (048)@x-000044% SN=10(200B) @x= 00110
Dynamic Range = 22561=67dB = 11.1 EV;  Maximum SNR (EMVA 1288) = 37.6 dB
[Dark, shot noise coefficients] =  0.0003876, 0.01029; emr=1.305

nOnlinear Optimization, [AS Of Aprll 2026, Imatest [Dark, shot, FP noise coeffs for Simatest] = 0.000395, 0.009933, 0.006745; err = 1.051
Gain (DN/e-) = 0.4045; e- per normi signal = 10124;  Saturation capacity = 7895.8 e @ x = 07799
does not yet support High Dynamic Range (HDR)

Dark noise =0.000395 (3.999 e-) FIT [= 0.0003763 (3.81 e-) meas.]

. . . . Photon Transfer Curve (PTC:)W o
sensors, which have multiple operating regions.]

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 1
Image sensor noise model:
from Photon Transfer Curve or EMVA 1288
|
ISP: Image Signal Processing: sharpening, bilateral
filtering, color correction, much more...

tions and Image Signal Processing (ISP). T

Display results: standard and information-based metrics

predict the performance of prototype came-

Simatest

ras under a wide variety of lighting condi-

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

Simatest: Simplified block diagram.
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Simatest — Camera/Image Signal Processing (ISP) simulator

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

Input images |

Raw or minimally- 1 Simatest
d > : ;
proces-se camera J Physical Simulated Image Signal
image .
_____ properties Processing (ISP)
Tl Simulated Adi i
. . i justments Degradations
[ Simulated Iasc ]‘\-'_‘—) blur (MTF) Mosaic/Demosaic Noise
: Exposure/gain Filter (LPF)
Y ¢ Gamma h
Simulated image : RGB balance, AWB Enhancements
run through lens design 45 SImUIatEd Monochrome CCM (color matrix)
program (degraded sharpness, image Sensor — Invert Tone mapping
etc.) . Cos* lens shading Sharpening
noise model Fog Bilateral filter
I

Y
|

| 1
{ Visual assessment ] Color/Tone J [ 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 from Simatest output. Details

are on Simatest: Overview, Simatest: instructions and reference, and related pages.

2C. 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.

Color 10 T ———————ry

O camera [Ta7
AC 2000 1

Color can be measured with two of the spatial charts: eSFR ISO el N \/ S

or SFRplus, in Rescharts (interactive) mode or from their fixed, ©

batch-capable modules. The best results are obtained foreSFR =«
ISO when color patches have been measured and a reference 2
file is available. Split colors (reference/input) and a*b* color
error (shown on the right) can be displayed.

Color charts produce the most detailed results when ana-
lyzed with Color/Tone, which can be run interactively or as a
batch-capable fixed module. The most popular color charts are

a*b* color error
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- 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- 0, 2673, 1000 doschetipe

Flatfield Blemish Detect), which runs in both fixed and
interactive modes, by directly photographing a light B

o‘% L % ]
_% o% 3 \ /&’?‘ 3 §
anel or lightbox, which doesn’t have to be in perfect B \ ossers Y A )
p g p ' )\\ ™
N S

sured from the Flatfield module (Using Flatfield, Part 1, | £ / & " = "\ \\'X
Using Flatfield, Part 2, Using Flatfield-Interactive, Using & i / :

focus. No chartis needed.

Limited uniformity results (but not blemishes) are Cona = OBVA TS5 e 0B A2 . S
available from SFRplus (from the light regions between s 5 5 e

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

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 (MTF50, MTF50P, MTF area,
which are insensitive to exposure), information capacity (C4, which is highly sensitive
to exposure), 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, i.e., exposure levels, typically near the center of the image.

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
metrics from the slanted edges to obtain
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- (4 the information capacity for 4:1 contrast objects, which can be thought of as a metric
for the camera’s overall goodness, i.e., its performance potential,

- Information-based Dynamic Range,

- Ideal observer Signal-to-Noise Ratio, SNRI,

- Object detection Error Probability, ODEP, which along with SNRi, is the detectability of
(usually small) objects of a specific size and contrast.

- 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 of course it never hurts to look at the image, justin case a
rare defect appears that the measurements missed. (Let us know if this happens.)

The three pillars of image quality measurement
)

l. Spatial measurements:

Sharpness (SFR) and
Information capacity, C,,

Il. Tonal measurements

C,as afunction of
illumination, Information-

Ill. Other measurements

Color, uniformity, defects

over the image field

based Dynamic Range

Lumi
2.14 pm pixel pitch
€, Edgeinfo
capacity &

Dynamic
Range

ere

We have described measurements derived from information theory, most importantly

e the information capacity for 4:1 contrast objects, C4, which is especially valuable for
characterizing a camera’s potential performance over a wide range of illumination,

o |deal Observer SNR (SNRi) [7-10] for small object detection, and

e Object Detection Error Probability (ODEP).

Information metrics are calculated from three factors — sharpness (SFR(f)), noise (NPS(f)),
and signal amplitude (Viignhe—Vdark), making them complete pixel-level performance metrics
that can answer the question, “How good is the pixel or camera”

SNRi and ODEP both quantify how well an object of a given size and contrast can be
detected, but although SNRi is a more direct calculation, ODEP is an error rate that can be
directly compared to statistical performance measurements when a task (Detection,
Recognition, Identification; collectively called DRJ) is defined. Research is under way to
find optimum values for (relative) object size and contrast for correlating ODEP with
system performance.
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SNRi, and ODEP (Object Detection Error Probability) in addition to (or in place of)

We encourage the use of information metrics such as information capacity Cy,

sharpness and noise for evaluating camera performance.

In other words, think in terms of information rather than pixels.
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Appendix 1. Problematic images and misleading
results

Monkey wrenches, spanners, and wooden shoes
imply situations that can ruin your work. In the US we say, “throw a monkey wrench into the
works.” In the UK they say, “throw a spanner.” In the early nineteenth century, disgruntled
French workers threw wooden shoes, called “sabots” into industrial machinery.

The items in this section are metaphorical monkey wrenches, spanners, or sabots that
can adversely affect measurements. They are common enough so that everyone who
tests cameras should be aware of them. Some, like local tone mapping and bilateral fil-
tering, are beneficial for human vision when applied in moderation, but can distort mea-
surements, especially when applied in excess — something we see all too often. Several of
the issues are described in Correcting Misleading Image Quality Measurements [15].

Obsolete test charts

Obsolete charts should be avoided because more accu-
rate and convenient choices are available. The most
common is the ISO 12233:2000 chart, which has few
usable edges, excessive contrast (that can cause prob-

lems with saturation), and is unsuitable for automatic
region detection. Its drawbacks are described in the
eSFR ISO Instructions. Another is the USAF 1951 chart, ISO 12233:2000 chart
which was designed for visual analysis and is not supported by Imatest.
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Oversharpening _

dge) (tangentia))

Some software sharpening is almost
always beneficial for human vision, but

10.90% riso = 0.18 pixols

unnormalized)
°
&
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excessive sharpening creates artifacts that

Edge (linear,

can degrade image appearance and also | oo

Imatest 26.2.0. ALPHA Master -

I make summary metrics like MTF50 or R A

MTF50P unrealistically high, meaningless, i i bty

or even impossible to measure, as shown

SFR (MTF)
s> o o

on the right. It’s a cheap way of boosting
specifications without adding any y

information to the image. o e e S
Sharpening can be recognized by “halos” on the edges as well Severe oversharpening
as a peaks in the edge and MTF response. They are acceptable

if kept within reason (roughly 30%). Oversharpened images may look crisp on tiny displays

like phones, but they should only be sent to the display; they should not be saved.

Bilateral filtering and texture

Bilateral filtering [6], which has been mentioned several times in this paper, is an edge-
preserving noise reduction technique that makes pictorial images more pleasing by low-
pass filtering relatively smooth regions of images to reduce visible noise while maintaining
sharpness (or even sharpening images) near features such as edges, which are respon-
sible for our perception of sharpness. Bilateral filtering

- Is nearly universal in JPEG images from consumer cameras (but is independent of
JPEG compression).

- Can make a mess of measurements because it is nonlinear and nonuniform.

- Can be detected by the presence of a strong peak in the spatial noise plot, when

information metrics are enabled. When it is present, information metrics such as SNRi
cannot be reliably calculated.
- Removes fine texture from the image.

When there is concern about image texture (which only happens for bilateral filtering,
additional test chart images may be analyzed.

- The best known is the Spilled Coins (Dead Leaves) chart, but results can be mislea-

ding. See Dead Leaves measurement issue.
- The Log F-Contrast chart provides a better indication of how bilateral filtering affects

texture.
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Tone mapping

(Local) tone mapping is a nonlinear, nonuniform ISP operation that lightens dark portions

of High Dynamic Range (HDR) images while maintaining local contrast, so that important
details in the dark portions are visible on normal displays in normal environments. It
strongly impacts tonal response and dynamic range measurements.

It can be recognized by lower than expected values of gamma (where Digital Number (DN)
= jllumination(encoding gamma)) “which is typically around 0.45 to 0.5 for interchangeable ima-
ges encoded in standard color spaces (sRGB, etc.). Dynamic Range measurements of
tone-mapped images made with standard test charts are generally not valid. The Contrast
Resolution chart can provide useful dynamic range measurements, focusing on object
visibility over a range of tones, fortone-mapped images.

Saturation or clipping -
. . . Edge profile: Horizoma;i : I US—DICT-EMZ 1l?:=1:21

Saturation or clipping takes place when the scene 2588 x 2552 pixels (VixH) e

. . o . . 10.1 Mpxls

illumination range is too high to be captured by the | ROk 163x265 pixels 10.90% ise = 117 pixels

image sensor, i.e., when the sensorreachesits full | ot oo b e s 0sss pue

. . .. - pere RS Edoe roughness = 0.0622 pxis
well capacity or maximum Digital Number (DN). Y-channel (YALSO) Chart contrast = 10
. X . _Gamrrla=0.5 Gamma. (from chart) = 0.57

(Clipping can also happen on the dark side.) If the Erlge 527 deg= Lt, ok is = 255,686  Ltidk = 3.72
Clipping warning

onset of clipping is abrupt (red arrow - on the right),
_,...........-Ia—'""'“l . . J'n'l.'aresr 3.|9-Bera J'I:'!asrer

the resulting sharp corner contains significant high
frequency energy that boosts MTF measurements, making Abrupt clipping

them better than reality. If the onset is gradual and the corner isn’t sharp, the effect on MTF
will be much lower. The Clipping warning is merely an alert that doesn’t indicate how

severely MTF is affected.

Clipping can be minimized or eliminated with good exposure and with low-contrast targets.

Slanted edges with 4:1 contrast ratio are recommended where available. Excessive shar-
pening makes it worse. Careful exposure is required for Chrome-on-Glass charts, which
have a minimum contrast ratio of 10:1.

Dynamic Range inflation

LX7_17.7mm_f4_ISOB0_s1-20_1060204.tiff
30 25 20

Some High Dynamic Range (HDR) sensors have
specified dynamic ranges as high as 150 dB, but
once they’re inside a camera behind a lens, stray

-0.5

Pixel offset =0 (min Sat = 64879.65

D 28 Aanficn A

esponse of 36-patch Dynamic Range cha;t,
showing "plateaus" that can be misinter-
100 dB. The most common issue with older DR36  preted. Full details above in DR36 Charts.

3y 1nal (DN/65535))

light limits the actual dynamic range to around
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test charts is stray light in the darkest regions near the bottom of the chart causing
response “plateaus” that can be misinterpreted as part of the signal. Full details are given
above in DR36 Charts. Newer versions of the chart with light patches near the center row
are better, but not perfect.

For best results — most representative of real camera performance, we recommend the
Contrast Resolution or InfoDR (Information-based Dynamic Range) charts. But they
won’t give the 120+ dB measurements coveted by marketing departments.

Appendix 2. SNRi and Error Probability

This calculation is new, important, and was derived while writing this White Paper.

We use results from detection theory to calculate the total error probability, which is the

sum of the probabilities of false positives and false negatives, as illustrated in the Receiver
Operating Curve (ROC), below. For the gaussians with means p1 and u2 and identical stan-
dard deviations o = 01 = 02, the minimum error probability occurs when the decision thres-
hold, xo = (1 + u2)/2. Note that the system is symmetrical around x = xo = 0.5. More
details on detection theory can be found in Wikipedia and in reference papers [7-10].

15 Means u=0,1 i
0=0,=0,=
0.25
' (x) = 1 ex ( Xo=
P B oV2m i 0.5
0.5Ff P4
Error.regions
False negaWse positive
0= : i b ; : :
-1 -0.5 0 0.5 1 1.5 2
H1=0 yorx Hp=1

For the gaussian curves,

T <_M>
pP\X) = amexp 202

The key assumption is that SNRi can be treated as a standard Signal-to-Noise Ratio (SNR)
with signal S = Au = uz - pz and noise = g, illustrated above.

SNRi = (u; —p4)/0 = Ap/o =1/0
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Thanks to the symmetry of the ROC, we can use the left gaussian to calculate the error rate
because its mean, u1 = 0, simplifies the calculation. The Object Detection Error
Probability, ODEP (often abbreviated as Error Probability; sometimes called Bit Error Rate,
BER), is

Pr(x > x,) = ODEP = Pr(error) Joo (x)d foo ! ( (x_”)z)d
rx X = = rr(error) = x)ax = ex —_—— X
0 xO p xo o [_21_[ p 20,2

From https://www.gaussianwaves.com/2012/07/g-function-and-error-functions/

For the gaussian curve on the left, the decision threshold is xo = (uy + 12)/2 = 1/2.

Letu? = (x — u)%/(20%). Then, u = (x — p)/(6v2), du=dx/(6V2), dx = V2 du,
anduy = 0.5/(6v2) = 1/(2v2 ) = SNRi/(2V2).

[e'e] 2 oo
exp(—u 1
Pr(x > x,) = Pr(error) = L)a\/f du = —f exp(—u?) du
uy OV2T Vr SNRi/(2/2)
From the MATLAB documentation for erfc, the MIT o 2Sa(BHt Error Rate (BER)) a6 a function of SNRi

class notes [16], and other sources,

erfc(z) = % f OOexp(—uz)du

Iogm(Bit Error Rate (BER)) for SNRi

Pr(x > xy) = ODEP = Probability of Error

BER = 0.5%erfc(SNRi/(2*sqrt(2))

1 SNR i -100 5 10 15 20 25
—— erfC SNRi (amplitude ratio)

2 2\2

Error Probability =
Yo*erfc(SNRI/(2*sqrt(2))

BPSK (Binary Phase Shift Keying) equation (for checking results)

This equation, which is inexplicably missing from the classic pa- !
pers on SNRi [7-10], can be derived from texts on electronic com- . You il Bnd youe s°|Uti°." e

o i ) ] ; where you least expect it.
munications under the topic, “Binary Phase Shift Keying (BPSK).” .

|

BPSK is symmetrical around V = 0 with g1 = -=0.5 and uz2 = +0.5,i.e.,V; = —/Ep, = u1 =
—1/2 and V, = ,/E, = 1/2 with the above diagram shifted to be centered at V= 0.

The standard equation for the error rate of BPSK is,

P, = Pr( )—1 e |Eo
b= rerror—zerc No
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There was a discrepancy when we assumed that Ny = o?%; +No = a,which is explained in
the MIT class notes, https://web.mit.edu/6.02/www/s2012/handouts/9.pdf,

“We will denote 2a? by No. It has already been mentioned that ¢ is a measure of the
expected power in the underlying AWGN process. However, the quantity Ny is also often
referred to as the noise power, and we shall use this term for Ny too.”

Based on this statement, it appears that for BPSK, noise power Ny is measured from the
difference between the two gaussians, which is not the same as o (for a single gaussian).
In this case, Ng = 6% + 6% = 207, and /Ny = oV/2.
Assuming \/Ep, = Au/2 and using SNRi = Au/o,

E, 1

1
P, = Pr(error) = Eerfc N_o = Eerfc(

Au ) 1 (SNRi)
= —erfc
2V2 0 22

2
This resolved the discrepancy we struggled with when we assumed N, = ¢2.
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