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DIC 201 — Beyond the Good Practices Guide (GPG)

Goals

* Go beyond and below the GPG

 Understand where the GPG recommendations come from.

* Understand how to design and setup a DIC experiment.

* How do you choose the best lens or camera for your DIC experiment
* Principles for DIC hardware setup

* What makes a good DIC pattern.

 Understanding the calibration process

 Smart DIC analysis: VSG, parameter studies, spatial resolution

* Applicable to all DIC software implementations.

Look inside ¥

A Good Practices Guide for
Digital Image Correlation

Figure 2.1: Cartoon depict-
ing the recommended orien-
o tations of the cameras in a
is stereo-camera pair with re-
spect to the test piece. In this
cartoon, the long and short
axes of the test piece ROI
are assumed to align with the
long and short axes of the test

Non Goals

» For stereo-DIC, mount both cameras rigidly together to avoid relative camera

* Learn to write DIC software. i e 2222t e i sy of i

systems.

Any relative motion of one camera with respect to the second camera will in-

duce errors in DIC measurements.® While these errors can be compensated
for to some degree with post-processing calibration corrections, ” avoiding

[} [ ] [ ] [ J [ ] [ ] [ J [ ] [ ] [
relative camera motion is much more strongly preferred. Therefore, rigid
INIMizi U U Nty | uial INCI . i i
If bath canser W rigidly with respect to the test piece, anly rigid-body
1 i here rigid-body ion is not.

if there is a fixed reference point somewhere in the field-of-view. However, correcting for
relative motion of one camera with respect to the second camera requires adjusting the
extrinsic parameters of the calibration (Sec. 3.2), but this type of correction is outside

These notes refer to a pertinent location in the GPG.

IDICs ST PO S N CIVI[o[SN@ FTel (Il Caution x.x — Guide Warnings il Tip x.x — Guide tips |l Recommendation x.x — Guide Recommendations




History of DIC

1980 — Ranson & Peters

« 2D

* Through-thickness averaged
« Ultra- sound based

1996 — Helm & McNeill et al
* Robust stereo-vision system
* Aero-structures and lab scale

2006 — Hild, Roux & Sun, et al
« FE-DIC
* Full-field Material ID

\/

2000 — Bay et al
 Digital volume correlation (DVC)
« Used computed tomography

1980 — Cheng, Sutton, & Wolters
‘ * Non-linear least squares using gradients
. | © Matched local displacements

2012 — Reu

» Art and Application of DIC Articles
* DIC Course with Lava — Pierron

» DIC Challenge

2009 — Sutton, Orteu & Schreier

1985 — Chu et al
« The Book 2018 — 15t GPG from iDICs

» Analog camera to record speckle pattern

= Conclu3|v§Iy ?emonst;ated that DIC can T 2016 — 15t iDICs
measure ISp acemen S HT;((IO;\(; Sr(tfl;(zlter INTERNATIONAL
DIGITAL IMAGE CORRELATION
1989 - Bru Ck et al . = SOCIETY @% A.G?od Practices Guid.e for
. . Image Correlation T Digital Image Correlation
o I ncreased Speed USI ng H eSS I a n_based meth Od for Sha pe, Motion SEM Fall Conference A Standardization, Good Practices, and Uncertainty Quantification Committee
1 . s . November 7 — 10, 2016 in Philadelphia, PA October, 2018
 Linear shape function on subset matching and Deformation S

Measurements

Basic Concepts, Theory and Applications

M 1993 — Luo & Chao et al
iy © Robust stereo-vision system
« Demonstrated on full-scale aero-structures

History References: M. Sutton — Murray lecture at SEM 2013. Supplemented by Reu



There are a large number of commercial vendors and professional societies
supporting DIC

INTERNATIONAL Sister Societies
DIGITAL IMAGE CORRELATION _‘
SOCIETY SEM N8 s, €ED)

CEM 20]8 ¥ PMgll\)dr:a?:thoanics

Committee Meetings

* Standards & Best Practices — Mark ladicola Mission: Extend — Improve — Train
+ Training & Certification — Tim Schmidt Extending the Frontiers: Training the next Generation:
. Applications — Dave Dawicke Standardizing for Industry: Improving our Practice

Education — Mark Pankow
DIC Challenge — Phillip Reu

IDICs Corporate Members and Commercial DIC Vendors

snda -~ NIST ~ correlated m 2
@ \dboroies s SO LUTIONS 8° <@> Specialised Imaging . i< on

U.S. Deportment of Commerce FOCUS DI GAGISE

== DANTEC - MatchiD HADL AND

@ DYNAMICS - Jedge Metrology beyond colors IMAGING

STC
B 7
iDICs T
IMAGE TECHNOLOGY

] i (i IMage -




What is Digital Image Correlation (DIC)? It is a full-field image based shape, deformation
and strain measurement technique.

~8400 3D data points -

=1.2m

‘UM
What is DIC?

1. Photogrammetry technique used in engineering.
2. Full-field shape, displacement, strain, velocity, etc.

_ 3. What support do we have for DIC training, standards, and ‘
IDICs certification.

37, OOO fps 363%360 Wide View



2D-DIC: Keep the dots in the box’

Interpolation

Shape Function

'Samantha Daly *Phillip Reu — Experimental Techniques “Art and Application of DIC”



Stereo-DIC uses two cameras at an angle to measure the shape and deformation.

eyy [1] - 15 filter
0.15




Triangulation uses the calibration and the matched pixel locations in two images to find &)

the 3D point in space

4 Cameral
Center x: 620,77 pixel
Center y: 368.819 pixel
Focal length x: 730019 pixel
Focal length y: 7298.06 pixel
Skew: -1.78958
Kappa 1: 0.0454422
Kappa 2: 0
Kappa 3:0

4 Camera 2
Center x: 621.2065 pixel
Center y: 426.103 pixel
Focal length x: 7287.66 pixel .
Focal Iength y: 7286.16 I;im Triangulate
Skew: -1.35447
Kappa 1: 0.0363301
Kappa 2: 0
Kappa 3:0

4 Transformation
Alpha: 27.6014 deg
Beta: 21582 deg
Garmnma: -2.70103 deg
T -43.6947 mm
Ty: 1255.27 mm
Tz 325903 mm
Baseline: 1297.63 mm

Cross Correlation

Correlate &
Triangulate
through time

«——-———
«——————

|

123

111.5

100

38,5

65,5

4

42,5

31

19.5

[wwi] z ‘A ‘x

[UJUJ/LUUJ] Ax3 nM3 XXy
[Www] M ‘A ‘n Juswade|dsi|

Copyright 2013 Sandia Corporation



INTRODUCING UNCERTAINTY QUANTIFICATION FOR DIC

NICE TO MEET YOU. HOW WELL DO | KNOW YOU?



Literature on UQ is accessible to all.

1. BIPM, Evaluation of measurement data — Guide to the expression of
uncertainty in measurement. JCGM 100:2008, 2008.

2. Coleman, H.W. and W.G. Steele, Experimentation, validation, and JCGM 100:2008
uncertainty analysis for engineers. 2009: John Wiley & Sons.

3. Bell, S., A beginner's guide to uncertainty of measurement, N.P.

Evaluation of measurement

Laboratory, Editor. 1999: UK. data — Guid o the expression
4. Taylor, B.N.K., Chris E., Guidelines for evaluating and expressing the PRt |

mesure

uncertainty of NIST measurement results, NIST, Editor. 1994, NIST.

Measurement
Good Practice Guide

Experimentation,

Validation, and
Uncertainty Fest acon Sestember 200
Ana')‘SiS for © JCGM 2008
Engineers

A Beginner's Guide
to Uncertainty of
Measurement

. - Stephanie Bell
IDICs




Two types of errors: Random and Systematic

Reference value
F Y

Probability Accuracy
density 3 >

>

- . *» Value
Precision

Accurate but not Precise Precise but not Accurate
Large Random Error Small Random Error
Small Systematic Error Large Systematic Error

Words used interchangeably
Bias = Systematic Error = Persistent
Noise = Variance = Random Error = Volatile

The new view is to categorize as Type A and Type B Error assessments
iDICs o
Image from Wikipedia

()

11



Random, Noise, Variance error
e Caused by image noise.
 Random pattern by nature.

* Quantified statistically

e “Accurate” not “Precise”

* Type A
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—{ 0.004075
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Bias, Systematic, Persistent error
e Caused by air index changes

e Typically causes an “offset”

e Quantified by other means

* Type B

0.3
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A newer approach assesses errors with two types: Type A and Type B

35 4

Type A — Evaluated via statistical methods
e Repeated measurements

e Statistical distributions
 Normal, Log-normal, etc.

Type B — Evaluated by other means ;|
 Modeling approaches o el A e
* Assumed probability distribution SREERREERNERREERRERHERRRR

* Experimental expertise

The measurand Y is made up of X other input quantities. The function
may be so complicated that it cannot be written down (Section 4.1.2).

Y = f(Xl,Xz, . XN)

Mathematical modeling of the experiment taking into account all error sources
is a valid and approved method of estimating uncertainty. (Section 3.4.1)

IDICS BIPM (2008). "Evaluation of measurement data..." JCGM 100:2008.
Copyright 2013 Sandia Corporation



Monte Carlo is a good approach for quantifying uncertainty in difficult cases.

Randomly scatter grains in the
square. Find the ratio of the grains
in the circle, which is /4. With
30,000 samples, 1t is known within
0.07%.

Monte Carlo techniques allow you
to probe a model by running many
“experiments” while varying the
inputs. The output quantities can
then be statistically analyzed.

Estimating it via Monte Carlo

m o= 3000 (r = 3.1666T)
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There is an important difference between the definition of “error” and “uncertainty”.

Error
* Difference between the measured value and the “true” value (often

unknown).
 Sometimes described as bias (persistent) and random (volatile).

Uncertainty’
* “Is the doubt that exists about the result of any measurement”.

 Determined using standard methods: Type A and Type B.
* Expressed using an interval, standard uncertainty, and a confidence

level.
e Standard uncertainty (u) is the standard deviation (s) divided by

square root of number of samples (N).

iDICs
- "Bell, S. (1999). A beginner's guide to uncertainty of measurement. N. P. Laboratory. UK.

S



Error: Difference between a known and measured value.

Simulated or synthetic images provide a “known” displacement field

0.06 - —K250
Max = 5% —K400
~——CMD K250
0.05 - ——CMD K400
70,01 (9857 RIS e [%] -Lagrange
¥ Y 5.05
4.72188
0.04 - 4.39375
4.06563
— Full width half N5
£ oo03 - max = 54 / 3.40937
9 3.08125
g plxels 2,75312
.g 2.425
= | 2.09687
> 0.02 i
1.44062
1.1125
0.01 - 0.784375
0.45625
0.128125
L -0.2
O =
0 200 400 600 800 1000
Strain Noise = 130 pe Bottom Width= 200 pixels
001 - In flat area here.
Y-Position (pixels)
Advantages/Problems with simulated or synthetic images
* You know the answer * Errorsin synthetic image creation.
* Validates the DIC code  What errors have | missed?

* Investigates numerical issues




Bias error, Random error, Type A and Type B: What is the difference?

Type A and Type B are methods of determining error
 Repeated measurements, uncertainty propagation, etc.

* Both bias and random errors may be assessed with Type A
and Type B approaches.

Bias error and random error are descriptions of the error

A bias error is a persistent offset from the true value. Often is
corrected reducing it to a variance error.

* |n DIC an uncorrectable bias error may occur due to the

processing. It may be assessed using a Type B approach: VSG-size
study.




DIC noise floor measurements are an example of Type A evaluation.

0.00766875

0.0068375
0.00600625
0.005175
0.00434375
0.0035125
0.00268125
0.00185
0.00101875
0.0001875
-0.00064375
-0.001475
-0.00230625

0.00190937
Std. dev: 0.00274197 -0.0031375
Points: 1892
Min: -0.00788951 -0.00336875
Max: 0.0126381 Fp

Simple Noise Floor

* 10 Static images

e Analyze the displacement (strain
fields) statistically.

e Contains only some of the errors.

Extended Noise Floor

* Images with rigid-body-motion

e Analyze the displacement (strain
fields).

e Contains more of the errors.



Type B example: Virtual strain gage size study

) ; exx [1] - Lagrange
e et Subset =91 2027

« ¢ ¢ Strain Filter =15, . | - 0.0235
v v\ Virtual Gage=37mm . —{ 0.02175
| | — 0.02

— 0.01825

— 0.0165
—1 0.01475
— 0.013

— 0.01125

0.0095

0.00775

0,006

0.00425

' Y 4—< AL T - - i
‘..l._)>_.:t QTI._L‘.-.s.)ﬂ\‘

: - : ; : " . 0.0025
Type B: Processing Approach np—
iDICs * Varying processing parameters and studying the results!

-0,001

[ e
|:': '

= ‘1I
et

19



Top-down versus bottom-up uncertainty quantification approach’.

Top-Down Evaluation
* Does not require study of contributing sources
* |nter-laboratory studies
 Comparisons with a standard
o Displacement tests
o Strain gages
o Shape measurements

Bottom-Up Evaluation
e Complete enumeration of all relevant sources of
uncertainty.
e Description of their interplay and UQ influence.
e Characterization of contributions to uncertainty

. = :
I D I cs "Possolo, A. (2015). Simple Guide for Evaluating and Expressing the Uncertainty of NIST Measurement Results Technical Note 1900. NIST.



Top-Down evaluation attempts to quantify all the error sources “experimentally”

X, Y, Z Translation Stage

Fiducials with known
dimensions

| P6: 0.919475 [mm] |

B e T TR L e L
{ P5: 0.0929442 [mm] i.."
ST | P2: 49.6688 [mm
[ { \ 1
1 P1:19.5542 [mm]

| B R
N s A e
| P7: -0.90138 [mm]J

' 103 Y
P8: -1.61757 [mm] |

X [mm]
70
61.0625
52,125
43.1875
34.25
25,3125
16.375
7.4375
-1.5

=1 -10.4375

-19.375
-28.3125
-37.25
-46.1875
-55.125
-64.0625
73

Displacement [mm]
_
ol

Translation Test

—Command

—D [mm]

gl
=

U, x: Avg. 6 =0.02 mm V,y:Avg.c =0.04 mm

W, z: Avg. 6 = 0.08 mm

» g
Ll

—

Stepper Error

Bottom-up Methods: Compare DIC results to

* Known shape measurements

e Known fiducial locations
* Known translations



2D Error Source

Bottom-up assessment

Assessment Method/Comments

ID| = mm

Lens distortion B Previous calibration 100-mm Lens Not motion <0.001 0.009
Camera motion A,B Stationary pattern — See later in slides <0.02 0.18
Sample motion B Fixed target on table 0 0
Turbulence A,B This presentation for 50 C heat source 0.01 -0.07 0.09 -0.6
Image blur B Stationary 0 0
Resolution B Adequate pixel size 0 0
Image noise A Noise floor (5 frames at start of experiment) 0.001 0.009
Pattern contrast A Contrast ~ 160 counts (Included in noise floor) Noise floor

Pattern Induced Bias | A Extended noise floor Extended noise

Pattern size B Direct measure of speckle size (u=6.9; 6=1.2 pixels) Noise floor

Aliasing A,B Noise floor (not aliased) Noise floor

Interpolant B Synthetic and experimental image studies for optimum 0.0001 0.0009
Minimization B DIC parameter study, synthetic and exp. image studies 0.0001 0.0009
Shape function B DIC parameter study, synthetic and exp. image studies 0

Subset size B DIC parameter study, synthetic and exp. image studies Noise floor

Filtering B DIC parameter study

Strain calculation B DIC parameter study

Coord. system B Other means

iIDICs




IDICs Section 7 — Glossary

S A e e ey

RrY 44,«.’

“‘F ‘E“”‘ ““ﬁ":“*w[‘*.‘f‘xir'
.f ALty

0.00190937
Std. dev: 0.00274197
Points: 1892

Min: -0.007388951
Max: 0.0126381

Simple Noise Floor (Resolution)
* 10 Static images

e Analyze the displacement (strain fields) statistically.
e Contains only some of the errors.

0.00766875
0.0068375
0.00600625
0.005175

1 0.00434375
=1 0.0035125

0.00268125
0.00185
0.00101875

= 0.0001875

-0.00064375
-0.001475
-0.00230625
-0.0031375
-0.00396875
-0.0048




Measurement Resolution: Smallest change that can be measured

Resolution of a quantity of interest (QOI)

» Standard deviation too large to
differentiate between 500 and 520 pe.

 Step-response gives some idea of the

spatial resolution.

IDICs Section 7 — Glossary

Strain [pixel/pixel]

0.001
|

0.0008

0.0006

0.0004

0.0002

-0.0002

-0.0004

-0.0006

-0.0008

-0.001

W) Data extraction line

No Noise

Il ‘Data extraction line

Subset = 35x35 pixels
Step size = 5 pixels
Strain Window = 23

ZNSSD
8-tap Interpolation

Command

exx fum/m] - Lagrange

600

agHgsss

——500 pe + Noise

TTITTYL
YITTIIE

—500 pe
~=520 pe + Noise

—520 pe

exx [um/m] - Lagrange

1500

BLbsUbEaCAEREYERS

2000

500 500 520 520 pe
5 0 5 0 counts

486 495 518 515 pe

82 4 51 5 pe

x-location [pixels]




25

= |

The measurement range is the field-of-view of the cameras.

¥ o
2500
_—
2000
_E-
-
B 250
W isos
Goal: 1-mm resolution in 6 meters ™
Achieved: 7.5-mm in 6 meters I ::
e 0.125% Field-of-View (or full-range)

e 1.9 pixel error.

Bl -250
-500
-750

-1000

-1250

-1500

IDICs Section 7 — Glossary (FOV)



Spatial resolution: Ability to reconstruct a varying quantity of interest (QOI)

Spatial Resolution

 Ability to reconstruct a spatially varying
displacement or strain field.

e Quantify the roll-off of the
reconstruction response.

* Determine some “acceptable” filtering
amount.

* “The minimum distance between two
localized features that can be
independently resolved.”

IDICs Section 7 — Glossary (Spatial Resolution)

0.7 — Amplitude
——12th Order Fit

0.6

...........................................................
- - - - -

Spatial Resolution [pixels]

Displacement Amp. [pixels]
0 O O O O
= N W AU,

0
0 50 100 150
Two localized features

3 _ =
- -~
=g —
u pe— S ———— .~ G ————
1] ----—------—---“-UQ—-— ———————— -

P ——

Line

~‘.--__v‘

* Higher frequency
* Lower period
* Increased spatial resolution



Spatial Errors: Errors between subsets for a given image.

Common spatial errors

* Interpolation bias error is wave across the image.

* The slight tilt is a lens distortions.

e Pattern Induced Bias (PIB) are the splotches
across the image. (Variance error)

500 1000 1500
X-location (pixel)

IDICS Section 5.4.2 — Variance Errors



Temporal Errors: Variation of a given subset through time.

Common temporal errors
* Heat waves

* Image noise

* Thermal drift

e Camera vibrations

1000

PIB Error

]

= 800
O]
X
2
- 600
9o
8
S 400
N

200

400 600 800 1000 1200 1400 1600 1800
X-location ipixel)
-0.05 0

IDICS Section 5.4.2 — Variance Errors

0.05

Temporal Variance Error

0.05¢1

|
=
=
o
I

V-displacement (pixel)
-
|

Temporal-Variance Error

-

40 60
t (image)

80

100




A Good Practices Guide for
Digital Image Correlation

DIC MEASUREMENTS DEFINED IN THE GOOD PRACTICES GUIDE

MEASUREMENT REQUIREMENTS
EQUIPMENT AND HARDWARE
DIC PATTERNING



Section 2.2 — Equipment and Hardware

Section 2.2.1 — Camera and Lens Selection

Section 2.2.2 — Camera and Lens Mounting

Section 2.3.1 — Type of DIC Patterns

Section 2.3.2 — General Characteristics of DIC Patterns
Section 2.3.2.1 — Pattern size (3 — 5 Pixels)
Section 2.3.2.2 — Variation, i.e. sufficiently random

- =

Section 2.3.2.3 — Density, approximately 50% coverage

Section 2.3.2.4 — Quality, i.e. does the pattern hold-up

Section 2.3.3 — Characteristics of Applied Patterns

“\‘ A

v » ; Section 2.3.3.1 — Compliance, stiffening

-

Section 2.1 — Measurement Requirements — >ection 2:3:3:2~Bonding

Section 2.2.3 — Aperture

Section 2.3.3.3 — Fidelity, i.e. move surface
Section 2.1.1 — Quantity of Interest (QOI)

Section 2.2.4 — Lighting and Exposure Section 2.3.3.4 — Thickness.

Section 2.1.2 — Region of Interest (ROI)
Section 2.1.3 — Field-of-View (FOV) Section 2.3.4 — Patterning Techniques
Section 2.1.6 — Stereo-Angle

Section 2.1.7 — Depth-of-Field



Triangulation uses the calibration and the matched pixel locations in two images to find

the 3D point in space. This is the primary measurement

4 Cameral
Center x: 620,77 pixel
Center y: 368.819 pixel
Focal length x: 730019 pixel
Focal length y: 7298.06 pixel
Skew: -1.78958
Kappa 1: 0.0454422
Kappa 2: 0

Kappa 3:0
4 Camera 2
Center x: 621.205 pixel
Center y: 426.103 pixel
Focal length x: 7287.66 pixel
Focal length y: 7286.16 pixel
Skew: -1.35447
Kappa 1: 0.0363301
Kappa 2: 0
Kappa 3:0
4 Transformation
Alpha: 27.6014 deg
Beta: 21582 deg
Garnma: -2.70103 deg
T -43.6947 mm
Ty: 1255.27 mm
Tz 325903 mm
Baseline: 1297.63 mm

Triangulate

CamO (x,y) pixels Caml(q,r) pixels

Coscorcaind 1

Correlate &
Triangulate
through time

«———-——
«——————

123

111.5

100

g8, 5

B85.5

4

42,5

31

19.5

31

@)
Primary Measurement

X, Y,z [mm]

Displacement u, v, w [mm]
Subtracted from the reference.

€4 Eyyr Exy [MM/Mm]
Spatial derivative of displacement

Velocity [mm/s]
Temporal derivative of displacement

Copyright 2013 Sandia Corporation



2D Measurement chain — a subset of stereo-DIC.

A 2 e
o
(R

ol

s ko,

| o

= ‘”’ﬁ

| hy

Image Correlation Image Acquisition Experimental Setup Patterning

* Interpolant * Noise * Lens distortion * Pattern Induced Bias (PIB)

* Minimization * Contrast e Camera motion * Aliasing
* Shape Function » Speckle size * Sample motion * Contrast (lighting)
* Subset size * Aliasing * Air turbulence
*PIB * Image blur
 System resolution

3 Hidden components of DIC?

Matching Interpolation

-

Shape Function

Correlation

Patterning

Experimental Setup



Stereo-vision measurement flow (and uncertainty)

Calibration

Propagate via Image Correlation
Monte Carlo 2D Matching

~

Parameters

|
Type A (Statistical) -
Calibration Parameters

 Calibration target error
* Image Quality

* Camera motion
 Calibration drift

e Optical distortions

Type B (Monte Carlo)
3D Position

Image Correlation
* Interpolant
* Minimization
e Shape Function
e Subset size

3D
Triangulation

Image Acquisition
* Noise

Estimated : Noise
Uncertainty of i
3D Position

Type B (Other) Experimental Setup

e Camera motion

Strain Errors Calculation * Lens distortion

* Displacement noise ’ e Sample motion

* Fitting and filtering of Strain « Air turbulence
* Image blur

System resolution
IDICs — . " .
Calibration Parameters 2D Correlation 3D Position, Motion m

* Global Coordinate System
 Camera motion




Section 2.2 — Equipment and Hardware

UNDERSTANDING LIGHT AND LENSES

BRINGING THINGS INTO FOCUS



Light is a wave (and a particle).

E =E, sin(-wt + k - r) Electric Field Vector
B= B, sin(-wt + k - r) Magnetic Field Vector

- A -

A form of electromagnetic energy
Can be understood as a wave (i.e. it interferes and diffracts)

Can be understood as a particle (carries energy)

Chromatic Aberration —
but a nice case!

4000 A
e
400 nm

4,250 A
e |
425 nm

4 700 A
!—_7—1
470 nm
4900 A
’—-"_‘—4
490 nMm

5500 A
———
550 nMm

6,000 A

Yellow

g T e bbb ALY

830 prh

6,650 A
665 nm

7.000 A
700 nm
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Monochromatic = one color (wavelength) only

* The particle is called a “photon” Polychromatic = multiple wavelengths (e.g. “white light”)




Refraction bends the light and allows lenses to focus light

Index varies with
wavelength

Incident light

c: speed of light in vacuum
v: speed of light in medium




Xenon flash lamps may have a problem with chromatic aberration.

s U-Displacement (Static)
Stereo-DIC Experimental Setup ——Fiashiamp]| ] ' |

—o— Cavilux

Pulse 2 : ¥ ;'|

Pulse 1

0
L aser
5 ; . : :
0 0. 1 1.5 2
\ / Time [msec] \/
650 | T r T - :
. —= 640
L1 and L2 are either: £
1. Cavilux laser source g Flashlamp wavelength
2. Xenon flashlamp $ 620 (one pulse)
gﬁ']ﬂ

|
iDICs 0002 04 o6 o8 1
Time [ms]



Light interacts with the surroundings in a number of different ways.

Incident light

Reflected light

g

\

Absorbed

Transmitted




There are two types of reflection: Diffusive and specular

Diffusive Specular

Incident light

Incident light

Reflected light

|D|C5 Recommendation 2.11 — Diffuse light



Polarization — or the orientation of the wave in space may play a role in imaging

Specular reflection Diffuse reflection
maintains polarization randomizes polarization

* The polarization is usually random — in white light.
* Filters, reflections, etc. can often select a polarization.

 This can be exploited to improve lighting.

RECOMMENDATION 2.11
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Diffraction is the bending of light at an edge — and will ultimately limit the lens | )
resolution.

Closest resolvable points
(Rayleigh Criterion)
Af

=122.2L
* D

nesolvea
-s

Diffraction Spot

fis the focal length

Foe
-

(@) @4n112dy

Not resolved

Nl B ¥

Two speckles
imaged

d=122-A-f#
Diffraction limit

S
IDICs
Copyright 2013 Sandia Corporation




Section 2.2.1 — Camera and Lens Selection

AN INTRODUCTION TO LENSES

BRINGING THINGS INTO FOCUS



Lenses are used to focus the scattered light off of objects.

https://en.wikipedia.org/wiki/Lens_(optics)

And yes, your eye counts as a lens!

/sojoyd/wod-ysejdsun//:sdiy

AMPSMS S9dA



Many different types of lenses can be used for DIC. Including zoom, fixed, and
telecentric.

Nikon 24-85 mm zoom 35 mm fixed focal length 100 mm Macro

Aperture rings are No-one knows the effect Fixed focal length lenses Macro lenses allow high
becoming rare. of vibration removal may limit FOV choices magnification imaging.

Telecentric lenses — fixed magnification High magnification

()

44
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@)
Three common lens mounts: C-mount, Nikon, and Canon

xdse’uoljewJloju|-suai-44-uoue)/sasua
-uoue)/wod ainydid-|ensip-ayr mmm//:sdiny

EF/RF-Mount Lens (Canon mount)

C-Mount Lens

F-Mount Lens (Nikon mount)

C-Mount is more stable on the camera than
bayonet mounts

\ R \ \ ‘ \
\\ \ \\\y".
\\ \ ‘ - » v
iDIC | |
Copyright 2013 Sandia Corporation




Magnification is defined as the difference in size between the object and the image.

S

> | <
S.
O
A

Definitions

* 1:1 Imaging means object is same size as image. S, = 2f
e MacrolensM =1:1
* Most lenses M =0.5

IDICs Appendix B — Focal Length, Field-of-View, and Stand-off Distance



-

The focal length and distance to the object defines the magnification of the lens.

| Yo
I l
»s 2
Sl
o
5

N

Magnification (M)
B Sensor Size
~ Field of view

Field-of-View (FOV)

U ‘ : Sensor Size

X v 1 N W) <t f
¥ Ll N F 3 ¥ B )i §
okl g o e UG I | Ll | |
) L 650 M S0 J Saaddd N a4 I TR Y Y el

Stand-off Distance (S, or SOD)

So _f f
M =
f So—f

Focalldength = 27/ mm: | -

N I

FOV = sensor size -

Usually S, >> f

(Sensor Size)-(Stand—of f distance)
Focal Length

FOV =

Focal Length = 200 mm

Copyright 2013 Sandia Corporation
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View-angle, stand-off distance and field-of-view are related.




View angle and focal length are related.

View Angle
o 62° o
100° e 46

16 mm

28 mm 50 mm
35 mm

IDICs
https://thisactualcamera.com/focal-length-affect-photos/

Focal Length



Spreadsheet lens calculator is available

Phil Reu DIC Camera Setup Sheet  Things in yellow are inputs You can access locked cells by "Unprotecting
Camera Type ‘ Camera Information
Pgrey 5MPixel Pixel Size (um) 3.45 Max. Chip Resolution Horizontal Vertical Frame Rate Min Exp. (us)
Chip Size (mm) 84 (pixels) 2448 2048 15 20 Out Of Focus
: ¢+ Far Focus
Camera Setup In mm m
L
amer ' — 0.1 ®) Best F
0.08 =
ﬂ_'B v Ne
0.3
Selected Lens Minimum
Lens Information Lens (mm) Choices Max f# Focus 8
Lens Focal Length (mm) 507 70 60 mm 2.8 8.66 In %
)
Aperture (f#) 1.4/2/2 8/4/5.6/8/11/16/22 16 TRUE FALSE et
Angle of View (deg) 9527283 E
Approx. B
DIC Information fo. fy St Angl S
el si reo-An c
Pixel size at object (unit/pixel) 0.001634] 004 14688 ereo-Angie =
Speckle Size (pixels) 5 A
Speckle Size 0.0
Velocity (unit/second) 2000
Blur (pixels) 24 48
Depth of Field
MNear Focus 23.437
Far Focus 24 591

Depth of Field 1154 Cam_O Cam_1

Hyperfocal (mm) 23309.86
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(™)

The f-number defines the aperture size and the amount of light getting to the detector

f-number (f# or N) Aperture D

/

When the aperture diameter is 16 times less than the focal length:
f/# =f/16 or “f-16”

IDICs
Fabrice Pierron — Univ. Southampton



Images by E. Bystrom

The aperture (f#, pupil, D) limits the light passing through the lens.

f/#

F-number series: /1.4, /2, /2.8, f/4, /5.6, /8, f/11, f/16, f/22, f/32

7o

I

e The f/# multiples of = 1.4 = /2 are a doubling or halving of light.

» f/8 to f/16 will require twice the light or twice the exposure.

NIGeR

AF NI

* A “fast” lens has a large aperture. l.e. lots of light gets through.

Copyright 2013 Sandia Corporation
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Depth-of-field is the range of distances away from the lens where the object will
be in focus.

Depth-of-field

Object /

Small D (f/16)

In-Focus

(=
> ~~
In-Focus '
jLargeD(f/Z-S) " In-Focus I
< >

In-Focus

When f# is large (f/16) D is small, objects from a large range of
distances will appear focused.

However, less light (increase shutter time or increase lighting), more
difficult to focus. Very small pin-holes can generate diffraction...

IDICs Section 2.1.7 — Depth-of-Field - Tip 2.16 — DOF and light ‘




Depth-of-field illustrated at 2 apertures.

In practice, DOF also depends on sensor size (film format, CCD size) and
primary object distance

p 2.17 — Large f/# increases DOF

Copyright 2013 Sandia Corporation



Varying depth-of-field and focus points for a larger aperture (f/2.8)
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|@
Macro lenses are used for magnifying the scene.

camera lens
 Technically macrois 1:1

e Size of the FOV = Size of the image sensor (1:1)
* Limited Depth of field

* Focal length determines the stand-off (higher =
further away)

subject image at
camera sensor

B Sensor Size
~ Field of view

M

M = 1 = Sensor Size = Field of View

e -
IDICs
https://www.cambridgeincolour.com/tutorials/macro-lenses.htm
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C—

Extension tubes are a cheap way to add magnification by changing the back focal length

Placed between lens and camera, tube increases S,

Small S, moves object closer — making it larger.

Initial Mag. = 0.15, 50 mm lens with 25 mm Tube

Final Mag. = 0.15 + (25/50) = 0.65
Extension Tube

Tube Mag.=

Focal Length ‘ 3 1 S

Extension Tube
Object

B

image

v
4+—>

—— W

‘effective focal length |

Extension tube goes behind the lens
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The lens size matters relative to the detector size: F-mount versus C-mount
LAMGURT Nikon/Canon i 6.4 2. C-mount causes vignetting at
m- OO_N ol g, | 2/3-inch sensor size and above
o <

1/3Inch  1/2Inch 2/3 Inch

Camera Detector Size (mm)

Photos by E. Bystrom

36

Phantom v2512 Detector
35.8 mm x 22.4 mm (1280 x 800 pixels)

Photron SA-Z
20.48 x 20.48 mm (1024 x 1024 pixels)

. s B L ; : o
iDICs 35 mm Format
Copyright 2013 Sandia Corporation




Section 2.1.8

LENS RESOLUTION AND MTF

DON’T PUSH THE LENS TO FAR...



Empty magnification can often be seen by a loss of edge detail in the speckles

They are both in focus!!

£/1.9 Same speckle pattern £/32
* “Empty magnification” occurs when the image is enlarged (magnification), with no added detail
being seen (empty).
e Focal length and distance define lens magnification. Diffraction limits define resolution and contrast.
* This happens when you have extension tubes and/or small apertures.

Experimental Setup: Lens Resolution Copyright 2013 Sandia Corporation

Tip 2.4 — Lens limited




The lens is an analog Fourier transform. We need to think in the frequency domain.

Lens Aperture Lens Detector Image
/\ Small Speckles High Frequency
A
Large Speckles Low Frequency
Background DC l
‘ \/ Small Speckles High Frequency
FFT Mask FFT -1
Object Space Fourier Plane Image Space

All lenses have an aperture that is imaged through — even if it is just the diameter of the lens.

The aperture controls the lens resolution.



An Airforce target is a great method to ensure you have adequate resolution
Number of Line Pairs / mm in USAF Resolving Power Test Target 1951
G rOU P Grou 0 Group Number
(Element T 1 0 1 2 3 1 5 6 7 5 9
W— I 1 1 0.250 | 0500 | 1.00 | 2.00 | 400 | 800 | 16.00 | 32.0 | 640 | 1280 256.0 512.0
7 — I I I 2 0280 | 0561 | 112 | 224 | 449 | 898 | 17.95 | 360 | 718 | 1440 287.0 575.0
I" 3 0315 | 0630 | 1.26 | 252 | 504 | 1010 | 2016 | 403 | 806 | 161.0 323.0 645.0
3 — I I I " =3 4 0353 | 0707 | 141 | 2583 | 566 | 11.30 | 2262 | 453 | 905 | 1810 620 | 0
= E— i:.:l'.wl—; = 4 5 0397 | 0.793 | 1.59 | 347 | 635 | 1270 | 2539 | 50.8 | 1020 | 203.0 060 | 0
Q Eom=. =5 ; 0445 | 0891 | 1.78 | 356 | 713 | 1430 | 2850 | 57.0 | 1140 | 2280 4560 |
GEJ 4 — III = WEL =6
L 5 = I I I _2 Width of 1 line in micrometer in USAF Resolving Power Test Target 1951
— e Group Number
6 — I" I I I — 1 Element 2 1 0 1 2 g 4 5 6 7 3 9
— — 1 2000.00 | 1000.00 | 500.00 | 250.00 | 125.00 | 6250 | 31.25 | 1563 | 7.81 | 3.91 1.95 0.98
2 1785.71 | 891.27 | 446.43 | 223.21 (11136 | 5568 | 27.86 | 13.89 | 6.96 | 3.47 1.74 0.87
U S A F — 1 9 5 1 3 1587.30 | 793.65 | 396.83 [198.41 | 99.21 | 49.50 | 2480 | 1241 | 620 | 3.11 1.55 0.78
4 1416.43 | 707.21 |2354.61 | 176.68 | 88.34 | 4425 | 2210 | 11.04 | 552 | 2.76 L I
5 1259.45 | 630.52 |314.47 [157.73 | 78.74 | 3937 | 1969 | 9.84 | 490 | 2.46 |
; 1123.60 | 561.17 | 280.90 | 140.45 | 7013 | 3497 | 1754 | 877 | 439 | 219 110 |

Lens resolution is measured in line pairs/mm.

IDICs Section 7.2 — Glossary (Note 1)

Copyright 2013 Sandia Corporation




An approximate MTF can be obtained from the AF target image.

100
S0
80
70
60
50
40
30
20
10

0

% Contrast

1% ¢ 35-mm Lens
g ® 35-mm Lens with 40-mm Extension Tube
| N
o

| ™

L 2 . -
i o mn g . .
_ . Minimum acceptable resolution.

M 20%

—_ ‘ . -

| | | | _ - ‘l'
0 50 100 150 200 el

Resolution [lp/mm]

(Imax o Imin)

Contrast(%) = 100

(I max I min)

] ] 1 1 1 1 1 ] ] ] ] ] ] I ] ] ] ] 1 1 ] ] ] ] 1 ] ]
005115 2 25 335 445555665775 8859 9510105111151212513
Pixel

We still don’t know if it is “lens” or “camera” limited at this point.

IDICs Tip 2.4 — Lens limited Section 7.2 — Glossary (Note 1)




MTF can be much more complicated and varies throughout the FOV.

sl INAT ]
s LY A,
- N
-
) :

MTF-50 in LP/m m
(at CenterofImage)

.

SN
I el
.
.

il | =
o I
I_'..
14 20 28 40 56 80 11 1s 22 32 p I I N

Lens Aperture (in f-stops) e 10

L ALl

Canon 16-35mm f/2.8L IT Lens Canon 35mm f/1.4L Prime Lens

5 f L - =1 r -
T ledge) Sagittal Meridional (zoom set at 35mm)

T o 1 -
U7\ :
e -

,»-""HJ \\.\:‘ﬁ\ 10 mim w 0.5 1
i =

0

M,
" 0 {center of image) . — :
0 3 10 15 20

Distance From Center [mm]

\ f;__,..x"",g;:"";';} mm
\III (center of image)

Meridional (Circular) Line Pairs

SNtAlRAL L= K Full Frame 35 mm Sensor 1.6X Cropped Sensor

iIDICs
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1)

Pixel size affects the digital cameras MTF — Camera limited

Image CCD Image CCD
: : * A 100x objective creates a diffraction-limited spot at the CCD of 27 microns.

Spot Centered on Pixel On Vertex of Pixels

sze EEEEEE E===E= EEEEEE ENEEEE * A pixel of 13 x 13 micron pixels would just matched the diffraction limit.

N EEN
EEERRE * A 9 x 9 micron pixel is preferred (i.e. 3 pixels = 27 pm).

10 HE HEE BEE SEEm

0.5

EER  EE
EEEEEE — 094
AEEEEEE EEREEE T[] OISR
EEEEEE EEEEEE ©
— EE ERCEEN < 07
20 M H EE SEHE D08
EEEEEN c VD
EEEEEE BN AN BN ] S o05-4
AEEEEE NEEEEEE EREEER S
EN EEE EE-uEE EEEEEE O 04
[ [ [ ] — 03
- L
= U 2 " nl e
==.=== B EE 0 1 20 um pixels
D l 1 1 ‘4 1 T
0 10 20 a0 40 5 o0 70 80 a0 100

Line pairs/mm

p = pixel size in mm

MTF.p = 1/(2 - 0.005e-3) = 100 Ilp/mm
iIDICs



Is the system lens limited or camera limited?

35 mm lens — with lens magnification the pixel size at the object is 22 um

f/1.9 — Group 4/Element 2 f/16 — Group 3/Element 3 f/32 — <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>