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About Basler

Founded in 1988
338 employees, growing

48 M€ revenue (est. 2005)
49% Asia
33% EU
18% USA
Headquarters in Ahrensburg
near Hamburg

Subsidiaries in Philadelphia,
Singapore, and Taipeh
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Systems
Display Inspection
Sealing Inspection
Optical Media Inspection
Web Inspection

Components

Vision Components
Area scan cameras
Line scan camera
Smart Cameras

A102f : CCD,
1.45 MPixel, 15fps

A600f : CMOS, VGA, 105fps
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Outline

About EMVA 1288

Optical Setup : Fair Comparison
A Single Pixel : Temporal Noise
Lots of Pixels : Spatial Noise
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What is EMVA 12887

EMVA = European Machine Vision Association
see www.emva.org

EMVA 1288 = Standard for Measurement and Presentation of
Specifications for Machine Vision Sensors and Cameras

Goals
Define measures to characterize cameras
Make data sheets from different vendors comparable
Allow the customer to select a suitable camera for his task
Make it difficult to “beautify” data sheets

4
This presentation explains how to use the data sheets
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Current Members of the Standard Committee
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Adimec
Asentics

Aspect Systems
ATMEL
AWAIBA

Basler

Dalsa

IDS

Jai / Pulnix

PCO

Sony

Stemmer Imaging
TVI Vision

Univ. Heidelberg
Univ. Oldenburg

cameras
cameras

sensor production equipment
cameras & sensors

sensor design
cameras

cameras & sensors

cameras
cameras
cameras
cameras
camera distributor
cameras
camera know-how
camera know-how
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Current Status of EMVA 1288

Standard Released in August 2005
Modules of the Standard

Basic Information released
Image Quality and Sensitivity released
Defects and Artifacts under preparation
Spatial Resolution under preparation

Scope : currently monochrome area scan cameras only;
line scan and color camera will follow

Further development

Vision Stuttgart 2005 : Combined marketing effort
Participating companies have standard compliant data sheets ready
Participating companies advertise and promote the standard

Vision Stuttgart 2006 : Next modules are launched
6

This presentation is about image quality & sensitivity
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Key ldea of the Standard

Standard

Mathematical model
Parameter identification
- How to measure
- How to match model

Mathematical Model

Parameters

7
Parameter
|dentification Data Sheet
Parameters
Indication how good
E Camera the model matches
the camera
7
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Mathematical Model

Optical Setup

Camera ( EMVA 1288)

— Single Pixel, Monochrome Light

f : focal length

A, : pixel area

f, : relative aperture Texp : €XpOSUre time efficiency
: transmission coeff.

t

R

P

h(l) : total quantum

Sq . stddev of the dark noise

Ny

K : total conversion
gain

R R _ P | Creating --
lens . ( >_> amplifier
Scene - | pixel > electrons| P -
| |
R : radiance P : Power per pixel n, : number of photons Ne : number of y : digital grey
| : wavelength collected during light induced value
exposure time electrons
ng : number of
8 dark noise
electrons
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parameters
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Outline

About EMVA 1288

Optical Setup : Fair Comparison
A Single Pixel : Temporal Noise
Lots of Pixels : Spatial Noise
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Optical Setup

Patch aperture diameter d ~ Pixel

Ty

a, a;
TN
object in lens with Image on
scene focal length f sensor

A patch from the scene maps to a pixel on the sensor

10 Beware : for a pixel size smaller than 5um (mono) / 2.5um (color)

the typical lens will not have enough resolving power
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Pixel Size and Focal Length
_ sizeof theimage

. : M= — :
pixel size > sizeof theobject
focal length >

[ e
\\/Q@ normallyis m<<1

a'0

f focal length of the lens
m magnification which depends on the pixel size

A larger pixel requires a larger focal length

11
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P power of the light emitted from the patch and collected by the lens in [W]
R radiance of the patch in the scene in [W/(m? sr)]

A, area of the patch in [m?]

t transmission coefficient  of the lens (t » 70..90%)

W solid angle the lens covers with respect to the patch in [sr]

p(d/2)? area of the lens in [m?]

a, distance between scene and camera in [m]

The lens’ diameter determines the collected amount of light

12
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Number of Photons

p=Rrt 2% 42
4 ag
» Rt Bi d?
4 f2
o P A
-Rt2
2 In [W
4tz MW
with
- i Relative aperture
7 of “f-number”
A Area of the pixel
R Radiance of the scene

[ 0.90% Transmission coefficient
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Energy collected in a pixel

E, =PT,

p exp during exposure time T,
_hc 240ty Erewyofa
Ephoton_ / » / S|_nge photon
/nm with wavelength |

h = Planck’s constant, ¢ = speed of light

E D Number of photons collected
by a single pixel
during exposure time

m. =
PE

photon

m, contains all dependencies
on pixel size and exposure time
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Example

[l

R =10 W/m”"2 sr
| =550 nm (green)

N

Y,=8 cm

a, =13 cm

\

Energy per Photon

Magnification
m=y /y,=1/10

Focal length

f=a, m/(m+1) =12 mm

Power per Pixel
P=Rt(p/4) A/ f2=17e-11 W

Energy per Pixel
W, = PTg,, = 1.7€-15 Ws

Wy, =hc/l = 3.6e-19 Ws t =80%

Number of Photons
I*lp = Wp / th = 4800

fy =

Texp = 100us

VGA

sensor

Yi

A; = (10um)?

Yi

=8 mm

= 640" +480° 0um
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Rules for Comparing Cameras

Both cameras must show the scene with the same resolution

Choose the focal length f accordingly

The lenses must have the same aperture diameter

Choose the f-number so that dt = g2 f_l _ f_2 holds true
e ff

When comparing cameras without lenses, compensate for
different pixel sizes by adapting the exposure times

Make sure AITI = A*T2_ holds true

exp — exp

15
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Outline

About EMVA 1288

Optical Setup : Fair Comparison
A Single Pixel : Temporal Noise
Lots of Pixels : Spatial Noise
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Mathematical Model - Basics

: - PSR y=a+b
Stochastic Quantities Addition _
: . - - Mean Ny =Ny + My
- Stochastic quantity My - Variance s2=52+52
- Mean &
- Standard deviation 5x - Mean ny, =Kn,
- Standard deviation Sy =Ks,
Signal Quality
SNR =2x
- Signal-to-Noise ratio Sx
- SNR is not affected by scaling SNR = N _Km _ M _gng
sy Ks, Sy

17
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Physical Model of a Camera

@ $$ A number of photons ...

———— ... hitting a pixel during exposure time ...

creating a number of electrons ...

... forming a charge which is converted
by a capacitor to a voltage ...

e
{> being amplified ...
ffﬁ ... and digitized ...

18 42 - resulting in the digital gray value .

© Basler AG, 2005
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Mathematical Model

Number of Photons ~ MNp

0 2
m,=5p

) because of Poisson Distribution

Number of Electrons Ne

ne =hnm,

sgglnzhmp

with /7 total quantum efficiency

— Single Pixel, Monochrome Light

Dark Noise Electrons it's StdDev

Quantum n .
Efficiency dl Sqg Conversion
Gain
ne
YW A K Ty
Photons Electrons Grey Value

Grey Value Y
my=K(m+my) =Khmy +m gaq,

2 _w2l~2 2 2 2
Sy =K (Se +Sd) =K hn7p+5y.dark

with K total conversion gain (incl. “Camera Gain”)

Saturation Ne = Ng gat

5 : . .
S ® 0 with Mg 5ot Saturation capacity

© Basler AG, 2005
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Signal-to-Noise Ratio - temporal noise only

SNR does not depend
on the conversion gain

Beware: if noise is added
after(!) the camera’s Gain the
SNR will increase with Gain

>|dm)

= Id np.min

hm

The Light : SNR) :ﬁ: /”b The Image : SNR’ - My - 11 dark _ D

S Sl si)

© Basler AG, 2005 " Id means log, Dierks: EMVA 1288
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SNR Diagram — Reading the Axes

SNR can be given as

9
SNR = 40-1 3 A600f camera |
SNR,z = 32 dB = 20 log,4(40) 7 A102f camera | _~~ //
SNRy, = 5.3 bit = log,(40 = & excellent 7
SNR.. = 6 SNR ) =S /}‘///
dB — bit = 4 | |acceptable —
/
5 3 / //
Special SNR values are 2
P . : 1 / / threshold|
Excellent) SNR =40:1=53bit | .~ =~ [treshold]
Acceptable” SNR = 10:1 = 3.3 bit 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Threshold SNR = 1:1 = 0 bit log2 #photons collected

Number of photons collected during exposure time
Given as logarithm to the base of 2
Example p,=1000 ~ 1024 =21° 10 on the scale

21
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SNR Diagram — Getting #Photons

The hard way to get #photons

Measure the radiance R Z AB00f camera |
Compute W, 7 A102f camera ‘//
—. 6 1|excellent / 7
The easy way to get #photons 25 .
y way g P = 4 {-|acceptable e //
Get a camera with known quantum = 3 / y
_ . . 7))
efficiency h and conversion gain K 5 ~ yd
(  EMVA 1288 data sheets ) 1 ~ pd T
resno
Measure Wy - Hy gark 0 / — / e
Compute W, = (1, - Kygax) / K 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

log2 #photons collected

Remember that the number of photons collected are...
proportional to T, typical Tgy, = 30us ... 33ms (@ 30fps)  1:1000 10 bit

proportional to 1/(f,)? typical f, = 16, 11, 8,5.6,4,2.8,2,1.4 1:128 7 bit

’? one f-stop doubles/halves #photons

© Basler AG, 2005 Dierks: EMVA 1288



SNR Diagram — Comparing Sensitivity (1/2)

What is Sensitivity? =—p-

Defined by the amount of photons
required to reach a certain SNR

Example: in order to reach excellent
image quality (SNR=40:1)...
the A102f needs 4 kp~ (12 bit)
the A60Of needs 24 kp~ (14.6 bit) /
Thus the A102f is ~6 times (2.6 bit)

more sensitive than the A600f when V V [lipesliol

an excellent image is required 10 11 12 13 14 15 16 17 18
Iogz #photons collected

A600f camera |

A102f camera ‘//

+—acceptable // —

+{excellent

SNR in [bit]
O L N W A O1 OO N 0O ©

Absolute Sensitivity =—p-

The camera can “see” a signal which is larger or equal than the noise (K, >= S, 4ar )

Example: The A102f is ~16 times (4 bit = 9-5) more sensitive than the A600f
at the perceptibility threshold (SNR=1:1)

” Sensitivity depends on the required image quality

© Basler AG, 2005 Dierks: EMVA 1288



SNR Diagram — Comparing Sensitivity (2/2)

A Id SNR,

>|dn‘p

B
(Iche- 1gh®) 1d 4 - Id_ﬁ. -(IchE- Idh)

hB

Comparing sensitivity for camera A and B
For low light (SNR=1) the sensitivity ratio A/B becomes (S4g/ hg) / (Sqa/hp)
For bright light (SNR>>1) the sensitivity ratio A/B becomes h, / hg

24
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SNR Diagram — Dynamic Range & Max. SNR

Saturation and Max. SNR 11 sNR, | A600f camera |

H, sa = NUMber of photons required to
saturate the camera
Example A102f : p o, = 36 kp~ =21

Can be computed from the camera’s
saturation capacity in electrons

Mp.sat = Hesat/ D
A102f : 36 kp~ = 18 ke- / 46%

He ot S€€ EMVA 1288 data sheet 1 threshold

0 I I I I I I I I
SN%maX »\/hup.sat—\/l-le_sat 4 5 6 7 8 9 10 11 12 13 14 15 18

log2 #photons collected

excellent

acceptable

SNR in [bit]

Dynamic Range
Defined as DYN = U,/ S, jax
Ratio of brightest to darkest part in the image
Example A102f : DYN = 1:1000 = 215/ 25 =2155=210  DYN,, = 10 bit

25 Beware : you need at least p-1 digital bits to transfer an image with p bit dynamic range
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Rules for Comparing Cameras - Continued

Both cameras must show the scene with the same resolution
The lenses must have the same aperture diameter

When comparing cameras without lenses, compensate for different pixel sizes by adapting the
exposure times

Choose a required image quality
excellent (40:1), acceptable (10:1), perceptibility threshold (1:1)

Find in the SNR diagram how many photons are required
The less photons required the better the camera

Compare the required number photons for different cameras
The lower the dark noise the better the camera
The higher the total quantum efficiency the better the camera
The higher the saturation capacity the better the image is with maximum light
The camera’s Gain does (normally) not influence the image quality

)8
[02]
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Dealing with Different Wavelength

Note : from the
monochrome QE
curve the camera’s
response to white
light can be
computed.

This is however
— due to lack of time —
beyond the scope of
this presentation.

blue green red

27 The total quantum efficiency h depends on the light’s wavelength
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Outline

About EMVA 1288

Optical Setup : Fair Comparison
A Single Pixel : Temporal Noise
Lots of Pixels : Spatial Noise
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Adding Spatial Noise to the Model (1/2)

Principal model of a single pixel

light grey value

offset

The offset differs from pixel to pixel  add offset noise
The gain differs from pixel to pixel  add gain noise proportional to the grey value

y
A
T grey value noise / gain
I noise
constant
light level
29 T T T T Cd nb
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Adding Spatial Noise to the Model (2/2)

Spatial Offset and Spatial Gain Noise

n, = K(/mIO + nd)

S2=K? hm,+s5+s5+Sh2nf,

temporal spatial

SNR,: : . h%‘ i
Jom, +(sé+s8 )+ i nf)

With ( EMVA 1288)

2 : . :
S, :variance of spatial offset noise

2 : . . :
Sg . variance of spatial gain noise

30

/

ld SNRy

-1dS
g

gain noise

photon noise

dark noise + offset noise

Id SNR_y

al

N W A

o

Id rp.min

Id p.max

A600f (CMOS sensor)

Temporal Noise | |

Total Noise

10 12 14

16 18
I[d MeanP

There are two SNR curves : for temp noise and total noise

© Basler AG, 2005
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Stripes

image with

EMI based stripes

: : time
diagonal stripes High frequency disturbing signal
A A~ is added to the video signal
/ The maxima of the disturbing
\/ VoIV signal are shifted between lines
Wi This results in diagonal stripes
which tend to move and pivot
gap between with temperature
line readouts

Structure based stripes

There are multiple signal paths
in the sensor/camera with
slightly different parameters
(gain, offset)

L= This results in fixed horizontal or
vertical stripes

Example: even-odd-mismatch

odd columns

31

even columns
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The Spectrogram (1/3)

lines

/f\ 60
1 VA W » FFT - »Abs\ o
2 » FFT . »Abs\ 5 40
_w Mean— 3 %
2 20

/ < 0 NN L I ||

N — » FFT —» Abs g bt ALLALLY

¢ & o P W a¥ b g2 O

Periode [pixel]

Spectrogram = amplitude spectrum of the lines
Compute the FFT for each line (subtract the mean before)
Compute the amplitude of the FFT
Take the mean of the amplitudes

32
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The

60
50
40
30
20

Amplitude [DN]

10

Spectrogram (2/3)

A very old camera

N aEN I N
L s A LU L
o 2 W or N 2 o

Periode [pixel]

X-Axis : horizontal distance between stripes in [pixel]
Y-Axis : amplitude at the corresponding frequency in digital numbers [DN]

flat spectrogram

The amplitude of the flat part of the spectrogram equals the standard deviation of the dark noise s
The peaks show up as stripes in the image only if the phase between lines is coherent.

The ideal camera has white noise only

33
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horizontal distance
between stripes

A

rd
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The Spectrogram (2/3)

1600
1400
Convert the amplitude from The white noise level mainly

Z 1200 + dlgltal numbers to numberof ——F— depends on the sensor ]

S 1000 |- grrl]otons Hp = by /KD The peaks (artifacts) mainly

< €n compare cameras depend on the camera

= (never compare directly)

‘5 800

©

>

= 600

— W/WWVJW\M\[\AWMNM

c WMMWWW

< 400

|_

LL | A

Y- 200 ‘ “
O T T T T T T T T T T T T T T T T T T T T T T T T T T T T
QC\I@#OOOONLONLOCDNHLONCV)@HI\LOLO
c 92 ¥ © N 4 © o 1 o M~ N A 0 M~ ;S N A0
= O O M O W O I IO < < 0o 0o o AN N NN N NN N
c ¥ N d -

Period Length [pixels]
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The Non-Whiteness Coefficient

60 1,6
50 A very old camera 1.4 /.\ A600f .
Z 40 g L2 *,/o\/.\// e
% £ 1,0
5 S 08
g 20 é 0,6
0 S N I | L 04
AL, Lk 0
0 rrrrrrrrrrrrrrrrrr 1T T T T 1T T T T T T T T T T T '
¢ QO O » 9O a4 A 5 9 00 ‘ ‘ ‘
RN AL - A A A N 2 0 10.000 20.000 30.000 40.000
& MeanP
Periode [pixel]
Sy - full energy of the noise = geometrical mean of the amplitudes
Sy.white: €NErgy of the white noise = height of the noise floor
o ) _ . . N
F =s,5u’ Sywhite . : NON-Whiteness coefficient (should be ~1)
35
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Rules for Comparing Cameras - Continued

Both cameras must show the scene with the same resolution
The lenses must have the same aperture diameter

When comparing cameras without lenses, compensate for different pixel sizes by adapting the
exposure times

Choose a required image quality
Find in the SNR diagram how many photons are required
Compare the required number photons for different cameras

Compare the spectrograms for different cameras in units of #photons
Should be flat with no or occasional peaks only

Compare the non-whiteness coefficient for different cameras
Should be ~1

36
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Conclusion
EMVA 1288 allows a fair comparison of cameras using data sheets

For a fair comparison make sure...
the pixels “see the same”
the pixels get the same amount of light

Compare
Sensitivity based on Temporal and/or Total Noise
Dynamic Range
Maximum Signal-to-Noise Ratio
Spectrogram
Non-whiteness

37
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Thank you for your attention!

More info : www.basler-vc.com > Technologies > Camera Characterization
. Contact me : friedrich.dierks@baslerweb.com
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