
(,)

INTERNATIONAL

DIGITAL IMAGE CORRELATION
SOCI ETY

DIC 20 I Beyond the
Good Practices Guide

PRESENTED B"

Phillip Reu & Mark Iadicola

Beyond the good practices guide (GPG)

Sandia
National
Laboiatolies

Sandia National Laboratories is a multimission
laboratory managed and operated by National
Technology & Engineering Solutions of Sandia,
LLC, a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of

Energy's National Nuclear Security
Administration under contract DE-NA0003525.

SAND2019-12395PE



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.

Non Goals
• Learn to write DIC software,

ook inside 4, 

ERNATIONAL
ITAL IMAGE CORRELATION
IETY

A Good Practices Guide for

Digital Image Correlation

Standardization, Best Practices, and Uncertainty Quantification Committee

September 2017

Minimizing measurement uncertainty is the guiding principle!

These notes refer to a pertinent location in the GPG.
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Figure 2.1: Cartoon depict-
ing the recommended orien-

tations of the cameras in a

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

piece.

• For stereo-DIC, mount both cameras rigidly together to avoid relative camera
mution.3 See See.. 2.2.2.2 for more information on common types of mounting
syatema.

Caution!

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

duce errors in BIC measurements." While, these errors can be cempensated

for to some degrtm with pmt.pr(we,..ming calibration urrections,' avoiding
relative camera motion is much more strongly preferred. Therefore, rigid

mounting is critical!

qf both carneras 11111W, together rigidly w ith respect to the test piece, only r igici- body

1DK7 displacements are affected. POT Twat applications where rigid-body mot ion is not

important (e.g. nrains are the quantity-of-interest), t his rigid-body disp Lill-A...MOM error

is inconsequential.

&Rigid-body motion of the stereo-camera pair cari be corrected for in post-proceasing

if there is a fined reference point somewhere in the fiebri-of-view. However, correcting for

relatise motion of one camera with rmpect to the s911011d camera requires adjusting the

extrinsic parameters of the calibration (sec.:3.2)5 but this type of correction is outside

the scope of this edition nf the guide.

iDICs Section x.x.x — Guide Chapter Caution x.x — Gui • e Warnings ip x.x — Guide tips Recommendation x.x — Guide Recommendations



History of DIC

1980 — Ranson & Peters
• 2D
• Through-thickness averaged
• Ultra-sound based
• Scanned images to estimate surface displacements

1980 — Cheng, Sutton, & Wolters
• Non-linear least squares using gradients
• Matched local displacements

/r.. nit ;,/?
i1411,44(. 4/41.11•1..

P.1Z244,tillifs!°;

1980 1985 1990

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

1995

iDICs

1985 — Chu et al
Analog camera to record speckle pattern
Conclusively demonstrated that DIC can
measure displacements

1989 — Bruck et al
Increased speed using Hessian-based method
Linear shape function on subset matching

at

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

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

2012 — Reu
• Art and Application of DIC Articles
• DIC Course with Lava — Pierron
• DIC Challenge

2000 2005 2010 2015

1993 — Luo & Chao et al
• Robust stereo-vision system
• Demonstrated on full-scale aero-structures

2009 — Sutton, Orteu & Schreier
• The Book

Michael A. Sutton
Jean-Jose Orteu
Hubert W. Schreier

Image Correlation
for Shape, Motion
and Deformation
Measurements
Basic (oncepts, Theory and Applications

2016 — 1st iDlCs

0
 INTERNATIONAL
DIGITAL IMAGE CORRELATION
SOCIETY

iDICs 2016 Conference and Workshop

SEM Fall Conference

November 7 — 10, 2016 in Philadelphia, PA

Mission: Extend-Improve -Train
Extending the Frontiers — Training the next Generation

Standardizing for Industry — Improving our Practice

Website: www.itics.,

2018 — 1st GPG from iDlCs

INTERNATIONAL
' DIGITAL IMAGE CORRELATION

SOCIETY

A Good Practices Guide for
Digital image Correlation
Standardization, Good Practices, and Uncertainty Quantification Committee

October, 2018

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
DIGITAL IMAGE CORRELATION
SOCIETY

Committee Meetings
• Standards & Best Practices — Mark ladicola
• Training & Certification — Tim Schmidt
• Applications — Dave Dawicke
• Education — Mark Pankow

• DIC Challenge — Phillip Reu

iDICs

Sandia
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Laboratories

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

certification.
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2D-DIC: Keep the dots in the boxt
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3 Hidden components of DIC

2.6

Matching

Interpolation

Shape Function

iDICs
tSamantha 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
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Triangulation uses the calibration and the matched pixel locations in two images to find
the 3D point in space

• Camera 1

Center x: 620.77 pixel

Center y: 368.819 pixel

Focal length x: 7300.19 pixel

Focal length y: 7298.06 pixel

Skew: -1.78958

Kappa 1: 0.0454422

Kappa 2: 0

Kappa 3: 0

• Camera 2

Center x: 621.265 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

• Transforrnation

Alpha: 27.6014 cleg

Beta: 2.1582 cleg

Garnma: -2.70103 deg

Tx: -43.6947 rnm

Ty: 1255.27 rnrn

Tz: 325.903 rrirn

Baseline: 1297.63 rnrn

Triangulate

•

Correlate &
Triangulate
through time .
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INTRODUCING UNCERTAINTY QUANTIFICATION FOR DIC

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



10

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
uncertainty analysis for engineers. 2009: John Wiley & Sons.

3. Bell, S., A beginner's guide to uncertainty of measurement, N.P.
Laboratory, Editor. 1999: UK.

4. Taylor, B.N.K., Chris E., Guidelines for evaluating and expressing the
uncertainty of NIST measurement results, NIST, Editor. 1994, NIST.

iDICs

Measurement

Good Practice Guide

A Beginner's Guide

to Uncertainty of

Measurement

Stephanie Bell

Experimentation,
Validation, and
Uncertainty
Analysis for
Engineers

Peg% II fela•le If 4'.01 ttiet

CGM 100:2008
GUM 1995 with minor corrections

Evaluation of measurement
data — Guide to the expression
of uncertainty in measurement

4
evaluation des donnees de mesure —

Guide pour l'expression do /incertitude •

First edition September 2008

JCGM 2008



Two types of errors: Random and Systematic 

Accurate but not Precise

Large Random Error
Small Systematic Error

Precise but not Accurate
Small Random Error

Large Systematic Error

Words used interchangeably

Bias = Systematic Error = Persistent

Noise = Variance = Random Error = Volatile

Probability
density

Reference value

Accuracy

1 

Precision

The new view is to categorize as Type A and Type B Error assessments

 pi-
Value

iDICs
Image from Wikipedia



Example of random and systematic errors
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Random, Noise, Variance error
• Caused by image noise.
• Random pattern by nature.
• Quantified statistically
• "Accurate" not "Precise"
• Type A

u [pixel]

0.0091

0.0082625

0.007425

10065875

0.00575

0.0049125

0.004075

0.0032375

0.0024

0.0015625

0.000725

-0.0001125

-0.00095

-0.0017875

-0.002625

-0.0034625

-0.0043

41:4i iitare44;171:4'..c. CV•7:36.1:Wstf,•"11:44.'M 3 CI r•-.5! .ig •cy. 1,3
., .c..,..:„ ...." .. . , .. , in-o..r. ,... e , . .1,. I .. . • ....., at or k eft 4 • •I •••
II, %.•1•••• •••••,(..• tr. gr •%, • .ft. 4-•-•• a ..e.r., •• %1,. . •••-•- • • •• •"•• ••:• •

w•te • ...ilk. • •• t, 8..v rre I.. ..144.,10..2••••,,,,:tq,,,.`t
r.,•e•se •ya--i. • .r... a•-,. u2 474.10;•‘• ••••• rit .,11.‘ri: e,....-- 4",,•• .4.;,. • ,.. ,, i..... %Is:4-.4. 44,.;•;:t 1.• • es., ••p.. „ ; L i.•-•••••).. :r - : -ye•814 • 1•1 .• le. 11 %.•••"?.•
'" 4. Y.:* •••.-rit:e: • 11.7.,:s' • • i. .1•11.: %.••••e•: ; "%WI= '1 •:*•' IX rs4 el r:•413. •:e:4" t.741.1° .I
A l'of:tran%•:. ,i, IA. ,L. . • N .. 4.. kr:1,s. c.

•
A zusi.,• ..flq.,: r.•v. .4

•...•!ti c„ ••,‘::00,, v.•r•,,,,vi

ir:Vr..ti:•!;:Ckbili;:lilr•••.. f%ake*:4:1:t44...%fej?:*.j./Zer:1.:: :tiel%na‘;";*:.C.101-$,N1;
..11 •fr • ••%.:?:.4,t1:...12f •••)•1•1 cf. nsp;• 4 ..•  N. A...0...,h,4: LA,. Awl. 1 ....
t4. r.11,,.(c,1 i: ii....,,velths. :sii...4 A ne44c..1.1„...:.".b...; „ sit...s.i.,:••.‹. e N . im.. a

. • • . • • • tit _.),...: ..111 ...e
°I ..1* • 51;j Sy tek4 .. 4 11. IS 11 .1:* Z •Ste41"4 • It:: " S.;.° e .•r••••••j %.*.‘,s.r:....
"I,. .tit.• .. I •' J.. • • •r- ...la a. I, .

4:01.11" .1 g 1 if: " ...‘"..4"t4 70.14..,;:l.C. elNe".VP0..... Arif.A• .ArtV.V.11.0.7:t114141111.11.....slitl:

CU:rPr"%tj:
•
..• .14 - ,Ice

• 
.•: 1,:livt.c.e*...,......71es:;%,%Ac%;:•.-,-..f.:...,11

I: .18Z f•:,:s".*: 8 8 •• 0:9;:10•4***Lar**e.. Se. ci.-" 'efAt.:.4‘.%• ns.#•;:..1...%•:%1•1•?.',41:0..:"*:4.:7.:A:̂!' ;.:461;"•*: re•4'1
..,.- -...,,... dc. 4, . au ;• •• • t .1.:` • •1 s• I • • . 31,:ov: • IIIN. • i 3* i•

:-••-• • •••• • t• : .1 •• 1,:i • ••
• I., ...fir ; • #. • ..e.r .. 4 • ,., 111 Ow... , . Ie. 4, „

..1•1'.; • .. • ...".. :AN A ...4%.0 .. J • : ..i• • '10%4: .....• • • • .04 :kV :••-••Y•41":"...AYS 1.....qtel".1:14:-irs.64., •
0C 'frt.'. f It•Ft.4.:..d 1 f...1::..;:te "Ii...::/:.•!...4 slii•74:11:41.:*%1.41: ,: *TLC iiii4"ita;•• i'.;."11* 45'4:41'1•a/s.4'.‘1•14.4ale .:itok.:14•1.1: •

•
Inon: • la ‘'• 4 iv ), ,•:.,t -►7t •• •• u • • 44%; :•;:, ••• 0,...:::•&••••••t •,...1... , .41,•-• ••••%&., I. de dt.,. ',lx. . • .. • - .11

1•1°A3•1.r.4e4%1:4AVZ ,7),-AiN:-........;.IP.-f•-• .A-ii.e.ri!;5-4.it.ei•7;',4sa:/tfi,:.,.• ,:,•,,,:s. .. •?, •., ,. • 4 
j • ii•• I

.8tri.:...,-. .p,,,V.I.,,leri:. iv. 4.ria. . s, ..). .,ii vi...• %Fr .;...
t V 1:•*:....s.%11...&'. sis 'It•-4•*311 4 co 4s-: -&- vs! .4.v1..**..%:. , is,::r.s•:::•4:1/471: I

, 14 •41. 'P.:: -„..4:•7:*.:' :s --.2 it - •••:•;_e• - ;'••• iire4.,:e%•;IPft, 'iv rNsh,7•r•rs a.•:i1
• 4,...3%.:Pti., :i... if..f.R.,,v:. avv.ite.i t...i kif; r47,-1.1:1;vg •Xp, 1 .),. Li.
134a1.1•Z •-,- 1 •ji *:,•.(tA •1;.%...i . %;/641;SO4/..,...„ti illeatiq L.-..2.4-: • )2, :25 ••:: re... •;:i

6is,,...•.% f‘;. tr i.,,,N4N..1: %4N.%.44.1.1ttigt?iii"..yites..%. :r2  .701 *rig i':(... !;,et:- ..a.ii;if
7;.s:8::-: • Li; • 1.72.:•/.4:..:.2. .. J:::.e...;;•••;..,•1:•• IP ‘, sy rel.( c...:8:0p. .;:.V::.::17-iit;teif;ei.;'!:tilly.......1,-.1:1 •

, .... •••41..•.?.?t• g. .. a 1

i%., ''')" C174 ": .31:11 I 1r:17 47 i a %.:fre :":14.:11.1 I. V: II CZ' t 1..4' q t:;:lq. .3: :CI: ! 1 I 'w.f.. ki .t. 1:.%." la IICIA,f.:. ;II 41̀  ::::•11.;::12 ak:: rt- 11:::.? 6:: --ir1(71:: "1% :. :71 e.n.ftb % . *Nte:$4.1. .%:..t* Il• 8 iti4:151;;:: ek;ef..LW?:'

g;‘.'qi/aie Vei.ltjttiVeVe•Cliii+.5itimfes!: "::::1%.71:::::*.v..!::1%. ' 1V."41fill

in. 1 :iii!...tiir4P.2.1.hir e•i.o:. ›v.t;.StsW . Iii, tee ..sre.% 1:+...„...,..,....••. Nip ,.. vittn, .11 . . • • • .11 .. 1 .11k 4, . . 44 .

i a 14 2...It. 1 ir ..rie?1.- ° 'V.' r Asr.:ie:•-.-.-7:st•ei. Rt•i 4-- :dr ihe.I., 11%•-••••, •-• •, • •• • • •••••alt six
itgo. .• . I.. OP • , • A. . : .e..3.111 loci • 11-.. . _. ..• la in, .

•••./ • No• 4".•*01- • I,- 6, E i v .z.-.4 1.:Vielr... usit .N.18:It.i i r ••••
..•%.• . 41/11% Me • uf %... 1.1% Isi 1 . I P . • • • -• • .8. 0..tv -- •••••1! f • --••••11

y`,4.4..3•:iiiry4t:....171..•1i",;:‘,"<lii.1.1:*;•:;.• at:......4.:11"•71:51;1:1/.•:Le. ::ei. .1%...;.11%.5,...i.••.. LS.4.4•$:,:emae.,..44:1
.11•1....c. az", 4- 4...';111.6:••,:_w:u'lliy*.t.st‘vi•Azia -.6,-;.4•4:Z.4.1a. te*,:. tvalt K.' ..S.•"Z!.."..apil.-.2nitid:v•-..7:1-stre.4.saw.- .6:.;:_ises le-1 :-.2::•p .0.-4.4 :a..

Bias, Systematic, Persistent error
• Caused by air index changes
• Typically causes an "offset"
• Quantified by other means
• Type B

•

1

iDICs



13

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

Type A — Evaluated via statistical methods
• Repeated measurements
• Statistical distributions

• Normal, Log-normal, etc.

Type B Evaluated by other means
• Modeling approaches
• Assumed probability distribution
• Experimental expertise

f (X 1, X2, ..., XN)
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Parameter Value

The measurand Yis made up ofXother input quantities. The function
may be so complicated that it cannot be written down (Section 4.1.2).

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

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 R/4. With
30,000 samples, ri 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.
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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.
• Standard uncertainty (u) is the standard deviation (s) divided by

square root of number of samples (N).

s
u=

A51

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



Error: Difference between a known and measured value.

Simulated or synthetic images provide a "known" displacement field

iDICs
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Advantages/Problems with simulated or synthetic images

• You know the answer

• Validates the DIC code

• Investigates numerical issues

• Errors in synthetic image creation.

• What errors have I missed?



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.
• In DIC an uncorrectable bias error may occur due to the

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

iDICs



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

Plot: NoHeatSt_000002_0.out - (14;3
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Global statistics

Mean:

Std. dev:

Points:

Min:

Max:

0.00190937

0.00274197

1892

-0.00788951

0.0126381

u [pixel]

I
0.0085

0.00766875

0.0068375

0.00600625

0.005175

0.00434375

13.0035125

0.00268125

0.00185

0.00101875

0.0001875

-0.00064375

-0 001475

-0.00230625

-0.0031375

-0.00396875

-0.0048

Simple Noise Floor
• 10 Static images
• Analyze the displacement (strain

fields) statistically.
• Contains only some of the errors.

Extended Noise Floor
• Images with rigid-body-motion
• Analyze the displacement (strain

fields).
• Contains more of the errors.

D [pocei]

1

0.875

0. 75

0.625

o.s

0.375

O. 25
0. 125

-0.125

-0.25
-0.375

-0.5

-0.625

75
-0.875

-1

iDICs



Type B  example: Virtual strain gage size study

iDICs

Subset = 91
Step = 23

Strain Filter = 15

Type B: Processing Approach

• Varying processing parameters and studying the results!

12 .122

• =

C.. C.165

0.01475

CI .013

0.01125

0.0095

0.00775

0.006

0.00425

0.0025

0.00075

-0.001
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Top-down versus bottom-up uncertainty quantification approacht.

Top-Down Evaluation
• Does not require study of contributing sources
• Inter-laboratory studies
• Comparisons with a standard

o Displacement tests
o Strain gages
o Shape measurements

Bottom-Up Evaluation
• Complete enumeration of all relevant sources of

uncertainty.
• Description of their interplay and UQ influence.
• Characterization of contributions to uncertainty

in

iDICs
tPossolo, 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 m 
P6: 0.919475 [mm]

P5: 0.0929442 [mm] •

P2: 49.6688 [mm

1

X [mm]

70

61.0625

52.125

43.1875

34.25

25.3125

16.375

7.4375

-1.5

-10.4375

-19.375

-28.3125

-37.25

-46.1875

-55.125

-64.0625

-73

Translation Test

30

Command
25

D [mm]

E 20

U, x: Avg. a = 0.02 mm V, y: Avg. a = 0.04 mm z: Avg. CY = 0.0 111

E 15
cu
to
1 0

3
5

Stepper Error

Bottom-up Methods: Compare DIC results to

• Known shape measurements

• Known fiducial locations

• Known translations

iDICs



Bottom-up assessment
Po 
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i

2D Error Source Type Assessment Method/Comments I D! 2: mm l D l 2:pixels

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(5frames at start of experiment) 0.001 0.009

Pattern contrast A Contrast ,/z,' 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(µ=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

iDICs



Measurement noise floor is the simplest and minimum check all DIC users should do.
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u [pixel]

0.00766875

- 0.0068375

- 0.00600625

  0.1705175

0.00434375

0.0035125

0.00263125

C1.00185

0.00101875

  0.0001875

-0.00064375

-0.001475

-0.00230625

-0.0031375

-0.00396875

, -0.0048a

Simple Noise Floor (Resolution)
• 10 Static images
• Analyze the displacement (strain fields) statistically.
• Contains only some of the errors.

iDICs Section 7 - Glossary



Measurement Resolution: Smallest change that can be measured

Resolution of a quantity of interest (Q01)

• Standard deviation too large to

differentiate between 500 and 520 FIE.

• Step-response gives some idea of the

spatial resolution.

0.001

0.0008 -

0.0006 -

0.0004 -

11

Zx 0.0002

7:1;

EL
c
172 -0.0002
ci▪ )

-0.0004

-0.0006

-0.0008

-0.001

1.4-,411
k 81., :.;:ki;, . II

•

Subset = 35x35 pixels

Step size = 5 pixels

Strain Window = 23

ZNSSD

8-tap interpolation

•

Evniml

600
525
450
375
330

225
150

75
0
-75

-150
-225
-330
-375
-450
-525

e. tvnl,e1 - Le7enge

600
525
450
375

330
225
150
75
0
-75

-150
-225
-330
"375450

-525
400

500 + Noise

— 500 ue

520 ue + Noise

520 ue

1500 2000

A A
14 ---'11

Cornrnand 500 500 520 520 us

Noise 5 0 5 0 counts

Average 486 495 518 515 us

St Dev 82 4 51 5 us

x-location [pixels]

iDICs Section 7 — Glossary
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The measurement range  is the field-of-view of the cameras.

iDICs

Goal: 1-mm resolution in 6 meters

Achieved: 7.5-mm in 6 meters

• 0.125% Field-of-View (or full-range)

• 1.9 pixel error.

Section 7 — Glossary (FOV)

Y [mm]

2500

2250

2000

1750

0

-250

-500

-750

-1000

-1250

-1500



Spatial resolution: Ability to reconstruct a varying quantity of interest (Q01)

Spatial Resolution
• Ability to reconstruct a spatially varying
displacement or strain field.

• 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
F7)

s)a. 0.6

a 
0.5 -10%

E 0.4

4../ 0.3

a) 0.2
la)
,:‘!„ 0.1

o

Two localized features
1 

Amplitude

12th Order Fit

Spatial Resolution [pixels]

50 100

items limeliminimmirmusaniumgmammonmpi

L., 404,..-1 • .;,..11.1 40.2!" .•.... .! ..:: 7...1.1.11_1116,'t .... TrA-. vi...'41,... . .. vi_ -a, ..a....,....w. ..., sw:,:ArC fall

• Higher frequency
• Lower period

• Increased spatial resolution

150
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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.
• Pattern Induced Bias (PIB) are the splotches
across the image. (Variance error)

in

500 1000 1500
X-Iocation (pixel)

iDICs Section 5.4.2 — Variance Errors
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Temporal Errors: Variation of a given subset through time.

Common temporal errors
• Heat waves
• Image noise
• Thermal drift
• Camera vibrations

1000

^ 800
(7)
.-0_
c 600
.0
176
8 400

200

PIB Error

400 600 800 1000 1200 1400 1600 1800
X-location (pixel)

-0.05 0.05

0.05

Temporal Variance Error

PIB

Temporal-Variance Error

20 40 60
t (image)

80 100

iDICs Section 5.4.2 — Variance Errors
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MEASUREMENT REQUIREMENTS
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Stereo-DIC setup

Section 2.2 — Equipment and Hardware

Section 2.2.1— Camera and Lens Selection

Section 2.2.2 — Camera and Lens Mounting

Section 2.2.3 — Aperture

Section 2.2.4— Lighting and Exposure

► Section 2.3 — DIC Pattern
r

r

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

Section 2.1— Measurement Requirements

Section 2.1.1— Quantity of Interest (Q0l)

Section 2.1.2 — Region of Interest (ROI)

Section 2.1.3 — Field-of-View (FOV)

Section 2.1.6 — Stereo-Angle

Section 2.3.3.1— Compliance, stiffening

Section 2.3.3.2 — Bonding

Section 2.3.3.3 — Fidelity, i.e. move surface

Section 2.3.3.4 — Thickness.

Section 2.3.4 — Patterning Techniques

iDICs
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

A Camera 1

Center x: 620.77 pixel

C enter y: 368.819 pixel

Focal length x: 7300.19 pixel

Focal length y: 7298.06 pixel

Skew: -1.78958

Kappa 1: 0.0454422

Kappa 2: 0

Kappa 3: 0

Camera 2

Center x: 621.265 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

A Transformation

Alpha: 27.5014 deg

Beta: 2.1582 deg

Gamma: -2.70103 deg

Tx: -43.6947 Rim

Ty: 1255.27 rnrn

Tz: 325.903 mrn

Baseline: 1297.63 rnm

.

Correlate &
Triangulate
through time

1
11

123

111.5

100

88.5

Primary Measurement

x, y, z [mm]

Displacement u, v, w [mm]
77 Subtracted from the reference.
6.5.5

.54 E xxi E yyl Exy [mm/mm]
Spatial derivative of displacement412.5

31

Velocity [mm/s]
19 5

Temporal derivative of displacement
3

-3.5

-15

-26.5

-38

-49.5

-61

iDICs
Copyright 2013 Sandia Corporation



2D Measurement chain

Image Correlation
• Interpolant

• Minimization

• Shape Function

• Subset size

• PIB

Matching

a subset of stereo-DIC.

Image Acquisition
• Noise

• Contrast

• Speckle size

• Aliasing

Experimental Setup
• Lens distortion

• Camera motion

• Sample motion

• Air turbulence

• Image blur

• System resolution

3 Hidden components of DIC

Interpolation

• Pattern Induced Bias (PIB)

• Aliasing

• Contrast (lighting)

Shape Function

iDICs
image Correlation image Acquisition Experimental Setup Patterning



Stereo-vision measurement flow (and uncertainty)

Calibration
Parameters

Type A (St:atistical)

Calibration Parameters
• Calibration target error
• image Quality
• Camera motion
• Calibration drift

• Optical distortions

Type B (Monte Carlo)
3D Position
• Global Coordinate System
• Camera motion

Type B (Other)

Strain Errors
• Displacement noise
• Fitting and filtering

Propagate via

Monte Carlo

3D
Triangulation

Estimated
Uncertainty of
3D Position

Calculation
of Strain

Image Correlation
2D Matching

image Correlation
• lnterpolant
• Minimization
• Shape Function
• Subset size

image Acquisition
• Noise
• Contrast
• Speckle size
• Aliasing

t
Experimental Setup

• Camera motion
• Lens distortion
• Sample motion
• Air turbulence
• image blur
• System resolution

iDICs
Calibration Parameters 2D Correlation 3D Position, Motion Strain



Section 2.2 Equipment and Hardware

UNDERSTANDING LIGHT AND LENSES

BRINGING THINGS INTO FOCUS



Light is a wave (and a particle).

E =E0 sin(-wt + k • r) Electric Field Vector
B= Bo sin(-wt + k • r) Magnetic Field Vector

Chromatic Aberration —
but a nice case!

http://science.hq.nasa.gov/kids/imager
s/ems/visible.html

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)
• The particle is called a "photon"

Blue

Aqua

Green

Yellow

Orange

4,000 A
400 nm

4,250 A

425 nm

4.700 A
470 nm

6,000 A

6,300 A

6,650 A
665 nm

7,000 A
700 nm

http://www.windows2universe.org/physical_science/magnetism/images/visible
_spectrum_waves_big jpg_image.html

Monochromatic = one color (wavelength) only
Polychromatic = multiple wavelengths (e.g. "white light")

iDICs
Copyright 2013 Sandia Corporation
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Refraction bends the light and allows lenses to focus light

Index varies with
wavelength

>1
v

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

Incident light n'>n

n

.

n sin 8= n'sin9'

0'

Refracted light

IDICs



Xenon flash lamps may have a problem with chromatic aberration.
U-Displacement (Static) 

Stereo-DIC Experimental Setup

Flow
60°

E_ —1—
LDV

iDICs

_1 and L2 are either:

1. Cavilux laser source

2. Xenon flashlamp

25

20

15

- Flashlamp
- Cavilux

Pulse 1

650

620

610

600
0

Pulse 2

z

Flashlamp wavelength

(one pulse)

0.2 0.4 0.6 0.8
Time [ms]



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

Incident light

Reflected light

Absorbed

Transmitted

iDICs



There are two types of reflection: Diffusive and specular

Incident light

Diffusive

4 A1

Incident light

- - -

Reflected light

Specular

o (

iDICs 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.

iDICs RECOMMENDATION 2.11



Diffraction is the bending of light at an edge and will ultimately limit the lens
resolution.

f

f is the focal length

#
f
D

r

P
d 1.22 • A • f #
Diffraction limit

Closest resolvable points
(Rayleigh Criterion)

x= 1.22 •
D

Af

0
Not resolved

Two speckles
imaged

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.

ht
tp
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And yes, your eye counts as a lens!

iDICs



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

Nikon 24-85 mm zoom

Aperture rings are
becoming rare.

No-one knows the effect
of vibration removal

Telecentric lenses fixed magnification

35 mm fixed focal length

Fixed focal length lenses
may limit FOV choices

High magnification

100 mm Macro

Macro lenses allow high
magnification imaging.

iDICs Caution 2.3 — Beware auto lenses Tip 2.12 — Fixed focal better



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

wo
.a

sÁ
g 
.3
 A
q 
so

lo
il

d 

C-Mount Lens

F-Mount Lens (Nikon mount)

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

iDICs

EF/RF-Mount Lens Canon mount)

Copyright 2013 Sandia Corporation



Magnification is defined as the difference in size between the object and the image.
4.-

So

A

Magnification  ► f.._

si

AI M = fB A _ B m = Si - f

A S,- f f S,- f f

Definitions

• 1:1 Imaging means object is same size as image. So = 2f

• Macro lens M = 1:1
• Most lenses M = 0.5

¡DiCs 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.

;
otos by E. Bystrom

Magnification (M)

Sensor Size
M =  

Field of view

Field-of-View (FOV)

Stand-off Distance (So or SOD)

FOV = sensor size •  
So — f 

M
f

FOV

f
So— f

Usually So >>f

FOV 
(Sensor Size)•(Stand—of f distance)

Focal Length

Sensor Size

M

iDICs
Copyright 2013 Sandia Corporation
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View angle  and focal length are related.

View Angle

100°

160° Ale

11 mm

16 mm

74°

•

28 mm

62°
46°

35 mm

28.3° 23.3°
18°

135 mm

85 mm 
105 mm

50 mm

Focal Length

12.3°

200 mm

8.2°

300 mm

6.2°

400 mm

4.2°

f

600 mm

3°

900 mm

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



Spreadsheet lens calculator is available

iDICs

Phil Reu DIC Cannera Setup Sheet
Camera Type

Pgrey 5MPixel

Camera Setup

Things in yellow are inputs

Camera Information

You can access locked cells by "Unprotectinc

Pixel Size (pm)
Chip Size (mm)

Camera Field of View (Horizontal)

Camera Field of View (Vertical).

Camera Standoff

Stereo Angle (Degrees)

Ilkireo-rg camera separation

Lens Information

24_0

24_0

3.45 Max. Chip Resolution Horizontal Vertical Frame Rate Min Exp. GIs)
8.4 (pixels) 2448 2048 15 20 Out of Focus

in mm m u_
ineo 0.1 Best Focus
85.00 108

0_8 Near Focus609_60

259_15 0_3

Selected Lens Minimum
Lens (mm) Choices Max ft Focus

Lens Focal Length (rnrn)

Aperture (f/#) 1A/212.8/4/5_6/8M 1/16/22

Angle of View (deg)

DIC Information

Pixel size at object (unitlpixel)

Speckle Size (pixels)

Speckle Size

Velocity (unit/second)

Blur (pixels)

Depth of Field

50_7 70 60 mrn

16

9.527283

0.001634

5

0.0

2000

24A8

0.04

0.21

50800.00

Near FOCUS

Far FOCUS

Depth of Field

Hyperfocal (rnm)

23A37

24_591

1_154

23309_86

595_29

624_61

29_31

23309_86

Approx.
fx, fy

14688

2.8 8.68 in
TRUE FALSE

Far Focus1

cb

cb Stereo-Angle

cr

St
an

d-
of

f 
Di
st
an
ce
 

Cam_O Cam_1



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

f-number (f# or N)

Object

f# f
D

f
1--

f

Aperture D

fD
f #

image

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

iDICs
Fabrice Pierron — Univ. Southampton



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

D
f o cal length

f /#

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

• The f/# multiples of z: 1.4 = -\/2 are a doubling or halving of light.

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

• A "fast" lens has a large aperture. I.e. lots of light gets through.

iDICs
Copyright 2013 Sandia Corporation



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

. 

Object

. 
In-Focus

In-Focus
►

4 
f

Depth-of-field

Small D (f/16)

Large D (f/2.8)

. 

Pixei image

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 ip 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

iDICs Tip 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.

Sensor Size
M =  

Field of view

M= 1= Sensor Size = Field of View

• Technically macro is 1:1
• Size of the FOV = Size of the image sensor (1:1)
• Limited Depth of field
• Focal length determines the stand-off (higher =

further away)

iDICs
https://www.cambridgeincolour.com/tutorials/macro-lenses.htm



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

Placed between lens and camera, tube increases Si

Tube Mag.

iDICs

Extension Tube

Focal Length

1 1 1
+

So Si, f
Si it then So 1

Small So 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

AI Object

•

s,

Extension Tube

Extension tube goes behind the lens

Copyright 2013 Sandia Corporation



The lens size matters relative to the detector size: F-mount versus C-mount

C-mount

Photos by E. Bystrom

iDICs

Ni▪ kon/Canon

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)

LD
Cil

4.8

oo
.r

6.4

1/3 Inch 1/2 Inch

8.6

2/3 Inch

Camera Detector Size (mm)

35 mm Format

C-mount causes vignetting at
2/3-inch sensor size and above

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!!

•

A
f/1.9 Same speckle pattern f/32

• "Empty magnification" occurs when the image is enlarged (magnification), with no added detail
being seen (empty).

• Focal length and distance define lens magnification. Diffraction limits define resolution and contrast.
• This happens when you have extension tubes and/or small apertures.

iDICs Tip 2.4 — Lens limited Experimental Setup: Lens Resolution Copyright 2013 Sandia Corporation



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

Lens

I1
!

1

r

FFT

Object Space

Aperture

Small Speckles A

Large Speckles

Background

Small Speckles

1 High Frequency

II Low Frequency

DC

Lens Detector Image

v High Frequency
1

Mask FFT -1

1
1

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.

iDICs



An Airforce target is a great method to ensure you have adequate resolution

2

Group

111

111

1 0
2

= 3

HIE 4
O.

1-= 111 
IllE 5
111 E 6

LEH
!
I. 111

Ell 
3Eill

III
5 E 111

Ell!

1

2

3

4

5

6

-2
1

USAF-1951

Number of Line Pairs I nlnl in USAF Resolving Power Test Target 1951

Group Group Number

f Element _2 -1 0 1 1 2 l 3 4 5 I 6 I 7 8 9

i 1 0.250 0.500 1.00 2.00 4.00 8.00 16.00 32.0 64.0 128.0 256.0 512.0

2 0.280 0.561 1.12 2.24 4.49 8.98 17.95 36.0 71.8 144.0 287.0 575.0

3 0.31 5 0.630 1.26 2.52 5.04 10.10 20.16 40.3 80.6 161.0 j 323.0 645.0

4 0.353 0.707 1.41 2.83 5.66 11.30 22.62 45.3 90.5 181.0 
i

362.0

5 0.397 0.793 1.59 3.17 6.35 I 12.70 25.39 50.8 102.0 203.0 406.0

6 0.445 0.891 1.78 3.56 7.13 14.30 28.50 57.0 114.0 228.0 456.0

i
Width of 1 line in micrometer in USAF Resolving Power Test Target 1951

Group Number

Element -2 -1 0 1 2 3 4 5 6 7 8 9

1 2000.00 1000.00 500.00 250.00 125.00 62.50 31.25 15.63 7.81 3.91 1 .95 0.98

2 1785.71 891.27 4116.43 223.21 111.36 55.68 27.86 13.89 6.96 3.47 1.74 0.87

3 1587.30 793.65 396,83 198.41 99.21 49.50 24.80 12.41 6.20 3.11 1.55 0.78

4 1416.43 707.21 354.131 176.68 88.34 44.25 22.10 11.04 5.52 2.76 1.38

5 1259.45 630.52 314.47 157.73 78.74 39.37 19.69 9.84 4.90 2.46 1.23

6 1123.60 561.17 280.90 140.45 70.13 34.97 17.54 8.77 4.39 2.19 1.10

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.
%
 Co
nt

ra
st

 

100

90

80

70

60

50

40

30

20

• 
35-mm Lenstilliaibs

1 35-mm Lens with 40-mm Extension Tube

• • • • Minimum acceptable resolution.

•
10 ■ •

20%

50 100 150
Resolution [lp/nini]

200

(Imax Imin) 
Contrast(%) = 100

(Imax Imin)

Line Profile

18C1 -

160 -

u 120 -

100 -

111

1 I 1

33% Contrast

min

I max

80 -„ 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 1.5 6.5 7 7.5 8 8.5 9 9.5 10 10.5 1111.5 12 12.5 13

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)



6 4

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

MTF
7-v

1 0 Fri Fri

  21,5 mrri
'(edde)

(cRnter of imade)

MTF

10 m Fri

o (cpriter of image)

21,5 rcl
(.ed e)

Meridional (Circular) Line Pairs

Sagittal (Radial) Line Pairs

M
T
F
 V
a
l
u
e
 

0.5

Sadittal Meridional

0 5 10 15 20

Distance From Center [mm]

1

0.4

03

0.2

0.1

I-TIP, 0111111 II
i=1011iiiiimm..r-- /
wria , 

I% 
%

MI 

11

M MMIIIN

MMA"

Man

ci 
o 10 1S

■
•
•
2C1

Canon 16-35mm f/211L II Lens
(zoom set at 35mm)

1

09

Cl.8

0.7

0.6

I— 0 s
2

0.4

03

0.2

0.1

00 

ti

Canimi 35min 111AL Prime Lens

ti

21.6 mm

12 mm

Full Frame 35 rnrn Sensor

1:3. 5 rrun
'my"

rrim

441

VI: X Cropped Sensoir

iDICs
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Pixel size affects the  digital cameras MTF Camera limited

Spot

Size

0.5

1.0

2.0

3.0

Image CCD

Centered on Pixel

••••••
••••••
NE NEN

MENNEN
MENNEN
ME MEM
MENNEN
MENNEN
MENNEN

J

CCD

On Vertex of Pixels

1 „
AJTFCCÐ = mm)

2p
p = pixel size in mm

MTFCCD = 1/(2 • 0.005e-3) = 100 Ip/mm

http://www.andor.com/learning/digital_cameras/?docid=319

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

• A pixel of 13 x 13 micron pixels would just matched the diffraction limit.

• A 9 x 9 micron pixel is preferred (i.e. 3 pixels = 27 p.m).

412 0_5-
3 0,4
0_3
0_2 
0 1 -4 

.

1111.M.M."

 A
e; 

10 pm poets
•

20 pm pixels _

0 10 20 30 40 50 60 70 80 90 100

Line pairs/mm
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Is the system lens limited or camera limited?

66

IMM

35 mm lens — with lens magnification the pixel size at the object is 22 p.m

1 1  

1 11 1

Note pixilation of image I I I

1
111 •

— I

f/L9 — Group 4/Element 2
27 µm line width

Camera limited (pixel)

f/16 — Group 3/Element 3
50 p.m line width

Lens limited

f/32 — Group 2/Element 5
79 µm line width

Lens limited

Remember: The aperture controls the lens resolution.

Remember: The pixel size controls the camera resolution.
iDICs
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Lens limited systems will decrease the contrast and reduce the matching accuracy. 

0.05 -

0.01 -

0

Lens limited due to aperture. —..—fl. 9

Subset = 27x27

Relative subset size for equal StDev u

0
1

Subset Size [pixels]

f8

Subset= 51)(51

BO

1

100

At f/1.9 a subset of 27x27 pixels is equivalent to 51x51 pixels at f/8

iDICs
Experimental Setup: Lens/Camera Resolution



System resolution limits can be caused by either the lens or the detector.

• Lens limited — indicates that the resolution of the lens is the limiting component.

• Detector (camera) limited — indicates that the pixel size is the limiting resolution
component.

• Either situation will limit the spatial resolution of the measurement (but not necessarily
the accuracy).

• Without investigation, you will not know what the limiting component is.

• As a general rule, without extension tubes, it is the camera.

iDICs
Copyright 2013 Sandia Corporation
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Caution 2.1— Out-of-plane motion errors



The image moving towards the camera looks like a uniform strain
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iDICs Caution 2.1— Out-of-plane motion errors Experimental Setup: Motion Copyright 2013 Sandia Corporation



You can estimate your strain error using simple geometric optics

Object Displaced Object Effective Pinhole

A Z Z

z = 200 mm for the current setup.

8 error

AZ

Z

A
•

Image

iDICs
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iDICs Is this the correct strain?
Copyright 2013 Sandia Corporation



Out-of-plane motion will cause a strain error

Surface at test
start

Deformed
surface

Max out-of-plane, Az = 0.41 mm

Ac = 0.41/200 = -0.0021= -2100

iDICs Caution 2.1— Out-of-plane motion errors Experimental Setup: Motion Copyright 2013 Sandia Corporation



A telecentric lens maintains constant magnification over the field-of-view

Object

f

Telecentric Aperture Stop

f

image

• Passes the parallel rays only. (Removes all others)
• If rays are parallel — there is no magnification.
• Lighting can be an issue.
• More difficult experimental setup.

zeffective Becomes much larger.

•

error

AZ
effective

iDICs Recommendation 2.6 — Bi-telecentric Lens for 2D
Copyright 2013 Sandia Corporation



A bi-telecentric lens maintains magnification on both the front and rear of the lens.

(b)

Object plane Lens
___________

FR 
-4111-110-

Telecentric depth

,Aperture stop

I.., , .,,„ ,,,, „„ .

%%'
Principal ray

Lens
Parallel Rays

Telecentric depth

.411-40-

________ LLI
____

Sensor plane
(Inverted)

Pan, B., et al. (2014). "Accurate ex situ deformation measurement using an ultra-stable two-dimensional digital

image correlation system.” Applied Optics 53(19): 4216-4227. 

iDICs Recommendation 2.6 — Bi-telecentric Lens for 2D



The telecentric lens can help minimize the out-of-plane strain errors.

30000

el 20000
o
v

10000
tA)
c
'Fi 06_(7)

as -10000,
8
z -20000

-30000

2D standard lens

—•— 2D telecentric lens
- 
0 • to gli - 3D standard lenses

1

-25 -20 -15 -10 -5 0 5 10 15 20

Out of Plane translation W (mm)

Sutton, M. A., et al. (2008). "The effect of out-of-plane motion on 2D and 3D digital image correlation measurements." Optics and Lasers in Engineering 46(10): 746-757. 
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Bi-telecentric will remove the magnification change behind the lens and the resulting
apparent strain. 

False strain caused by motion of detector behind the lens.
300 -

250 -

.... 200 -
w
150 -

a
eci, 100

v) 50

0

-50 50 100

Time (min)

Point Grey - No Warmup

Phantom v611

Point Grey - Warmup

Telecentric

150 200

e 1 [um/m] - Lagrange

33
29.6562
26.3125
22.9688
19.625
16.2812
12.9375
9.59375
6.25
2.90625
-0.4375
-3.78125
-7.125
-10.4688
-13.8125
-17.1562
-20.5

Subset = 41
Step = 15,

= 1
•IVirtual Gage L- 1 pfie
Interpolant = 8-Tap's
Minimization = ZNNSD

MA,44'..Arioteivahtto 4.

;40$1;.''

7

Point Grey - no warmup

e 1 [urnfm] - Lagrange

295
290.281

285.562

280.844

276.125

271.406

266.688

261.969

257.25
252.531

247.812

243.094

238.375

:233.6.5(5

228.938

224.219

219.51
VSG = [ (SW-1) x ST ] + SS

e 1 [urn/m] - Lagrange

48.6
45.9625

43.325

40.6875

38.05

35.4125

32.775

30.1375

27.5
24.8625
7)7).7)7)5

19.5875

16.95

14.3125

11.675

9.0375

6.4

iDICs Recommendation 2.14 - Camera warmup Recommendation 2.6 - BI-Telecentric lenses for 2D Experimental Setup: Camera Motion



Section 3.2.2.5 Section 3.3.2.1

LENS DISTORTIONS

HOW GOOD IS YOUR LENS?



All lenses will have some distortions.

• 

Barrel Distortion Pincushion Distortion

Most lens distortions are radial in nature and can be
corrected for in DIC.

11111011 MO 
mamion

10411 1111
votIO

hoto: E. Bystrom

iDICs Section 3.3.2.1— Intrinsic parameters Recommendation 3.16 — Lens distortions
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80

You can evaluate the lens distortions with DIC. More on that later.

• • • •

• • • •

• • 0 •
• • • •

• • • •

* • • •

• • 0 •

• • • •

•

.

•

•

•

•

•

4

Calculated Lens Distortions (pixels)
In -plane

1.08

0.98

0.88

0.78

0.68

0.58

0.48

0.38

0.28

0.18

0.08

-0.02

-0.12

-0.22

-0.32

-0.42

-0.52

iDICs Section 3.3.2.1— Intrinsic parameters Experimental Setup: Lens distortions Copyright 2013 Sandia Corporation



Conducting a lens distortion check using in-plane translations.

This is one of the lab exercises.
0

1

6 ----------j-,0------- 6.--------4

ci5 ‘ 2. ?, ci 5

ii-k,Fuk 1\1 Lk
Pt6E.

• Translate in-plane in both x, and y-directions. Move about 15% of the FOV.
• Must remain perpendicular to the camera (or lens and out-of-plane are convolved)
• Correlate with the central image as the reference.
• You can convert to pixels by subtracting the average displacement.
• You can get scaling if you know the stage motion in millimeters.

iDICs Recommendation 3.5 — D-Lens distortion measurement
Copyright 2013 Sandia Corporation



Understanding lens distortions A 50 pixel shift  yields a 2-pixel error!

0.5

-2.5 -1

"A X *4i.‘,4 ••••• •

)K XX>: xiem4,••••

•••••• 5e5 *•:4411/0®0 x xxxxxx1-5
• •• ■

.

.

•
•
.

••.2000
••••••••••

X X T9.4044
•••

. • .

A (pixels)

1.43

2.2

0.13

0.07

0.24

0.33

•.

16mm - Schneider F1.8

16mm - Tamron F1.4

75mm - Edmund Optics F4

100mm - Nikon F2.8

35mm - Edmund Optics F4

35mm - Schneider F1.9

X Pixel Location (pixels)

.

.

2500

iDICs



Distortion removal routines are available: Either through calibration or through
polynomial fitting.

iDICs

u [pixel]

0,0214

0.019425

0.01745

0.015475

0.0135

0.011525

0.00955

0.007575

0.0056

0.003625

0.00165

-0.000325

-0.0023

-0.004275

-0.00625

-0.008225

-0.0102

These units are pixels!
(or whatever units you entered in the
correction)

Apt '14 -

0::.drj11"

. 
• • .

fi 

You should end up with a distortion field that is "noise".

U [micron]

0.00026

3.000226875

0.00019375

0.000160625

0.0001275

9.4375e-05

6.125e-05

2.8125e-05

-5.0000 le-06

-3.8125e-05

-7.125e-05

-0.000104375

-0.0001375

-0.000170625

-0.00020375

-0.000236875

-0.00027
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For a Zeiss 100-mm optic

WITSTAr.r.73.147.41e424111/2.- .*!!St''.7 At. 1!"WNla ;15W. .eNi,:4 t*Z4;Zr;*-4:b7--iei'tI4$PV'. TZ.f. ••••,V41.

W. WIPrrr-.7..,7 n • ••74i

Aesw
Uncorrected

1.1 9.0.‘
4

d

0.07

0.054

0.038

0.022

0.006

-0.01

-0.026

-0.042

-0,058

„kit'
-0.074

-0.09

-0.106

-0.122

-0.138

-0.154

-0.17

-0.186

84

IMM

D

0.0162

0.014075

0.01195

0.009825

0.0077

0.005575

13.1313345

0.001325

-0.000799999

-0.002925

-13.005135

-0.007175

-0.0093

-0.011425

-0.01355

-0.1315675

-0.0178

iDICs
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Lenses should be selected to optimize the field-of-view and minimize distortions

• Most modern lenses are adequate for DIC. Including zoom lenses

• The calibration process removes many of the common lens
distortions

• The lens distortions can be found using 2D DIC and a flat plate

• C-mount lenses are preferable. They mount more rigidly and have

lower distortions due to the smaller optics.

• C-mount lenses can cause vignetting with large CCD chips

Zoom Lens C-mount lens Vignetting

iDICs
Copyright 2013 Sandia Corporation



Use the correct type of lens for the application: Fixed focal, zoom, or telecentric

• Fixed focal length
✓ Best quality images
✓ Magnification depends on object distance only

• Zoom Lenses
✓ Variable focal length
✓ Heavier
✓ Easiest to setup in the field

• Telecentric Lenses
✓ Fixed magnification regardless of distance

iDICs Recommendation 2.6 — Telecentric lenses for 2D
Copyright 2013 Sandia Corporation



Section 2.2 Equipment and Hardware

CAMERA SELECTION CAN BE IMPORTANT

SPEND YOUR MONEY WISELY.



The two common digital machine-vision camera types are CCD and CMOS detectors.

CMOS

Complementary metal-oxyde semi-conductor (1969)

Much faster than CCDs (fast cameras, reflex cameras)

Cheaper

Easier to get larger arrays

More prone to noise

CCD

Charge-Coupled Device (1969)

Principle: Photons hitting the sensor generate
electrons by photoelectric effect

iDICs Recommendation 2.5 — Use machine vision cameras
Copyright 2013 Sandia Corporation



A digital detector has a number of important details:

iDICs

• Detector noise

• Gain

• Pixel size

• Aspect ratio

• Fill factor

• Blind area

• Active area

• Lenslets

• Color/Monochrome

• Color filter type

• Antialiasing filter

• Beware older interlaced cameras

Caution 2.15 — Keep camera gain low!

Tip 2.10 — Noise, dynamic range, etc.

Recommendation 2.5

1 

a

89

IMM

1

•

b

Anatomy of the Active Pixel Sensor Photodiode

Arnplifier
Transistor

Column
Bus

Transistor

Silicon
Substrate—

Reset
Transistor
#

rSelectRow

4 Bus

Potential
Well

Copyright 2013 Sandia Corporation
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Noise is very important and easy to calculate

Image 1... n

•

The noise can be found by averaging a
number of static images. (Note: they must be

truly static.)

•

Mean image: Pixel-by-pixel Average

Pixel-by-pixel StDev

0.46248(.

218.456

Image Noise (5%)

Image StDev (c)

(.1

Range 
IK 100

Noise attributes:
• Comes from the sensor and is temperature and

digitization level dependent
• High spatial frequency, i.e. varies independently

from pixel to pixel.

Image Acquisition: Noise

iDICs Tip 2.10 — Noise, dynamic range, etc. Recommendation 2.13 — Camera noise Recommendation 5.3 — Camera noise



It is better to use a "grey card" to remove camera motion as an issue. 

Take many images and calculate out mean and standard deviation

Mean Image Histogram

100k

k.31

CL
111111.16ms

0 ,
0 50 100 150 200 250

Gre,, Levels

What do you notice about the noise?

The relationship of noise to intensity still occurs. But the noise is usually lower
because camera motion has been removed as an issue.

iDICs Recommendation 5.3 — Camera noise Image Acquisition: Noise



Noise scales up with grey level, that is,  heteroscedastic.
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) 

12 -

10 -

8 -

6 -

4 -

2

0

0 50

Grey Card
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y = 0.0356x

Mean Image

Speckle Pattern
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Standard Deviation Image

There is a small effect on the intensity
because of the moving camera and the
speckle pattern. But it is conservative in that
it overestimates the noise!

zoom in

Mean Standard deviation
w, s A . i

Ifir gig *1 4

iDICs Recommendation 5.3 — Camera noise Image Acquisition: Noise



An example of the influence of image noise on the DIC results.
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Image Acquisition: Noise

iDICs Section 5.4.2 — Noise floor analysis Caution 2.15 — Keep camera gain low!
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A communication protocol will need to be decided on:
This is a moving target...
►USB3.0
►Very fast and easy to use
►Cable length may be an issue

►FirewireB Cameras
► This camera allows automatic synchronization
between any number of cameras

► Cable length 15m — but easily extendable
► Adequate data rate

►GigE Cameras
►Superior cable length
► Adequate data rate
► Synchronization must be done separately

►Cameralink
► More expensive hardware
► Superior data rate

Usually a given detector (e.g. Sony or Kodak) is available in
any number of communication formats.

Interface Speed i Synch. . Cable Length.
Firewire

CoaXPress

USB 3.0

GigE

CameraLink

Good I Built In

6 Gbit I Built In

Good Built In

Good Separate
--

4 Gbit Built In

Short

V. Long 

Short

V. Long

Moderatel

iDICs
Copyright 2013 Sandia Corporation



Camera specifications sheet and definitions

LIGHT

Photons per 10/12

Saturation
Capacity (e-)

Pixel Size
(pm)

Trine% MI

e-

eolltsip
e e-e

ee-es e L
e- e- e-• e-e ejj
e- e t -
e- el/ e-

, 
ei

e

WELL

Shot Noise = 

VNumber of photorts

Quantum
Efficiency (%)

Temporal Dark Noise
(e-)

/1‘

Signal (e-)

Gain (e-/ADU)

GREY SCALE
(16-bit)

https://www.flir.com/discover/iis/machine-vision/how-to-evaluate-camera-sensitivity/

technical data

resolution

(hor x ver) 1

pixel size

°nor x ver)

sensor forrnat

diagonal

quanturn efficiency

full well capacity

dark current

irnage sensor

maximum dynamic

range

dynamic range A/D2

readout noise

irnaging frequency,
frarne rate

pixel scan rate

A/D conversion factor

spectral range

exposure time

unit

pixel

pm:

inch / rnrn

e-

setpoint

O normal mode

O extended mode

500rm typical

e-/pixel.c 010 typical

dB

bit

e rms

fps

MHz

e / count

nm

COD + camera

O10 MHz

O10 / 20 MHz

O full frame
O 10 / 20 MHz

pco1300

1392 x 1040

1424 x 1060

6.45 x 6.45

2/3- / 11.14

62

16 000

0.05

ICX285AL

68.5

12

6 /10

5.9 /10.5

10 / 20

3.9

290 .. 1100

5 ps .. 1 h

iDICs Caution 2.15 — Keep camera gain low!



Grasshopper spectral response
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Sensor Response Curve Comparison

• Sony ICX655AL 1213' 2456112056 CCD) • ID. 305

7C Sony ICXS25AL (213" 2448x2048 CCOI - ID 304

199 424 650

Wavelength
875

Test ID: 305 304
1,101

Important: When using monochrome illumination you should check this curve
and make sure there is good sensitivity. More light may be needed towards the
tails of the curve.

iDICs
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Camera overview

• Do not use color cameras — you loose resolution with no added accuracy

• Commercial point-and-shoots (including SLR) may have image stabilization and processing that
needs to be turned off (usually on the lens).

• The noise level is important and determines the strain noise

• Keep the camera gain low

• Bit depth is nice for providing flexibility in lighting.

• Must synchronize cameras.

• Use uncompressed image formats. *.tif, *.bmp, raw formats.

iDICs
Copyright 2013 Sandia Corporation



The state of high-speed imaging
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IDICs

1,000,000 —

100,000 —

10,0

Sandia
National
Laboratories

Phillip Reu — March 2014

Shimadzu HPV-2

O

1,000 —

100 —

10 —

10-bit IS-CCD

Exp = 250 ns

CoSilliitind

12-bit RM CCD

Irt Photron SA-Z NAC Memrecam HX-1/3 Olympus I-Speed FS

•

• 12-bit/64 GB CMOS 12-bit/128 GB CMOS

PilflPtcBic11/3

1.1.5110K4B CMOS

IDT Y7-S3
Exp = 500 ns

10-bit/32 GB CMOS
18 Ip/mm

Rate scales only AiiciliS1A-80

114111 

Specialised Imaging Kirana

Exp = 100 ns

10-bit µCMOS

Shimadzu HPV-X 69 Ip/mfn

 Exp 160 ns

10-bit FTCMOS

.

14-bit RM CCD

Eciritnni10
Ex'?

91
lp1trii17.1.1 RM CCD

Exp = 110 n

16 lp/m

Exp =

p/

4 ls

mm

:;($CL Rft:lindsimax H S

31624:14tpng GB CMOS

Exp = 1500 ns

45 !ph-rim

Key:

10-bit/16 GB CMOS

Exp = 200 ns

24 Ip/mm

• kF = 1000 Frames

• kFPS = 1000 frames/sec

• RM = Rotating Mirror

• ICCeordlirrlit59%.clCCD

• ;9.1 bretgion

Invisible Vision
• • Pieaalt5=1 inimu exposure

UHSi 12-bit ICCD

IMACON
• Ulf I speed resolution constant at all rates.

iI►,

Exp = 5 n‘

12-bit ICCD
• Hi d resolution changes at higher rates.

Specialised Imaging ISIM,

olution from specs pixel ze (1:1 Imaging)
12-bit ICCD

Stanford Comp. Optics

Exp = 3 n

36 Ip/mm

High Speed Ultra-High Speed
Exp = .2 ns 4 Exp — 100 ns► 4 ►

1  1 1 

1000 10k 91104,0k 1M 10M 100M 1B 10B 60 lp/mm 100B

Frame Rate (fps)

12-bit ICCD

-ight 2013 Sandia Corporation



There are 3-Types of Ultra-high speed cameras
Beam splitting (IMACON)

Phosphor screen ( t l )

I Rotating mirror (CORDIN)

Rotating

mirror

¡DiCs

Relay lenses

Cordin 521
Rotatin

CCD

Photo-

amplifier

Lens

Segmented image intensifier 4 

Beam sphtter

(a)

1
Fiber optics

Objective Iens

Intensifier resolution is 1k x 1k or 70
Ip/mm is typical (Wikipedia)

Specialized ImagingISIMO
Intensified('

to Ultra high speed cameras allow to acquire images over 1.106 fps

The main limitation to reach high speed acquisition is the storage time

The available technologies to reach these results are:

l In-situ Storage Image Sensor (Shimadzu/Kirana)

Imommenit

C)Kirana

photodiode
grid

Marco Rossi — SEM 2011



Section 2.3 DIC Pattern

Pattern size

Pattern Size Subset Size

<3 pixels aliased

For equivalent displacement noise.

PATTERNING

THE PATTERN AND THE LIGHTING WORK TOGETHER AND ARE FUNDAMENTAL TO YOUR ACCURACY



Section 2.3 DIC Pattern

A good pattern is critical to making great DIC measurements

Good contrast (lighting and speckling)

17:40:39.618 621.31 ut

iDICs

Stays bonded to the surface Is relatively unique

[1:1

Section 2.2.4.3 — Contrast, Intensity, and Gain

Section 2.3.2.1 — Size (3 — 5 Pixels)

Section 2.3.2.2 — Variation

Section 2.3.2.3 — Density, approximately 50%

coverage

Section 2.3.2.4 — Quality, i.e. does the pattern

hold-up under load.

Section 2.3.3.1 — Compliance, i.e. the paint

doesn't stiffen the sample.

Section 2.3.3.2 — Bonding

Section 2.3.3.3 — Fidelity, i.e. the pattern moves
with the sample surface.

Section 2.3.3.3 — Fidelity, i.e. the pattern moves

with the sample surface.

Section 2.3.3.4 — Thickness. Rough patterns will

image differently from different angles.
Caution 2.23 — Bonding Copyright 2013 Sandia Corporation



It is important to quantify your speckle size and optimize for your experiment.

Good Pattern:
Actual Size = 4-5 pixels
Calculated Size

= 4.8 (autocorrelation)
= 3.6 (auto-threshold)
= 3-5(Eyeball)

Aliased:
Actual Size = 1.5 pixels
Calculated Size
= 2.1 (autocorrelation)
= 1.6 (auto-threshold)
= 2 to 3 (Eyeball)

Measure and confirm the speckle size
• MatLAB/LabVIEW "blob" analysis (using auto-threshold function)
• Autocorrelation
• By Eye (zoom in)
• Beware of aliasing. No results are correct after an aliased signal is digitized.
• Optimum is 3-5 pixels per speckle.

iDICs Tip 2.33 — Feature size by eye.



The spatial resolution, subset size, and Pattern size are all inter-related.

3 to 5 Pixels

3 Speckles

Step Size
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• Pattern edges are clearly delineated.
• You see the pixels in the Patterns!

iDICs



All DIC errors should be subpixel. What does this look like?
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iDICs Note: All this data has no PIB error! Rigid-body-motion with affine shape function.



The image noise error is defined by the interpolant and the contrast vs noise ratio.
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The noise also affects the variance at each measurement point

iDICs
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Not just the contrast is important, but also the noise!
Di

sp
la

ce
me

nt
 E
rr
or
 (
pi

xe
ls

) 0.250

0.200

0.150

0.100

0.050

0.01 pi

0.000

r

els

50

No e Con ast

 ■00. Lo High

Low Noise

Medium Noise

-•-High Noise

100 150 200 250

Contrast (Counts)

Camera

Gain (dB)

-4.5

Noise la
(counts)

2.4

Contrast Ratio

(counts) (Noise/Cont.)

220

edium

Low

-4.5

-4.5

1.5

1.2

113

66ow

High 12 4.3 217Pw Medium

Low Terrible -4.5 0.9 33

Mediu Medium 12 3.1 116

Medi m Low 12 3.2 113

High High 24 9.3 223

iDICs

lEr 0.011

0.014

0.018

0.020

0.026

0.027

0.028

0.042

Section 2.2.4.3 - Contrast, Intensity, and Gain
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Recommendation 2.13 Image Acquisition: Noise
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A minimum of 50 counts of contrast are recommended.
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Subset = 21x21
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Contrast (grey levels)

Contrast:
• Minimum 50 counts (8-bit)

• Recommended 130 counts (8-bit)
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iDICs Recommendation 2.13 — Contrast Tip 2.20 — Dark images may be OK. Image Acquisition: Contrast



Bias errors depend on the gradients within the subsets being matched

iDICs
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Section 5.2.5 — Subset size image Correlation: Subset Size



The matching is a 2D process

IDICs
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Beware of directionality in your speckle patterns

Matching error

Must have gradients in
all directions

Total Error

5 N
15hI" )4 N4,

5LJI9P17ce (E; 
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c N'3C' \e\c3CN› ‘fc.
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iDICs Section 2.3.2.2 — Variation, i.e. sufficiently random
Copyright 2013 Sandia Corporation



Section 5.4.3 Bias Errors

WHEN PATTERNS ARE TOO SMALL.

VERY, VERY BAD. ALIASING AND RELATED ISSUES AND THE EFFECT ON THE INTERPOLANT.



Undersized Patterns < 3 pixels) lead to aliasing and will compromise the results!

• Aliasing is probably one of the biggest problems
in practice, and one of the hardest to detect.

• Your Patterns should be clearly distinguished.
• Patterns must be 3-5 pixels.
• Spray paint often has issues with small dots.
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iDICs Tip 5.2 — Anti-aliasing Section 2.3.2.1— Size
Copyright 2013 Sandia Corporation
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Aliasing is easily seen in the results by looking for "banding"

sigma [pixel]

0.01285

0.0122875

0.011725

0.0111625
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10100375
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0.0077875

I
0.007225

0.0066625

0.0061

0.0055375

0.004975

0.0014125

0.00385

Most easily seen in the matching error sigma

Should be uniform strain pattern

iDICs



Aliasing will give incorrect frequencies when sampled below the Nyquist rate.
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A physical interpretation of aliasing on the grey values of a pixel.

Image CCD
SpotCentered on Pixel
sizemmomm 
. mommom 

mommiiI
mom 

0.5 
EMME=
MEN ME MEM
= ME=
=ME= =ME=
=ME=■=ME= 

1.0

2.0

3.0

Image CCD
On Vertex of Pixels

http://www.andor.com/learning/digital_cameras/?docid=319

IORepresents a single Pattern

With an aliased Pattern, the

pixel no longer "localizes" the
pattern!

AITFCCD 
1 
(lp mm)

2p

p = pixel size in mm

iDICs
Copyright 2013 Sandia Corporation



Interpolant bias error will increase with aliased speckles. Some interpolants more than
others...
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iDICs
Image Acquisition: Aliasing
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Spatial anti-aliasing in a camera is an analog blur filter.

Antialiasing filters in digital cameras
• Most machine vision cameras do not have anti-aliasing
• Uses birefringence to crystals (lithium niobate) to blur the
image.

• Must be done in analog. Once digitized anti-aliasing is not
possible.

• Lens may also help with filtering of the image.

Speckle
Pattern Ir.

Translation IP a""="84

4x4 blur No filter 2x2 blur

IR filter

B

42=2:2 7.

A •

4=2:z22:z „

•

Birefringent crystal

Ma T, Reeves SJ; Adaptive image acquisition by autodefocusing. J.

Electron. Imaging. 0001;20(3):033013-033013-10.

doi:10.1117/1.3624489.

iDICs Recommendation 5.1— With physical filter don't use digital filtering. Tip 5.2 — Analog anti-aliasing



Experimental setup combined 3 cameras with an out-of-plane translation to apply a
uniform strain.

iDICs

7.77wpryTTFTF---
Resolved Mixed Aliased
.3.6-pixels 3.6-pixels 1.3-pixels

)11:

r.

1.3-pixels

•

D I C Settings
• Subset 25x25

• Step = 10

• Strain Window = 15

• SSD

• Interpolant (varies)



Image pre-filtering: A growing body of literature suggests this  is a good idea.

• Replace central pixel value by weighted average of neighboring pixels
• Removes outliers, low pass filter, tuning parameter: kernel

5 x 5 Gaussian Filter Kernel is convolved with the image.
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Y x
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4 16 26 16 4

7 26 41 26 7

4 16 26 16 4

1 4 7 4 1

Pixel weighting

iDICs Section 5.2 — Pre-Filtering of Images Caution 5.2 — Beware digital filter bias.



Gaussian filters remove high-frequency content (much of the aliasing).

7x7 Gaussian Filter
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iDICs Section 5.2.2 — Pre-Filtering Images



Air turbulence and speckle aliasing are two largest error sources. (Camera Motion?)

DIC Settings

• Subset 21x21

• Step = 5

• Strain Window = 41

• ZNSSD

• Interpolant: 4-Tap

Resolved Mixed
3.6-pixel 3.6-pixel &

1.3-pixel

u-Displacement (16)

2x2
Anti-aliasing filter

Resolved Mixed Aliased
3.6-pixel 3.6-pixel & 1.3-pixel

1.3-pixel

Filter Good Speckle Mixed Speckle Aliased Speckle

Digital

None
2x2

0.0032
0.0036
0.0030

0.0088 0.0156
0.0054 0.0127
0.0038 0.0170

No Filter
Gaussian Digital pre-filter

Resolved Mixed Aliased
3.6-pixel 3.6-pixel & 1.3-pixel

1.3-pixel

E (p.E)- 4-Tap Interpolant (16)

0.0038

cr)

—CD

CD

X.
CD

0.0033

Filter Good Speckle Mixed Speckle Aliased Speckle

Digital

None
2x2

44
40
41

94
67

139
117

31 88

iDICs Tip 5.2 — Low-pass filters mitigate aliased patterns.



Simulated results prove the same thing: Aliased speckles degrade the results.
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iDICs
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•11
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Subset I (11x11
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tee irkin_

b-spline

Non-aliased

Non-aliased

Non-aliased
irops: es v:i•otiart
;A m,• • tsitii
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Effects of Aliasing
• "Noise" increases
• Smaller subset makes things much worse
• Interpolant choice has a large impact

Stereo-simulator synthetic image information
• Dog-bone tensile test
• 1 Count noise (0.39%)
• FOV ± 150 x 200 mm
• 30-mm lens — no lens distortions, perfect calibration
• Optimum is 3-5 pixels per speckle.

Courtesy Ruben Balcaen — KU Leuven PhD Student
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Camera and lens resolution will control the required pattern size.

F1.9 - 64.7% Contrast

Line Profile
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iDICs
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Less common: Lens limited

Copyright 2013 Sandia Corporation
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Pixel low fill-factor will cause aliasing like issues.

Note the skinny
areas of the
Pattern!

Original pattern

700,„
"13
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Photo Gate
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sub-pixel shift

iDICs Recommendation 2.5a — Detector issues.
Copyright 2013 Sandia Corporation



The real problem with sharp edges is likely the aliasing effect of sampling a square wave.
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iDICs Pixels



What should your Patterns look like?

Hard Pattern Edges
• • grip • e-

•
40.• 

di 
4)

• •
00a ••

• •
w • wAk *owl

•••••• •W 9.••110.0
I• . ••• 0•••• 

•
IP O.. • 40.40 se .0
o e•••• ••••••• 4
••• * • ••• • • ••• O.
• • • •

• •••
1.. • •••••••• • • • •.l
10 • ••010.•0•0 •4
I 10.04,00 •00 O. • • S.
•• 0 " • • • •

Soft Pattern Edges
weew0WW wow.e

- 
w w•

DS) 00 •O • •
D •oi° •••••• •••• •
b.••• e •••• •
1.• • • • • ••0:

•
0010.0. .1.90 e•

10 • w•11.04. •• •0•
•
•
• 00 fb.•• •

l• • • • 40
• 01"*Oeiimv.. • •

• woveove00 • • •on
ID se 410•000•0a • WI
S IF a ..A11 w —

iDICs Section 5.2.2 — Pre-Filtering Images



For 2D you can digitally filter the images to create your soft edges (or defocus the lens)
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iDICs Section 5.2.2 — Pre-Filtering Images
Copyright 2013 Sandia Corporation



Section 5.4.3 Bias Errors

PATTERN INDUCED BIAS (PIB)

SPATIAL ERROR CREATED BY THE INTERACTION OF THE DISPLACEMENT FIELD, SHAPE FUNCTION AND THE PATTERN.
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DIC has a spatial bias error caused by the interaction of the: Pattern, shape function and in
the deformation field.
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This term was briefly mentioned in literature- but has been largely ignored.

PIB can be larger than common terms such as lens distortion, heat haze, and
temporal variance errors from vibration or image noise.
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Subset shape function acts as a spatial filter
6 -

Section C

o

-6

10 20 30

Subset to scale

40 50 60

True Displacement

Subset 25x25

Error Subset 25x25

Subset 11x11

Error Subset 11x11

80 90 100 110 120

x-location (pixels)

Can the subset size support the underlying displacement field?
• Shape function matters.
• Size of subset matters.

39x39
........ Measured linear

displacement

-•• .........
Actual Displacement 111

Profile

x-pixel
 >

iDICs Section 5.2.3 — Subset Shape Function Tip 5.3 — Lower noise — more smoothing Image Correlation: Shape Function



Large subsets will have problems matching a sharp corner it is "under-matched"

6.6 -

5.4

Subset = 29, Step = 3

Subset = 29, Step = 8

Subset = 71, Step = 5

Subset = 71, Step = 18

Subset = 91, Step = 23

-11 -6 -1 4 9 14
Horizontal Position (mm)

iDICs Section 5.2.3 — Subset Shape Function Tip 5.3 — Lower noise — more smoothing image Correlation: Shape Function



Undermatched shape functions can cause significant bias

The shape function is undermatched if it
can't perfectly match the underlying
deformation.

15

-15
-15 0

x-pixel

Deviation from true deformation
(black line) is shape function
attenuation bias

Sinusoidal Deformation Displacement measured at y=0

Single
— — —

Subset

15

0.4

-0.2

0.5

E

-0.5  
-15

11 ®

-10 -5 0 5

x-pixel

10 15

iDICs



An example of PIB with increasingly undermatched shape function and larger errors.

0.5

a)
o

-0.5

0.5

0

.........

-

DIC Challenge Result

— Set Threshold

500 1000 1500
X-location (pixel)

 1

Image Characteristics:
- Constant amplitude along the middle row
- Increasing displacement frequency from right

to left

Due to shape function attenuation bias, the
displacement is attenuated more at higher
frequencies.

The "noise" on the extracted line is
due to PIB not image noise.

iDICs



Introducing image noise did not change the bias

Image number

1

100 pixel x 400 pixel visual
samples from the larger image

0.5

•- 0 25

iDICs

2

3

50

+ Expected
Solution

500 1000
X-location (pixel)

1500 2000
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13 9

Different instances of
unique noise didn't
smooth the curve



Averaging unique patterns eliminated this error

Image number

1

100 pixel x 400 pixel samples
from the larger image

0.5

iDICs

2

3

•
•
•

50

Average

+ Expected Solution

Note: Similar results occur for strain

4
tr
6
, "7. • .!

tit CA

500 1000 1500 2000

X-location (pixel)

Averaging DIC results
from different
patterns smoothed
the curve



The influence of the pattern was evaluated numerically using a double precision pattern

A continuous pattern sampled at 31"pixels"

1% uniform horizontal stretch

iDICs



DIC using a Oth order shape function can be simulated by rigidly shifting the reference
pattern over the stretched pattern and evaluating the SSD.

•

M M 

S S D 
L

1 v 1
w(x)(I(x) G (x + 0)2

2 
x=—M y=—M

Stretched

•
Reference

• •
iDICs
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-0.02 -0.01 0 0.01 0.02
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2200

2150„,
"E/-)

2100 8
O
(/)

2050 (/)

2000

The perfectly symmetric pattern is an
unlikely case
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PIB is influenced by the characteristics of the features within a pattern such as contrast, in
gradient, geometry, position,...

iDICs

111

• ■ •
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1800(N
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PIB is influenced by the characteristics of the features within a pattern such as contrast, in
gradient, geometry, position,...

• The DIC solution is biased by higher contrast features.

0.02 2200 1900

0.01 2150 1800

2100 1700

-0.01
• Ill • 2050 IF 4.

1600
• • • 4.

III ■ • 2000 •
1500-0.02

2700

C\J

2600 'C-f7

4E'

o

2500
O
ci)
Ci)

2400

iDICs -0.02 -0.01 0 0.01 0.02 -0.02 -0.01 0 0.01 0.02

U-displacement (pixel) U-displacement (pixel)

-0.02 -0.01 0 0.01 0.02
U-displacement (pixel)
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PIB is influenced by the characteristics of the features within a pattern such as contrast, in
gradient, geometry, position,...

• The DIC solution is biased by higher contrast features.

• The DIC solution is biased by sharper gradients

• Center weighting reduces this error

iDICs
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Antisymmetric deformations are undermatched, but don't produce shape function
attenuation bias 

Cubically deformed pattern

iDICs
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-15 0
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No Bias

0.5
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15
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5 10 15
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Magnitude and direction of PIB evolves with choice in shape function

- The Oth order shape produces large PIB error

- The 1st order shape function better approximates the displacement.

- The quadratic parameter in the 2nd order shape function further biases the results to minimize the SSD.

- The 3rd order shape function is not undermatched, no PIB error

15

o

-15
-15 0

x-pixei

i

1 5

0.4

0.2

-0.4

A- U Low Contrast
0 U Sharp Gradient

— — — — PIB-free Solution (zero)

• • •

• • •

• • •

1 2

Shape Function Order

 1

3

iDICs



Section 2.2.4 Lighting and Exposure

THE PAINT AND LIGHTING ARE YOUR MOST IMPORTANT
PARTNERS

WORKING TOGETHER TO MAKE DIC POSSIBLE.



Flat light is king! So what_is flat light?

Flat = Diffusive (i.e. arrives from many directions).
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iDICs Recommendation 2.11 — Diffuse light Recommendation 2.18 — Avoid specular reflections
Copyright 2013 Sandia Corporation



For flat specimens, lighting is easier; avoid a direct path from the light to the camera.

Caution 2.12 — Avoid flickering lights.

LED lights are a good and cheap distributed light source.

LED lighting can bring higher intensity with lower heat.

Avoid heat waves.

The sample will also heat up.

iDICs Caution 2.3 — Avoid direct reflections Recommendation 2.15 — Lights behind camera Copyright 2013 Sandia Corporation



For stereo lighting flat specimens can also be fairly easy.

cl000
.)no33zotx.

ttn:D.‘
• -.1-n:'11)31MIX-D111:13:33.Mia.

4.1"

.41 4-

7.74.4,4.4A J. 44.14
gm* 4. .t•st • qr .4, • 40 4! 4!4 ,110 - 4 - 4 • W 144+,1.--a

•

Unless the object changes shape! Then more work is required.

iDICs Caution 2.3 — Avoid direct reflections Recommendation 2.15 — Lights behind camera
Copyright 2013 Sandia Corporation



Using diffusers and many light sources will help create flat light.

148
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iDICs Recommendation 2.11— Diffuse light
Copyright 2013 Sandia Corporation



Lighting considerations: Avoid highlights.

Avoid saturation!

Flat light is best.

Highlights will occur when objects change shape. Take this into account.

149

Li

iDICs Recommendation 2.11— Diffuse light



Polarization will remove highlights

Polarization in same direction Almost correct

41111111111.

Cross-polarized

1 i

1  Linear polarizer

Cross-polarized to light

INIIIMMIli

IDICs Recommendation 2.11 & 2.18 — Cross-polarized light. Tip 3.5 — DOF and light



Section 3.3.3.2 Heat Waves Experimental Setup
•Camera motion

•Lens distortion
•Sample motion

•Air turbulence
• Image blur
• System resolution

EXPERIMENTAL SETUP: AIR TURBULENCE

THOSE RIPPLES YOU SEE IN YOUR NOISE FLOOR ARE HEAT WAVES.



Index of refraction changes between the sample and  camera will distort the image

y

Plane of
Imaged Object

Heterogeneous
Refractive Index Field

L
w

Recording Plane

Distorted Light Ray

•
Undistorted Light Ray Qo

IdY
i efractive index

1-1._ n2

I am using the phrase "air turbulence" loosely to mean, a volume of air
that has both spatial and temporal index of refraction variation.

Causes in Air
• Shock waves (explosive or wakes)
• Heated air
• Species of molecule
• Foundation of BOS/Schlieren

c Wikipedia

iDICs



153

Examples of common heat waves from real experiments.
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Cameras just turned on.
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Lights on below the sample (50 C)
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Cameras on for =1 hour.

a = 0.004 (pixel)

u [pixel]

0.0414

0.0402187

0.0390375

0.0378563

0.036675

0.0354938

0.0343125

0.0331312

0.03195

0.0307688

0.0295875

0.0284063

0.027225

0.0260438

0.0248625

0.0236813

0.0225

iDICs Tip 2.21 - Heat "fingers" Recommendation 2.15 - Lights behind camera Experimental Setup: Air Turbulence
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Experimental setup used a hot plate to create index of refraction variations

iDICs

Photron SA-Z Cameras

Optimal speckle pattern.

FOV = 100 mm r11111

NI-DAQ Thermocouple Board

Setup Details
• High-speed cameras needed for adequate
bandwidth (250 Hz)

• Temperatures used included LED light

temperatures (50 C)
• Fan used to break up turbulence
• DIC settings used to increase solution s e

D= U

Hot plate in various positions.
• Near plate

• Centered between

• Above cameras (light position)
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Experimental Setup: Air turbulence
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Location of the heat and temperature will strongly influence the results.
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Section 3.3.3.2 - Heat waves
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Influence of heat by location

• Closer to sample is better.

• Position lights (heat) above
3 cameras
3

0

O. 3

3
3

Recommendation 2.15 - Lights behind camera Experimental Setup: Air turbulence



DIC in vacuum proves heat waves are the culprit!
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Two types of errors will occur: Spatial and Temporal Errors.
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Definitions of errors

• Temporal error varies at a given pixel through time.

• Spatial errors vary across the field-of-view.

• Both displacements and strains are affected.
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D = U2 + V2 + W2

iDICs Tip 2.21- Heat waves Experimental Setup: Air turbulence
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The frequency content of the heat waves is a key to eliminating them.
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iDICs Recommendation 2.15 — Not easily filtered Experimental Setup: Air turbulence
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Fans can break up the heated zones minimizing their influence
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Pros/Cons of Fans

• Breaks up the low frequency turbulence and distributes it to higher frequencies

• Need to consider camera motion and vibrations
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D = U2 + V2 + W2

iDICs RECOMMENDATION 2.15 — Fans Experimental Setup: Air turbulence



There are optimal filtering strategies to removing the air turbulence.
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Highpass = 50Hz

• Lowpass filtering can greatly decrease the magnitude of the heat waves,
without changing the spatial frequency.

• Highpass filtering can completely remove the heat waves.

D = U2 + V2 + W2
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3
3

—0.002

iDICs Recommendation 2.15 — Not easily filtered Experimental Setup: Air turbulence
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Focal length can cause issues with magnifying camera motion.

iDICs

A typical outdoor experiment:

a) 7.6 m away

b) Field-of-view 1.2 m

c) Displacement Resolution 60 [ini

d) Motion at end of lens < 1 [im

Mounting rules
a) RIGID MOUNTING
b) No Tripod heads
c) Be aware of thermal issues

d) Consider shock and vibration

from the experiment

Recommendation 2.9 — Vertical mounting caution Caution 2.7 — No relative motion

(NI

mic. to r\

(e) •  (0 tbleN ( 

\ 20 aviA•N 15-2_ „„,
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Camera vibrations: The down-side to long focal  length lenses.

0.08

0.06

0.02

0

-0.02

-0.04

-0.06

-0.08

Temporal error is inci
more for 75-mm lens

iDICs

-v - temporal tripod

—StDev(v) - spatial tripod

 v - temporal table

StDev(v) - spatial table

1.5E-04

1.0E-04

Eyy - temporal tripod

—StDev(Eyy) - spatial tripod

Eyy - temporal table

StDev(Eyy) - spatial table

'.eased Temporal CY Spatial (Avg. 13 Temporal(al Spati, l (Avg. cr)

u(pixel) v(pixel) u(pixel) v (pixel) ;x0.1E) airy 11.121 Eicc( IlE Eyyam)

35-mm Tripod

75-mm Tripod

Optical Table

0.019

0.045

0.011

0.022

0.046

0.009

0.011

CLon

0.016

0.013

0.01g

0.014

14

44

18

12

43

18

22

47

11

21

40

9

35-mm Difference 0.007 0.013 -0.005 -0.001 -4 -6 I 10 12

75-mm Difference 0.033 0.037 0.000 0.004 26 25 35 31

Spatial error is constant. I.e. the same pattern, etc.

75-mm lens with larger standoff has both more vibration & heat waves

Heat waves increases strain errors. More on this later...



Consider what will violate the camera calibration

• Thermal affects on mounting bar
• Vibration of the mounting bar
• Loose lenses, long lenses
• Shock waves/Sound blast
• Balanced with the need to

o Adjust the camera pointing
o Change the stereo angle
o Point the stereo rig

You can move the stereo-Rig

Mtdor Strain

eps: .84.00 %

iDICs Section 2.2.2.2 — Camera mounting Copyright 2013 Sandia Corporation



THE BOTTOM-UP ERROR TABLE: TYPE A OR B

WRAPPING IT ALL UP.



2D Error Source Type

BOTTOM-UP: COMPREHENSIVE LIST OF ERRORS
l D l =pixelsAssessment Method/Comments i z. 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(5frames at start of experiment) 0.001 0.009

Pattern contrast A Contrast przi, 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(µ=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

iDICs



STEREO-DIC UQ INTRODUCTION

NOW IT GETS INTERESTING.



Stereo-vision error assessments flow

Calibration
Parameters

Type A (St:atistical)

Calibration Parameters
• Calibration target error
• image Quality
• Camera motion
• Calibration drift

• Optical distortions

Type B (Monte Carlo)
3D Position
• Global Coordinate System
• Camera motion

Type B (Other)

Strain Errors
• Displacement noise
• Fitting and filtering

Propagate via

Monte Carlo

3D
Triangulation

Estimated
Uncertainty of
3D Position

Calculation
of Strain

Image Correlation
2D Matching

image Correlation
• lnterpolant
• Minimization
• Shape Function
• Subset size

image Acquisition
• Noise
• Contrast
• Speckle size
• Aliasing

t
Experimental Setup

• Camera motion
• Lens distortion
• Sample motion
• Air turbulence
• image blur
• System resolution

iDICs
Calibration Parameters 2D Correlation 3D Position, Motion Strain



Stereo-DIC error table (add 2D errors)

I 
-n

 
-s

 C
a
 

r
A
T
E
T
T
M
M
E
 

•••

Aim

3D Error Source

Calibration

Cal. Parameters

Cal. Target

Camera motion

Turbulence

Stereo Angle

Location in image

Lens focal length

Camera standoff

Type

B

A

A,B

B

A,B

B

B

B

B

Assessment Method

Monte Carlo — Obercalibration study

Statistical study from übercalibration.

Measure target & propagate error

Vibration (Magnitude depends on focal length)

See 2D

Propagate errors

Propagate errors

Noise floor, propagate errors, geometry

Simulate and noise floor

IDI --z. mrn

May cause

Better than

0.01

0.01 — 0.07

I D I 2: pixels

bias error

1/10th pixel

0.0004

0.09 — 0.06

Center is

Cam. motion

Focal length

better

vs geometry

vs motion
.om

iDICs

Shape function

Subset size

B

B

Simulate the errors

VSG size study

0.0001 0.003

Filtering

Strain calculation

Coord. system

B

B

6

DIC parameter study

DIC parameter VSG size-study

Other means to test data alignment.
Amd

• Estimates for a —100-mm field-of-view (0.04 mm/pixel)

• "Normal" lighting, camera noise, speckle contrast

• Correct subset size, minimization, etc.



Section 3.2 Calibration

STEREO-DIC UQ: CAMERA CALIBRATION

UNDERSTANDING THE CALIBRATION AND HOW IT EFFECTS THE RESULTS.
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The important components of Stereo-DIC:

Stereo and 2D-DIC Stereo-DIC
Matching

Interpolation

Shape Function

iDICs

Calibration

• • •

• • •

• • j

• • •

• • •
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Triangulation

• Position
• Shape
• Displacement
• Strain
• Velocity



Camera calibration Parameters

Images I Dath Calibrator!

A Camera 1

Center x: 620.77 pixel

Center y: 36.8.819 pixel

Focal length x: 7300.19 pixel

Focal length y: 7298.06 pixel

Skew: -1.78958

Kappa 1: (LC1454422

Kappa 2: 0

Kappa 3: 0

A C.a m era 2

Center x: 621.265 pixel

Center y: 426.103 pixel

Focal length x: 7287.66 pixel

Focal length y: 7286.16 pixel

Skew: -1.35447

Kapp.a 1: 0.0363301

Kappa 2: 0

Kapp.a 3: 0

A Transformation

Alpha: 27.6014 deg

Beta.: 21582 deg

Gamma: -2.7C1103 deg

Tx -43.6.947 nim

TF 1255.27 nim

Tz: 325.903 mai

Baseline: 1297.63 nwn
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Calibration Parameters



The residuals are one means of assessing the calibration quality.

• • • J

• 5 •

40 g) _) 3 • •

• 
)

.)

0

Calibration Results

Camera 0 Camera 1

fx (pix) 5612 fx (pix) 5524

fy (pix) 5679 fy (pix) 5,25

kl kl 03755
-0.6186

CE (1314
lax (pix) 8532998.3

cY icy (pix) 687.9
413A

Error
D.D5465Error

 )  

Stereo

I=1

11-teta (x) 3.557

Phi (A 31.74

Psi (z) 0.6332

Tx [rmo] -375.6

Ty [rrim] 5.158

Tz [rom] 66.12

Baseline 382.4

Error 0.07844

• Reprojected point

+ Extracted pixel location

x and y residual (pixels)

•

of all residuals (pixels)

iDICs Caution 3.12 — The calibration is scored. Not a measure of actual quality. Calibration Parameters



The epipolar line constrains the location of a match between two calibrated cameras

Camera Calibration

Camera 1

Center x:C1 296.197

Center y:C1 267.967

Focal Length x:C1 3984.67

Focal Length y:C1 3936,55

Skew:C1 40.9755,

kl:C1 k2:C1 iraCi

0.6009! 0
Camera 2

Center x: C2

Center y:C2

Focal Length x:C2

Focal Length y:C2

Skew:C2

kl:C2 kl:C2

0

178.944

-70.1874

4001.25

4002.76

4.9562 I
k3: C2

0.5335-J 0

Transformation

iff

Alpha -5.0111

Beta 26.3456

Gamma

Tx -681.251

5.12322

Tz 145.662

Baseline 696.669

,•

Left Camera

Pr 
'10' din ..., IL

_.,. ;Pio Ordar, . lib
Ire 41 • • ei 111 . • qi.
• a • *go. 1401 /6 I: .4elk 'Alb

4 dr 0 • 11 11.— 0 oft or "or 104
qa go. loi  ".-

.41. 0.0 4 • S t" 10 41. AA%

0 IIP. lir ••% 6 we% 014
0 al• 0 a 6—* IA . v4 'II

a 0 lea di II
wets,* 000111001111. 11 ill is it eh % I fht

il
D
ole I • • • ovoi • -los_• 0 • seO.. 0 .d. Om"' 09. sa Dela

di se. odp • • • • So fradaveof
l 0 el 0 dkAsibis • 0.40 • *70 40 011.

OO, Owen' • —. a • . • it • v
4 4.41A SIP.° fei• 0 .... i •

4104 0 . 7.,„ "swill, OP
s fr. r. • 10-4 ••• -••••••••: •P

0 9 091

Selected Point

Epipolar Line

What does the epipolar line tell us?
• Constrained by the calibration parameters.
• Only provides "1" axis of uncertainty.
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Obercalibration: Measuring the quality of the calibration via Monte Carlo

Type A — Statistical Measurements

... •.•
• •
.. • .. ••

> 1000 Images each motion

• Images selected at random from the 4 directories
• Independent calibrations run using a different number of images
• Not advocating this approach for all experiments

iDICs Recommendation 3.10 — Rotate target Caution 3.11 — Quality Images Calibration Parameters



1/D

Stereo Calibration Range of Motion

Roll Twist
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RECOMMENDATION 3.10 — Motions

1. Rotate about the horizontal image axis.

2. Rotate about the vertical image axis.

3. Plunge towards and away from each camera, along its optical axis.

n the FOV, translate horizontally and vertically, so that 
features from the calibration target

4. If the calibration target is smaller tha 

the entire FOV of each camera.

  5. Rotate 90 degrees about the optical axis and repeat the above 
steps.

6. Perform combinations of the above positions and orientations (i.e. 
rotate about the horizontal and vertical axes simultaneously

while plunging along the optical axis). 
Copyright 2013 Sandia Corporation

Translate Plunge

• • 0

0 0

O 1
• • 0

• •0 0
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Cam_O
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Rotate Target
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iDICs



The calibration target should be moved throughout the entire measurement volume.

Caution 3.11

• Must stay in focus
• Hold the target stable
• Avoid highlights
• Fill the volume.

Bundle Adjustment
Images I Dath Calibration

■ Camera 1

Center x: 620.77 pixel

Center y: 368.819 pixel

Focal length x: 7300.19 pixel

Focal length y: 7298.06 pixel

Skew -1.78958

Kappa 1: 0.0454422

Kappa 2: 0

Kappa 3: 0

• Camera

Center x: 621.265 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

• Transformation

Alpha: 27.6014 deg

Beta: 2.1582 deg

Gamma: -2.7(11(13 deg

Tx: -43.6947 trim

Ty: 1255.27 rnm

Tz 325.903 trim

Baseline: 1297.63 rrim

RECOMMENDATION 3.11 — Target holder

Better

iDICs Section 3.2.2.4 — Acquire calibration images Recommendation 3.6 — Fill measurement volume Copyright 2013 Sandia Corporation



The calibration residual is not a good estimation of the actual parameter variation

• Calibration covariance matrix or
minimization residual is
conservative (usually)

• Reprojection error is not very
sensitive

• Parameter variation is not

Parameter
Cam_O Cx Mean
Cam_O Cy Mean
Cam_O Fx Mean
Cam_O Fy Mean

Cam_O Skew Mean
Cam_O kl Mean
Cam_1 Cx Mean
Cam_1 Cy Mean
Cam_1 Fx Mean
Cam_1 Fy Mean

Cam_1 Skew Mean
Cam_1 kl Mean

Alpha Mean
Beta Mean

Gamma Mean
Tx Mean (Negated)

Ty Mean
Tz Mean

25 Image StDev
Actual CoVar
1.15 5.08
1.12
2.61
2.52
0.79
0.00
2.00
0.98
2.21
2.28
0.78
0.01
0.03
0.04
0.01
4.23
0.60
9.51

4.89
27.97
29.31
5.25
0.00
7.47
7.69

35.68
38.77
5.25
0.00
0.00
0.00
0.00

69.63
2.98

669.30

1000 Image StDev
Actual CoVar
0.12 0.08
0.15 0.09
0.20
0.18
0.11
0.00
0.12
0.11
0.24
0.25
0.12
0.00
0.00
0.00
0.00
0.32
0.07
1.18

0.43
0.45
0.11
0.00
0.10
0.15
0.53
0.58
0.11
0.00
0.00
0.00
0.00
1.14
0.05
10.92

iDICs Caution 3.12 - Score isn't the final measure of the calibration. Calibration: Parameter Estimation



You need a large number of images to minimize the calibration variance

Or at least many dots extracted!

iDICs

1.2 -

1

0.8 -

0.4 -

0.2 -

• 6-Image Smart

• 12-Image Random

• 12-Image Smart

• 25-Image Random

• 25-Image Smart

• 50-Image Random

• 50-Image Smart

• 100-Image Random

Tx Mean (Negated) Ty Mean Tz Mean

0.06

0.05

0.04

Cr)
cu
E
co
:1-3 0.03
0.

1.1
0

b
ti

0.02

0.01

Alpha Mean

The others behave similarly.

Beta Mean Gamma Mean

Calibration: Parameter Estimation



Parameters improve with more calibration images.

60 -

50

40

Cri
4-8
0J
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ea
fp" 30
O.

4.1
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10

0 [l_A

• 6-Image Smart

• 12-Image Random

• 12-Image Smart

• 25-Image Random

= 25-Image Smart

• 50-Image Random

• 50-Image Smart

• 100-Image Random

• 250-Image Random

500-Image Random
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Calibration Parameters

Calibration parameters covary
• Indicated by a line in the dot plots.
• Scatter indicates lack of covariance.
• One parameter will "compensate" for

another one.
• May lead to unphysical parameters.

High covariance between

Cam_O Cx and y

iDICs
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Top-Down evaluation attempts to quantify all the error sources "experimentally"

When calibrations
go bad.

A Camera 1

Center x: -3561.15 pixel

Center y: -2162.54 pixel

Foca pixel

Focal length y: 26199.2 pixel

Skew: 997.693

Kappa 1: -3.52882

Kappa 2: 54.3726

k:appa 3: -249.952

A Cam

Center x: 871.249 pixel

Center y: -12107.1 pixel

Foca eng x: 2.1 pixel

Focal length 6983.17 pixel

Skew: 485.388

Kappa 1: -0.0217859

Kappa 2: -0.00466768

Kappa 3: 0.00118681

A Transformation

Alpha: -55.2558 deg

Beta: 6.0159 deg

Gamma: 49.8093 deg

Tx: 2304.47 rn m

Ty: 1722.87 mm

Tz: 436.874 mm

BaselinE Zi1.10.28 mm

X, Y, Z Translation Stage

1

X [mm]

70

61.0625

52.125

43.1875

34.25

25.3125

16.375

7.4375

-1.5

-10.4375

-19.375

-28.3125

-37.25

-46.1875

-55.125

-64.0625

-73

30

25

E 20

Command

D [mm]

Translation Test

a) U, x: Avg. = 0.02 mm V, y: Avg. = 0.04 mm
E 15
a)
ca

3
5

W, z: Avg. = 0.08 mm

Stepper Error41

  LT-1±

Bottom-up Methods: Compare DIC results to
• Known shape measurements
• Known fiducial locations
• Known translations

iDICs



IFocal Length
Focal Length

Stand-off1 Heat waves Stereo-angle Stereo-Angle

A

Stereo-Angle

Out-of-planet

accuracy

ICamera Correlation Lens1 A Cross-correlation ln-planel
vibration Errors Distortions Undermatch errors Matching Errors

INTERACTION OF THE MATCHING ERROR AND CALIBRATION



A target that fills the FOV is better and requires less images.

0.18 -

0.16 -

0.14 -

EE 0.12 -
I
0 0.10 -
I-1

51: 0.08 -
5m
LLI

0.06 -Ci
no)

0.04 -

0.02 -

0.00  

0-Small Target Error

Large Target Error

Sensor error = 0

8 • 0,60 ,0 
00000s

• 0 6 0 0 0 0 0 0 •:
• 

•: . . e O O il • • • •0000

O 00010

* 0::
w e

•000

0.0• 
•••••0•0

0 • 9 00000

•..00.6:0
900000*

1 1 1

10 25 50 100 500 1000

Number of Calibration Images

iDICs Recommendation 3.6 - Target fills FOV
Copyright 2013 Sandia Corporation



III-posed or too few calibration images will cause problems.

iDICs

Roll Finish

1.2 -

1

4.1.-2 0.8 -
a)

ca
0.6 -

sa..

o
0 0.4

0  

0.2 -

• 6-Image Smart

• 12-Image Random

• 12-Image Smart

• 25-Image Random

• 25-Image Smart

Twist Start

■ 1

0.040 -

0.035 -

0.030 -
E
E 0.025 -
b
— 0.020 -
a)
t.)

CO 0.015 -
+a
Lr)

30.010 -

0.005 -

0 .0 00

Fill the
measurement

volume with dots!

—4—Sensor Error = 0

—JIL—Sensor Error = 0.001

—M—Sensor Error = 0.01

-4.Sensor Error = 0.02

—X—Sensor Error = 0.1

—0—Sensor Error = 0.05

6 12 25 50 100

Number of Calibration images

250 500

Tx Mean (Negated) Ty Mean Tz Mean



Projection error may not be sensitive enough to calibration issues. 

0.02 -

0.00

•• See •••••••

••()....••0••

••••••••••• 9

•• 0 ••• 0 • 0 •• *

••••• 0 0 0 0 0 ••
• 0 •••

•• •.
•••• 0 e e e 0 

•••••••• e •••

immEl Mih L

Proj. Sensor Error = 0

Proj. Sensor Error = 0.001

i Proj. Sensor Error = 0.01

dim Proj. Sensor Error = 0.02

-4-Sensor Error = 0

--_-Sensor Error = 0.001

-0-Sensor Error = 0.01

Sensor Error = 0.02

ebb
rojection Errors 1

10 25 50 100 500 1000

Number of Calibration images

iDICs Copyright 2013 Sandia Corporation



Cal target dot spacing only needs to be known to fl./10th of a pixel.

Po
si
ti
on
 E
rr
or
 (
m
m
)
 l
a
 

1-rj-

0.001

Pixel = 0.2 mm

FOV = 254 mm

0.008

0.026

0.061

0.01

—*—Z-Position

—II—Y-Position

X-Position

0.2% FOV
0.039

0.225

0.552

0.1

Dot Spacing (mm)

6.000 -

5.000

4.000

3.000

2.000

1

iDICs Recommendation 3.6 — Print calibration target better than 0.1 pixels. Copyright 2013 Sandia Corporation



Section 2.1.6 Section 2.2

IFocal Length
Focal Length

Stand-off Heat waves Stereo-angle

A Camera Correlation Lens

vibration Errors Distortions

TRIANGULATED ACCURACY

FOCAL LENGTH

STEREO-ANGLE

CAMERA MOTION

CORRELATION ERRORS

Calibration

Parameters

1
Type A (Sntistical)

Calibration Parameters
• Calibration target error

• image Quality

• Camera motion
• Calibration drift
• Optical distortions

Type B (Monte Carlo) 
3D Position
• Global Coordinate System
• Camera motion

Type B (Other)

Strain Errors
• Displacement noise
• Fitting and filtering

----*

Propagate via

Monte Carlo

3D

Triangulation

Estimated

Uncertainty of

3D Position

Calculation

of Strain

187

OM

image Correlation

2D Matching
NS

••
••••

•....

image Correlation
• lnterpolant
• Minimization

• Shape Function
• Subset size

image Acquisition
• Noise
• Contrast

• Speckle size
• Aliasing

Experimental Setup
• Camera motion

• Lens distortion

• Sample motion
• Air turbulence

• image blur

• System resolution



Stereo-DIC errors vary depending on lens and stereo-angle.

X-Error

Camera Sensor

bU

Z-E ror

Matching Error

• Analyze noise in numerical study for simple geometry

• Vary key parameters (focal length, stereo angle, etc)

iDICs
Wang, Y. Q., et al. (2011). Experimental Mechanics 51(4): 405-422. Courtesy of Correlated Solutions



Wide angle lenses will have greater in-plane errors

Constant Focal Length

focal length:11mm

•

0.02

0. C116

0.006
tr)

ti

• 4
4 •

4

a
.

044.4114811
.1 r111711:7.

a 4

a

• stereo angle= 3.00

* stereo angle= 4.6o

O stereo angle= 9.4o

 stereo angle=14.2o

stereo angle=17.4o

stereo angle=19.0o

4C1 6C1 120 160 200 240 26C1 32C1 36C1 400 44C1 46C1 520 560 6C1C1

Image point location (to image center) (pixel)
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iDICs Tip 2.16 — Focal length influences uncertainty



Stereo angle has smaller effect on in-plane uncertainty with longer focal
length lens (74mm).

Constant Focal Length • stereo angle= 3.0o

* stereo angle= 4.6o

O stereo angle= 9.4o

stereo angle=14.2o

+ stereo angle=17.4o

stereo angle=19.0o

Cl . Cl 2

E 0.018

0.016

0.014

0.012

0

cc
0.01

0 0.008

•

cu 0.006

0 0.004

0
0.002

-12

0

focal length:74mm

0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600

Image point location (to image center) (pixel)

In Plane-Error
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Long focal length lenses give lower in-plane uncertainty

Constant Stereo Angle

0.13[14

0
0 40 60 120 160 200 240 260 320 360 400 440 460 520 560 600

Image point location (to image center) (pixel)

stereo angle: 3.0o

ti

4 focal length= llmm

+ focal length= 37mm

* focal length= 74mm
: .6

ti

É.
.

ri

4. •

ir •

- ++ 4 H 4 +4 4- 
•

4 4. .,k
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iDICs
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Prediction results: experiments

Noise increases with distance from optical axis for all
configurations

For small stereo angles, noise increases dramatically

For longer focal lengths, increase is more gradual

Why?

A Geometric Explanation

192

E.

iDICs
Courtesy of Correlated Solutions



Longer focal length decreases Z-error (depth)

X-Error

Camera Sensor

iDICs
Base System

X-Error

O
LIJ

11

Matching Error

Focal Length

Longer Focal Length

Concepts from Correlated Solutions
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Wider stereo angle decreases Z-error

iDICs
Base System

X-Error

Matching Error

Foca I Length

Wider Stereo Angle

Concepts from Correlated Solutions



Stereo-DIC Simulation Results: Influence focal length and stereo-angle on accuracy

0.00015

E
E 0.0001
x
c
o

:`,',) 0.00005
2
o_

0.0015

E
E 0.001

o

0

0

4

1.***"111----111---

-0----0
4--•

25mm lens

50mm lens

100mm lens

200mm lens

0 20

Stereo-angle DIC-system [°]

40

---------III--.-•

10 20 30

Stereo-angle DIC-system [°]

0.00015

E
E 0.0001
>.
c
o.
.6) 0.00005
2
a

25mm lens

50mm lens

100mm lens

200mm lens

40

0

111......

-.0.-----1

25mm lens,

50mm lens

100mm lens

-b-200mm lens

..-------•
D--e

0 20 40
Stereo-angle DIC-system [°]

Simulation details
• Flat plate 100x130 mm

• No lens distortion, 0.5% noise

• Focal Lengths: 25-mm, 50-mm,

100-mm, 200-mm

• Stereo angle 5° to 30°

Stereo Angle

Focal Length

iDICs
Stereo: Focal Length & Stereo Angle Ruben Balcaen — KU Leuven PhD Student



The edge of the FOV has larger X-error

iDICs
Base System

Matching Err

X-Error

Edge of Foy

Concepts from Correlated Solutions
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The shape function can cause bias error in the triangulation.
0.005

0

-0.005

(r)
cu

a -0.01
Subset size

co
-•-SS21_Affine

-0.015 -•-SS31_Affine

-•-SS41_Affine

-0.02 SS51_Affine

-•-SS101Affine

SS101_Quad

Stereo angle [O]

( x. 1 20

-0.025

30 40

Subset size
"Under-matched" shape function
• The perspective view is not "perfectly" matched with an affine shape function.
• There are a number of solutions to this problem including, higher-order shape

functions, image warping, etc. Some may be better than others...
• Keep subsets small and perspective view lower to minimize.

"43 ;•.•

.1*"1"1:1; 4t.i!".

-̂ drAi

Stereo angle

iDICs Caution 2.2 — Cross-correlation and large angle .
2D Correlation: Under matched shape function

Ruben Balcaen - KU Leuven PhD Student



Full-field UQ results may also be calculated with the same techniques.

75-mm Lens

6 Calibration Images

Sensor = 0 (1 a)

Edges Are Worse.

X Position StDev
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iDICs
Stereo: Image Location



At the center the matching error dominates the error.

0.025 -

0.020

0.005 -

0.000

A

199

ai

+Speckle Size = 0

-A-Speckle Size = 0.001

-E-Speckle Size = 0.01

~Sen-----------' si7-1r7r7—)).02

+Sensor Error = 0.10

-e-Sensor Error = 0.05

12 25 50 100

Number of Calibration images

250

75-mm Lens — 100-mm FOV

Sensor Error = Matching Error (pixels)

500

IDICs
Stereo: Image Location, Focal Length, Image Matching, #CaI Images
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GA
At the edge of the FOV, the calibration dominates the uncertainty.  

0.035

0.030 -

0.025

E
E
1 0.020
b
I-1.......

,116 0.015
L.L.1
0
m

0.010

0.005 -

0.000

6

i

-*-Sensor Error = 0

-A-Sensor Error = 0.001

-0-Sensor Error = 0.01

-A-Sensor Error = 0.02
x x 

-A-Sensor Error = 0.10

-*-Sensor Error = 0.05

12 25 50 100 250 500

Number of Calibration images

75-mm Lens — 100-mm FOV

Sensor Error = Matching Error (pixels)

IDICs
Stereo: Image Location, Focal Length, Image Matching, #Cal Images



The edges are dominated by the calibration.

0.040

0.035 -

0.030

i
E 0.025

b
-7-4- 0.020 -
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c
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ti., 0.015 -
3

0.010 -

0.005 -

0.000

-0-Sensor Error = 0

-A-Sensor Error = 0.001

s. -N-Sensor Error = 0.01
ILI

o 
(-Sensor Error = 0.02

co) oSensor Error = 0.1
c
a) -*-Sensor Error = 0.05
11$

an
c
•—

6

1

75-mm 4-Inch FOV

12 25 50 100

Number of Calibration Images

75-mm Lens 1 00-mm FOV

Sensor Error = Matching Error (pixels)

250 500

1

iDICs
Stereo: Image Location, Focal Length, Image Matching, #CaI Images



VIRTUAL STRAIN GAGE SIZE STUDY

TYPE B ASSESSMENT OF THE BIAS ERRORS.



Strain is a relative displacement over a gauge length.

To improve resolution
1. Increase resolution on A/
2. Increase the gauge length 1,

Some basic figures:
• If displacement resolution is 0.01 pixels, then A/ is 0.02

pixels. If strain is computed between two DIC subsets 20

pixels apart (/0)

• This yields a strain of 2x10-3 E (2000 [is or 0.2% strain)

Smoothing will be required to do better!

iDICs

/0

10 1 Al

lo 10

(pixels)

(pixels)

10 is the original length
/ is the current length, and
E is the strain

e`i

5 p -1'42 ( ccri-



Strain is extremely sensitive to virtual strain gage size.

Subset (55)= 7, Step (ST) = 3, Strain window (SW) = 5

Spatial resolution of displacement :

Subset= 7 pixels

dp
* es
isio.
e els ••• 

moo
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‘ • 4• •  a
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• • • do •
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Virtual Strain Gauge

VSG = [ (SW-1) x ST ] + SS

Virtual Strain Gage Size Study
• Imi,Aigates tilt spatial resolution.
• Helps understand bias due to filtering.
• Looks at subset size filtering.
• Is important and easy to do!

SW = Strain window or filter (data points)

ST = Step Size (pixels)

SR = Spatial Resolution (pixels)

iDICs
Strain



The speckle size and spacing dictate your spatial resolution

Virtual strain gauge size

VSG = [ (SW-1) x ST ] + SS

SW = Strain window or filter (data points)

ST = Step Size (pixels)

SR = Spatial Resolution (pixels)

Virtual Strain Gage (VSG)
Each dot represents a measurement point solved
for at the center of each subset.

This is an 5x5 virtual strain gage

iDICs Section 5.3.1— Virtual Strain Gauge (VSG)
Copyright 2013 Sandia Corporation



Section 5.3.2 Examples of Strain Calculation Methods

Section 5.3.2.1— Strain from subset shape function

• Highest spatial resolution
• Requires filtering of strain results (Gaussian usually)

Section 5.3.2.2 — Strain from finite-Element Shape Functions

1
273

1 4 7 4 1

4 16 26 16 4

7 26 41 26 7

4 16 26 16 4

1 4 7 4 1

• DIC displacements used as nodes of FE mesh.
• Requires filtering of strain results (Gaussian usually)
• Filter area is the "filter window"
• Larger hexagonal regions may be used, which provides filtering
• This area is the "strain window"

Section 5.3.2.3 — Strain from strain shape function

• Usually a polynomial or spline fit over a region of DIC displacement data.
• The fitting is a filtering process.
• Region used in the fit is called the "strain window"
• The data may also be weighted.

Section 5.3.2.4 — Spline fit over entire ROI
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VSG Size study on a cylindrical punch through a plate.

Subset = 91

Step = 23

Strain Filter = 15

Virtual Gage = 37 mm
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Subset Size

Step Size

Strain Window

Virtual Gage (pixels)
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VSG Study that converges for a tensile sample.
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With proper experimental design small virtual gauge regions can be measured.

Virtual Strain

Gauge 8x8 mm

4.6Lx5.8W mm
,:ro,,

Step = 4 pixels

Subset = 29 pixels

Strain Window = 5 points
Virtual gauge = 8 mm

Rivet Size = 6 mm I
I

Key: Careful experimental design yields appropriate strain gauge size.
With DIC you can explore the effect of gauge size.

10400
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Strain gauges versus Digital Image Correlation

Parameter

Number of measurement location

Strain gauge siz

Smallest measurable strai

Largest measurable strai

Wide area measurement

Cos

Traceable Uncertaint

Acquisition Rat

Hidden area

Hot spot detectio

Strain bias detectio

;

;

DIC Gauge

id,

? id, o
1
1

3

t

(

?

dr

Ø id,
idr

3

1
1

dr

id,
dr

Comments

Easily 1000's

Depends on Field-of-view for DIC

DIC z 100 Ilc : gauge 2-- 5 11£ (Depends on averaging)

DIC > 30% : gauge < 5%

DIC— Tradeoff with Field-of-view

Up front versus per test & analysis time considerations

Standards are needed for DIC

DIC = MHz : gauge = kHz

DIC must have visible access (X-ray in development)

DIC does not need to know where the maximum is

VSG size study possible with DIC

iDICs



OTHER ANALYSIS DECISIONS AND SETUP VERIFICATION

SORT OF THE REST OF THE IMPORTANT GUIDE POINTS PLUS EXAMPLES



Section 3.3.1 Images for Calibration Verification and Noise-Floor Analysis

Section 3.3.1.1- Reset the system to view the sample and lock it down.

Section 3.3.1.2 - Adjust lighting to be optimal.

Section 3.3.1.3 - Acquire static images. This is the absolute minimum that should be done!

Recommendation . - Acquire at same frame rate and exposure as test. Ideally
over same time period...

Section 3.3.1.4 - Review images.

Calculate Noise floors of C101
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Section 3.3.1.5 Acquire Rigid-Body-Motion Images

Tip 3.10 - You can either move approximately with your hand or
with a stage for better accuracy.

Recommendation 3.14 - Move through the expected range of
translation in the experiment.
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Section 3.3.2 Verification of Calibration

Section 3.3.2.1 — Intrinsic parameters (lens distortions)

Recommendation 3.16 — Compare magnitude of errors from lens distortions to the noise floor.

Tip 3.11 — Add lens distortion parameters and/or more calibration images.

Section 3.3.2.2 — Extrinsic parameters (epipolar error)

Tip 3.13 — There isn't a "good" value.

Tip 3.14 — Spatial distribution of epipolar may be helpful.

Tip 3.15 — Lens distortions may show up in epipolar errors.

Very Strange distortions
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Mirrors will often cause these types of distortions.
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Section 3.3.2.3 Absolute distances

Recommendation 3.17 -Fiducials and applied motions.

iDICs

Camera 1

Center x: -3561.15 pixel

Center y: -2162.54 pixel

Focal length x: 26723.8 pixel

Focal length y: 26199.2 pixel

Skew: 997.693

Kappa 1: -3.52882

Kappa 2: 54.3726

Kappa 3: -249.952

A Camera 2

Center x: 871.249 pixel

Center y: -12107.1 pixel

Focal length x: 14522.1 pixel

Focal length y: 6983.17 pixel

Skew: 485.388

Kappa 1: -0.0217859

Kappa 2: -0.00466768

Kappa 3: 0.00118681

A Transformation

Alpha: -55.2558 deg

Beta: 6.0159 deg

Gamma: 49.8093 deg

Tx: .L04.47 rnm

Ty: 1722.87 rnm

Tz: 436.874 rnm

Baseline: 2910.28 mm
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SPATIAL RESOLUTION

TRADING BETWEEN NOISE AND SPATIAL RESOLUTION



The spatial resolution is calculated using a fit to a 12th order polynomial and finding the
10% attenuation.
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Using a spatially varying displacement field a measure of the spatial resolution is
possible.
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Displacement results match the theoretical spatial resolution predictions.

• For a rectangular weighting on the subset.
• Gaussian windowing performs slightly

better.
• Some different approaches yield results that

are quite different.
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Grediac, M., et al. (2017). "A Critical Comparison of Some Metrological Parameters Characterizing Local Digital Image Correlation and Grid Method." Experimental Mechanics 57(6): 871-903.



There is a trade-off between spatial resolution and noise for all DIC codes both global
and local.
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Signal to noise and spatial resolution are similar for all implementations.

iDICs
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Typical full-field strain results for a single code. Virtual Strain Gauge (VSG) from "small"
to "large".
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Important Trade-offs

Aperture

Lens Trade-offs

Depth-of-field
1 Exposure Timet

Motion Blur

A
Focal Length

Resolution

(MTF)

Red is bad
Blue is good

¡Focal Length Stand-off Heat waves Stereo-angle

A Camera Correlation Lens

vibration Errors Distortions

Stereo-Angle

Stereo-Angle
Out-of-plane

accuracy

A Cross-correlation In-planet
Undermatch errors Matching Errors

Pattern size

Pattern Size Subset Size

<3 pixels aliased

For equivalent displacement noise.

Subset/facet size

Spatial  Undermatching

Subset size or VSG Resolution Shape Function

A Measurement!

Noise 
PIB effort

iDICs


