Note 2: For the current edition of this guide, the concept of spatial resolution is de ned as above;
however, a uni ed method to determine the spatial resolution of DIC measurements is a
current topic of interest for iDICs, and iDICs is actively exploring this concept in more
detail.

Resolution Target:  An object with features of speci ed width and/or spacing, used to determine the
imaging system resolution.

Note 1: Common resolution targets include the 1951 USAF target, the Siemens star, the NBS
1952 target and the NBS 1963A target, among others, which can be purchased from major
optics companies. Seéhttps://en.wikipedia.org/wiki/Optical_resolution for more
information.

Note 2: The resolution target should not be confused for a calibration target used to calibrate a
DIC system.

Resolution, Temporal: Time interval between the start of consecutive frames.
Note 1: See frame rate and image acquisition rate.

Note 2: Nyquist sampling rules apply.

Resolution of a Quantity-of-Interest: The threshold value of a QOI below which measurements are
indistinguishable from noise, and above which measurements are signi cant.

Note 1: The phrase \Resolution of a QOI" is used interchangeably with the phrase \noise- oor"
in this guide.

Note 2: The noise- oor is typically de ned as a multiple of the standard deviation (either spatial
or temporal) of the QOI computed under conditions in which the QOI should be zero.

Note 3: The noise- oor re ects only the random variance error of the QOI, and does not re ect
any systematic bias errors that may be present in the QOI.

Ring Buer:  See circular bu er.
Sensitivity, Detector [ISO]: Light sensitivity of the pixels on the detector to incoming photons.
Typically de ned by the camera manufacturer.

Note 1: The International Organization for Standardization (ISO) standard 12232 governing de-
tector sensitivity details ve possible methods to determine sensitivity; however the two most
common are saturation-based, Ssat or Sat, and Standard Output Sensitivity, SOS.

Note 2: The unit for detector sensitivity is ISO, which is separate from the International Organi-
zation for Standardization, which is also abbreviated as \ISO".

Shape Function, Element (Global DIC): Interpolant used to describe the displacement eld within
an element when using global DIC methods.

Shape Function, Strain; Analytic equation that is t, in a least-squares sense, to the displacement
data within the strain window. Strains are computed from the derivatives of this equation.

Note 1: The strain shape function should not be confused with the subset shape function for or
the element shape function for global DIC.

Note 2: Not all methods of computing strain invoke a strain shape function.
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Shape Function, Subset:  Equation used to describe the displacement eld within a subset [7, Sec. 5.3],
[35, 36].

Note 1: A ne is the most common subset shape function, but higher ordered implementations
are also used.

Note 2: The subset shape function should not be confused with the strain shape function or the
element shape function for global DIC.

Stand-O Distance, SOD [m]: The distance between the aperture of the lens and the test piece.
See Fig. 1.1 in the main Good Practices Guide.

Note 1: Stand-O Distance is also often called \Working Distance".

Note 2: In stereo DIC, the stand-o distance is the distance normal to the camera base line to the
test piece in the stereo-plane.

Spectral Response, R [Amps/Watt]:

The relationship between the number of photoelectrons gen-
erated with respect to the visible spectrum of photons that are incident on the digital detector.

Note 1: The quantum e ciency can be computed from the spectral response according to Egn. 7.1.

Step Size, Lsep [pX]: The spacing of pixel grid points at which the subset displacements are calcu-

lated. That is, there will be a displacement solution at every step in the ROI of the image. See
Fig. 1.2 in the main Good Practices Guide.

Note 1: The step size is also sometimes reported as overlap, i.e. how much two neighboring subsets

overlap when the step size is smaller than the subset size. The overlapoveriap , is de ned as
a percentage of the subset sizd, gypset, IN EQN. 7.2.

_ L subset L step
L overlap — -

100 (7.2)
L subset

Note 2: While in local DIC, subsets can overlap, for global DIC, elements are continuous with no

overlap. Therefore, only the element size is needed to characterize the nite-element mesh,
and there is no equivalent term for step size in global DIC.

Stereo-Angle [ °]: In a stereo-DIC system, the included angle between the optical axis of each of the

two camera systems (i.e. camera and lens). See Fig. 1.1 in the main Good Practices Guide.
Stereo-Plane:

In a stereo-DIC system, the plane formed by the optical axes of the two camera systems
(i.e. camera and lens). See Fig. 1.1 in the main Good Practices Guide.

Subset: Portion of the image that is used to calculate one data point (e.g. 3D coordinate value (for
stereo-DIC) or displacement value) in local DIC. See Fig. 1.2 in the main Good Practices Guide.

Note 1: Center point displacement is commonly reported, although other parameters may be
available via the subset shape function.

Note 2: The subset in local DIC is analogous, but not exactly equal, to the element in global DIC.
Subset Size, Lsypset [pixel]:

Length of the subset in the reference image in local DIC. See Fig. 1.2 in
the main Good Practices Guide.
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Note 1. Subsets are typically square or circular (in the reference image), and thus a single length
is su cient to de ne the subset size. Some software, however, permits rectangular subsets;
in this case, dimensions of both sides of the rectangle should be given to de ne the subset
size.

Note 2: The subset size in local DIC is analogous, but not exactly equal, to the element size in
global DIC.

Virtual Strain Gauge (VSG): The local region of the image that a ects the strain value at a specic
location.

Note 1: The VSG is analogous to | but not exactly equal to | the physical area that a physical
(e.g. foil) strain gauge would cover.

Virtual Strain Gauge Size, Lvse [px]: Characteristic length of the virtual strain gauge.

Note 1: Virtual strain gauges are typically square, circular, or hexagonal, and the size of the VSG
is given by the characteristic length of the VSG (i.e. one side of the square, the diameter of
the circle, or the e ective diameter of the hexagon). The VSG size is speci ed in terms of
the number of pixels that span the characteristic length of the VSG.

Note 2: The size of the VSG depends on the strain calculation method and user-de ned parameters
such as step size, subset size, strain window, Iter window, strain shape function, weighting
functions, and subset shape function. An estimate for the size of the VSG, it wingow > 0O,
is given by Eqn. 7.3, whereL yingow IS the window size (of either the strain window or of the
Iter window), Lstep is the step size, andL supset iS the subset size.

Lvsc = ( Lwindow 1) Lstep + Lsubset (7.3)

Note 3: To determine the VSG size in terms of physical units, the VSG size must be divided by
the average image scale.

Note 4: For global DIC, the size of the VSG is less straightforward to estimate. Because the
solutions for all data points in the ROI are solved simultaneously, it is di cult to clearly
de ne a local region of the image that a ects the strain at a speci c location.

Volume, Calibration [nm  3]: A portion of the focal volume in which images of the calibration target
are acquired and for which the calibration parameters are valid. See Fig. 3.4 in the main Good
Practices Guide.

Volume, Focal [mm 3]: The volume over which a imaging system can produce an image with accept-
ably sharp focus. See Fig. 1.1 and Fig. 3.4 in the main Good Practices Guide.

Note 1: For a 2D-DIC system, this would be the volume within the eld-of-view along the depth-
of- eld.

Note 2: For a stereo-DIC system, this would be the overlapping volume within the eld-of-view
along the depth-of- eld of both cameras.

Volume, Working [mm  3]: The volume in which the test piece is expected to move and/or deform
during the test.
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Weighting Function: Mathematical device used to give some elements more in uence on a result than
other elements, based on the spatial location of the elements.

Note 1: Common weighting functions are square or uniform (which weights all elements equally)
or Gaussian (which weights elements closer to the center point of interest more heavily than
elements farther from the center point of interest).

Note 2: A subset weighting functionis used to weight the gray level intensities of the pixels con-
tained within the subset when performing subset matching.

Note 3: A strain weighting function is used to weight the displacement data points within the
strain window when computing strain.

Note 4: A lter weighting function is used to weight the data points within a lter window when
applying a spatial data lter.

Window, Filter: Local region of the ROI of the image, containing a nite number of data points, that
is used for local spatial Iters of DIC data.

Note 1. See Window Size for information about the lter window size.

Window, Strain;:  Local region of the ROI of the image, containing a nite number of data points,
that is used to calculate strain.

Note 1: Not all methods of computing strain invoke a strain window.

Note 2: See Window Size for information about the strain window size.

Window Size, Lyingow [data point]: Characteristic length of a local region of data points (e.g. a
Iter window or a strain window). See Fig. 1.2 in the main Good Practices Guide.

Note 1: Strain windows and Iter windows are typically square, circular, or hexagonal, and the
size of the window is given by the characteristic length of the window (i.e. one side of the
square, the diameter of the circle, or the e ective diameter of the hexagon). The window size
is speci ed in terms of the number of data points that span the characteristic length of the
window. Windows are typically symmetric and centered at a data point; thus, window sizes
are typically odd integers.

Note 2: The window size in terms of pixels,L ;i qow » 1S 9iven by Eqn. 7.4, whereL window IS the
window size in terms of data points, andL s is the step size.

I-window = ( L window 1) Lstep (7.4)

Note 3: To determine the window size in terms of physical units, the window size in terms of pixels
must be divided by the average image scale.

Windowing: A reduction of the image size by cropping (i.e. discarding) pixels.

Note 1: Windowing can be used with a high-speed camera to allow the camera to acquire and
store images at faster frame rates.

Note 2: Windowing can also be used with both high-speed cameras and low-speed (machine-vision)
cameras to eliminate unused pixels and reduce the le size of the images.
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A Checklist and Flow Chart
for DIC Measurements
and Analysis

This appendix presents a checklist and ow chart of the main points to consider when designing, exe-
cuting, and analyzing DIC measurements performed during mechanical testing of a planar test piece.
Each of the steps listed in the checklist are expounded upon in the main body of this guide, and the
ow chart (Fig. A.1) refers in parentheses to speci ¢ sections of the guide.

1. Design of DIC Measurements (2)

(a) Measurement Requirements(2.1)
QOls (2.1.1)
ROI (2.1.2)
FOV (2.1.3)
Position Envelope for Hardware (2.1.4)
2D-DIC vs. Stereo-DIC (2.1.5)
Stereo-Angle (2.1.6)
DOF (2.1.7)
Spatial Gradients (2.1.8)
Noise-Floor (2.1.9)
Frame Rate and Image Acquisition Rate (2.1.10)
Exposure Time (2.1.11)
Synchronization and Triggering (2.1.12)
(b) Equipment Selection(2.2)
Camera and Lens (2.2.1)
Mounting Equipment (2.2.2)
Aperture (2.2.3)
Lighting and Exposure (2.2.4)
DIC pattern (2.3)
(c) Mock Test (Optional)
Test DIC pattern technique on extra test piece(s).
Evaluate DIC pattern behavior throughout mock test.
Evaluate lighting/contrast throughout mock test.
Evaluate data synchronization and triggering.
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2. Preparation for the Measurements (3)

(a) Pre-Calibration Routine (3.1)

Review test procedure (3.1.1).

Check cleanliness of camera detector, lens, and calibration target (3.1.2).
Warm-up cameras (3.1.3).

Synchronize cameras to each other and to other data acquisition (3.1.4).
Apply DIC pattern (3.1.5).

(b) Pre-Calibration Review of Systen(3.1.6)

Position test piece in load frame (3.1.6.1).

Position cameras for desired FOV and image ROI (3.1.6.1).

Verify FOV, focus, DOF (3.1.6.2).

Lock all moving parts of cameras, lenses, and mounting system (3.1.6.3).

Adjust orientation of polarization Iters if using cross-polarized light (3.1.6.3).

Review static images (3.1.6.4), looking for:

" Glare

DIC pattern that is too coarse, ne, or sparse

Defects in applied DIC pattern

Out-of-focus regions of the image

Poor contrast

Non-uniform lighting

Overexposed or underexposed regions

Dirt, smears, foreign object on lens or camera detector

Vibrations or other camera motion
Adjust DIC system until high-quality images are obtained.

(c) Calibration (3.2)
Select calibration target of appropriate size. (3.2.2.1).
Create a clear working space in which to perform calibration (3.2.2.2).
Lock all moving parts of cameras, lenses, and mounting system (3.2.2.2).
Adjust lighting/exposure (3.2.2.3).

Ensure there is uniform contrast and no glare as the calibration target is rotated, tilted,
and translated (3.2.2.3).

Acquire calibration images that have well-extracted features in the entire calibration
volume (3.2.2.4).

Calibrate the system (3.2.2.5).
Review calibration results (3.2.2.6).
Review calibration parameters (3.2.2.7).

(d) Post-Calibration Routine (3.3)
Reset system: Position test piece in load frame (if removed for calibration) or reposition
stereo-camera system (if moved for calibration) and lock any moving parts (3.3.1.1).
Adjust lighting/exposure (3.3.1.2).
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Acquire static images (3.3.1.3).
Review static images (3.3.1.4 and 3.1.6.4), looking for:

Glare
~ DIC pattern that is too coarse, ne, or sparse
Defects in applied DIC pattern

Out-of-focus regions of the image

Poor contrast

Non-uniform lighting

Overexposed or underexposed regions
Dirt, smears, foreign object on lens or camera detector
Vibrations or other camera motion

Acquire rigid-body-motion images of test piece for noise- oor analysis (3.3.1.5).
Verify calibration (3.3.2).
"~ Intrinsic parameters (3.3.2.1)
" Extrinsic parameters (3.3.2.2)
" Absolute distances (3.3.2.3)
Perform abbreviated noise- oor analysis and ensure the noise- oor is acceptable (3.3.3.1).

Look for heat waves (3.3.3.2), system stability (3.3.3.3), and any other lab-speci ¢ system
veri cations (3.3.3.4).

3. Execution of the Test with DIC Measurements (4)

Verify correct le name, location, and storage capacity for DIC images.
Verify that the correct test procedure or macro has been selected.

Verify force and other measurements of interest are set to record and are synchronized with
DIC images.

Verify triggering of load frame and DIC images.
Verify that lights are on, exposure is correct, image acquisition rate is correct.

Run the mechanical test with DIC measurements.
4. Processing of DIC Images (5)

Select initial correlation and user-de ned parameters.
Perform initial correlation of images.

Re-analyze images using di erent user-de ned parameters. (For example, do a VSG study
(5.4.6) if strain is the QOI.)

Based on results of the di erent correlations, select a nal set of user-de ned parameters.
Correlate all images using nalized parameters.

Quantify variance and bias errors using nalized parameters (5.4).
5. Reporting Requirements (6)

Justify and document selection of all choices in the test and analysis of DIC data.
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Figure A.1: Flow chart illustrating the main steps involved when conducting DIC mea-
surements in conjunction with mechanical testing of a planar test piece (part 1).
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Figure A.2: Flow chart illustrating the main steps involved when conducting DIC mea-
surements in conjunction with mechanical testing of a planar test piece (part 2).
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B Focal Length, Field-of-View, Stand-
Off Distance, and Aperture

B.1 Thin Lens Theory

Thin lens theory?®:29:30.31 de nes a set of basic equations that may be used to approximate the rela-
tionships between FOV, SOD, lens focal length, camera physical detector size, lens aperture, and DOF.
These equations are not exact, due to intricacies of real optical systems that are beyond the scope of
the current edition of this guide, but they have proven to be close enough to use for setting up DIC
in practical situations. They begin to break down in macro-lens photography situations, and should
therefore not be relied upon for high accuracy when the FOV size shrinks to twice the detector size or
smaller. In general usage, they are good for determining, for example, which lens from a kit of lenses
to use, or for determining the approximate SOD.

B.2 Field-of-View and Stand-off Distance

In many typical DIC setups, the camera bar is set in a xed location relative to a test xture containing
a patterned test piece (i.e. a xed SOD), and it is desirable to calculate the FOV for a given lens, to
determine if the ROI on the test piece will be imaged. The characteristic length of the FOV Lrov )
can be closely approximated using the focal length of the lens(es) used £_), the distance from the
camera(s) to the patterned object (i.e. the SOD,Lspop) and the width of the camera detector(s) (Lcs):

L L
Lrov = Lecs % (B.1)

Conversely, in some setups the required FOV is xed by the test piece, and the lens focal length is

xed by the hardware on hand, but the distance to the test piece (i.e. SOD) may be adjusted by moving
the camera bar. In this case, rearranging equation B.1 gives:

L
Lsop = Lk LFOV +1 (B.2)
cs

The width of the camera physical detector size is usually found in manufacturer speci cations for the
camera hardware. Sometimes, pixel size (typically in microns) is used instead. In the latter casé,cs is

simply the pixel size multiplied by one direction of the pixel array size. This is also true in cases where
a cropped image, less than the full image size, is being used: simply multiply the width of the cropped

28Thin Lenses by Prof. Richard Fizpatrick:  http:/farside.ph.utexas.edu/teaching/302l/lectures/node140.html

21 ens (optics): Imaging properties on Wikipedia: https://en.wikipedia.org/wiki/Lens_(optics)#Ilmaging_
properties

30 ens Focal Length Calculator by lacopo Giangrandi:  http://www.giangrandi.ch/optics/focalcalc/focalcalc.
shtml

31Depth of eld on Wikipedia: https://en.wikipedia.org/wiki/Depth_of field
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image in pixels by the physical pixel size to obtainL cs. If only the width of the physical detector size is
in the speci cations, it may be necessary to rst calculate the detector pixel size by dividingL cs by the
width of the detector array size. Note that \binning" allowed by some cameras does not reducd cs,
because it still utilizes the full detector, but combines data from multiple pixels to create a lower pixel
count image (unless binning is used in addition to cropping of the image).

B.3 Depth-of-Field

Given a selected imaging setup, the DOF can be approximated according to:

2

Lsop : (B.3)

Loor  2Fskc Lo

whereF; is the f-stop number of the aperture, andL . is the acceptable diameter of the circle of confusion.

The circle of confusion is the optical spot on the camera detector caused by a cone of light rays from a
lens not coming to a perfect focus when imaging a point source. In DIC, where the spatial resolution
of the imaging system is often camera-limited (see Tip 2.33), a conservative diameter for the circle of
confusion is approximately the physical size of the pixel on the detector.

B.4 Reference Tables

A practical use of these equations is building quick-reference tables for FOV, SOD, and DOF for a
given set of hardware. Many online calculators?*® are available to quickly solve for these parameters.
Example B.1 shows how to create such a reference table for a given set of hardware.

Example B.1 | FOV, SOD, and DOF

Consider a 5 Mpx camera with an image size of 2448 2048 pX, a physical detector width of
Lcs = 8:45 mm, and a physical pixel size ol ,x = 3:45 um. Assume the SOD is constrained by
the position envelope for hardware (Sec. 2.1.4) to bé& sop = 1000 mm. Three lenses are available
with focal lengths of Lg. = [35;50; 75] mm. Assume a moderate aperture is used with an f-stop
number of f/8 or Fs = 8 (see Caution 2.12), and that the acceptable circle of confusion is the size of
the physical pixel on the detector, L. = Ly = 3:45 um. Given these xed parameters, Table B.1
presents the FOV and DOF for the di erent lens options, calculated using Eqn. B.1 and Egn. B.3.

Table B.1: Example reference table for FOV and DOF options, given a xed cam-
era (L px = 3:45 pm), SOD (L sop = 1000 mm), f-stop number (F 5= 8), and circle of
confusion (L ¢ = Lpx).

Focal Length FOV Width  DOF

(Lr) (L Fov ) (L por )

35 mm 230 mm 45 mm

50 mm 160 mm 22 mm

75 mm 100 mm 10 mm
- J
32Fjeld of View Calculator (FoV) of Camera and Lens, Details and Calculator by Wayne Fulton:

http://www.scantips.com/lights/ eldofview.html
33Understanding Depth of Field, with Depth of Field Calculator, and Hyperfocal distance by Wayne Fulton: https:
IIwww.scantips.com/lights/dof.html
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C Select Strain Calculation
Methods

Here, some general approaches for strain computation | representative of di erent approaches imple-
mented in di erent DIC software packages | are brie y described. The e ects of di erent user-de ned
parameters on the VSG size are highlighted.

C.1 Subset Shape Function

One approach is to compute the strain directly from the subset shape function and the deformed subset
shape. In this method, the VSG size is approximately equal to the subset size, giving rise to one of
the smallest VSG sizes of all the strain computation methods. Additionally, no pre- Itering is applied
to the displacements. The small VSG size and the lack of pre- Itering of displacements leads to high
spatial resolution of the strain measurements, but noisy strain results.

After strains are calculated, they may be post- Itered to reduce the noise. A common type of post-
Iter is the mean of a local set of data points, often with a Gaussian weighting function. The region
of the data points that is included in this lter is called the lter window. The VSG size can then be
approximated by Eqn. 7.3 (under \Virtual Strain Gauge Size" in Sec. 7.3).

C.2 Finite-Element Shape Functions

A second approach closely follows the strain calculations used in nite-element analysis. A triangular
or quadralateral mesh is de ned on the ROI of the reference image, using the displacement data points
(provided at the center of the subsets) as the nodes of the mesh. Using nite-element shape functions
de ned over each element, the strain is computed from the deformed shape of each element. If a global
DIC approach has been used, the computation can be done directly on the pre-existing nite-elements
(see Appendix D.5.4).

At this point, the VSG size is small, approximately equal to the size of the elements (which is
governed by the step size) plus the size of the subset. If no pre- ltering of the displacements was
performed, the strain results from this method are usually noisy. Therefore, the strains are often post-
Itered to reduce the noise. A common type of post- Iter is the mean of a local set of data points, often
with a Gaussian weighting function. The region of the data points that is included in this Iter is called
the lter window. The VSG size can then be approximated by Eqgn. 7.3 (under \Virtual Strain Gauge
Size" in Sec. 7.3).

As a slight variation to the above approach, instead of computing the strain on each triangular
element individually using only the three nodes of the element, the strain can be computed in a least-
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squares sense over a larger (i.e. hexagonal) region covering several triangular elements. This larger
region is called the strain window, and the VSG size be approximated by Eqn. 7.3 (under \Virtual
Strain Gauge Size" in Sec. 7.3). In the least-squares regression, a weighting function may be applied
to the displacement data points contained within the strain window, for instance with a Gaussian
distribution centered at the center of the strain window and decaying towards the edges of the strain
window. By computing the strain over a larger strain window using more data points, the strain results
are less noisy, and post- Itering of the computed strains may not be necessary.

C.3 Strain Shape Function

A third approach is to t a strain shape function to the displacements, which provides an analytical
description of the displacement eld [99]. The strains are then computed from the spatial derivatives of
this analytical equation. Fitting the displacements to the strain shape function also serves to Iter the
displacements; thus, this tting process can be considered as pre- Itering or smoothing the displacements
before calculating the strains. The strain shape function is typically a polynomial or spline t, and the
order of the strain shape function e ects the spatial resolution of the strain measurements.

The local region of the data points that is included in the t is called the strain window. Typically,
strains are computed at the center of the strain window. A weighting function may be applied to the
displacement data points contained within the strain window, for instance with a Gaussian distribution
centered at the center of the strain window and decaying towards the edges of the strain window. The
VSG size is approximated by Eqn. 7.3 (under \Virtual Strain Gauge Size" in Sec. 7.3).

C.4 Spline Fit

A fourth approach to strain calculations is to t a spline to the entire displacement eld, over the entire
ROI. This approach is similar to the use of strain shape functions, except that here, the t is global
rather than local. This spline t provides an analytical description of the strains over the entire ROI,
which can be evaluated at any point in the ROI. Thus, strain measurements are not limited to the
original DIC data point locations at the center of the subsets. The VSG size is less clearly de ned, since
there is no Iter window or strain window, but it is related to the step size, subset size, element size,
element shape function type and order of the spline.

C.5 Hermite Method

A fth approach is to calculate the strain based on regularization by nding a best tting surface to
approximate the true displacement eld concerning both the tness and smoothness of resultant displace-
ment/strain eld. After using the tting function, such as the Hermite shape function or polynomial,
the regularization (for example the Tikhonov regularization) is utilized to tackle the ill-posed inverse
problem in traditional least-squares regression, which comprises an additional regularization matrix and
a regularization parameter. The regularization matrix is de ned by summation of squared partial dif-
ferential of tting function, and the regularization parameter is normally determined by the generalized
cross-validation (GCV) function. Thus, the strain is obtained by di erentiation of the tted surface.

This approach includes both global and local versions. The global method [100, 101] de nes the
tting function typically with Hermite nite-elements on the whole ROI. It involves meshing and global
regularization matrix assembly processes, and the strains are computed within the entire ROI at once.
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For local methods [102, 103], as the special cases of global methods with only one element (also called
the strain window), the generation of the regularization matrix is simple, and the strain is computed at
the central point in the strain window, with strain computed at each data point in the ROI individually.

In local methods, the parameters that e ect the strain results include the order of the tting function

and window size.

C.6 Finite Difference Schemes
Another approach to compute the strain elds is by means of nite di erence schemes [104, 105]. In the

bulk of the body, away from boundaries or interfaces, the strain eld can be computed using the central
di erence scheme [104{106]:

ui(i;j + h) ui(i;j  h)

"11(5)) = h (C.1a)
iy = ST LT (1)
ST UL 1 I O G R I G I c10

whereuq(i;j ) and ux(i;j ) are the displacement components expressed in pixels, in the; and x, direc-
tions, respectively, for pixel (i;j ); 2h is the strain window size in terms of pixels (see Eqn. 7.4). Note
that the formulas reported above need to be adapted on the speci ¢ sign convention. For example, if
the x, axis is taken positive in the upward direction, then ",,(i;j ) and the rst term of "1,(i;j ) should
have a minus sign in front, as the row indexi in the matrices of the displacement components would
increase in the opposite direction of thex, axis. Note also that the strains are computed in a coordinate
system aligned with the image rows and columns. As mentioned in Sec. 5.3.1 and Recommendation 5.2,
a coordinate transformation is likely to be required in order to express the strains in a coordinate system
that is physically meaningful and aligned with the test piece.

If the displacement components are expressed in a physical unit instead of pixels, the same expressions
can be used, provided the denominators are also converted into physical units by dividing them by
the image scale [104]. Smaller strain window sizes correspond to smaller virtual strain gauge sizes.
Conversely, larger strain windows may Iter out noisy displacement data. As a note of caution, the
central di erence scheme is not suitable when computing strains close to boundaries or interfaces with
displacement discontinuities. In the proximity of such features, the backward or forward di erence
scheme should be used instead so that strains are computed using displacements exclusively on one side
of the boundary or interface [104].
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D Global DIC

D.1 Introduction: What is global DIC?

As explained in the main text of this guide, DIC (both local and global methods) uses an interpolant
of the displacement eld to perform correlation-based matching to aid in encompassing the e ects of
strain and perspective. The main di erence between local and global DIC methods is the region of the
image considered for the interpolation and the corresponding registration.

As described, the local or subset-based DIC method applies the correlation interpolant to a set of
independent smaller subsets of the images, composed of a limited number of pixels, where continuity
is not enforced between the neighboring subsets. The resulting displacements are only de ned over a
nite set of data points (typically centered in the subset), usually distributed over a regular grid built
on the pixels. The lack of interaction between these subsets is the reason for the term \local method".
Determining a displacement between these points (e.g. for comparison with simulation results) requires
subsequent interpolation.

In contrast, a global DIC method performs on ana priori chosen interpolant based on a set of shape
functions to represent and solve the displacement eld over the entire region of interest (ROI) of the
image, and hence the term global. The displacement is then de ned anywhere inside the ROI of the
image. This approach allows the user to prescribe a@ priori condition on the kinematic elds such as
continuity. Currently, the most common and well known global DIC method relies on a nite-element
description of the kinematics throughout the ROI of the test piece [107{110], as illustrated in Fig. D.1.
This approach is referred to as nite-element based global DIC (FE-based global DIC). The user has
then to de ne a measurement mesh that can either be built or imported from a simulation model. The
degrees of freedom retrieved by the DIC software simply become the nodal displacements to be assessed.
Then, the measured displacement can be calculated anywhere in the mesh from the FE shape functions.

As in local DIC, a code analyzes a user-de ned region-of-interest (ROI) within the images, which
contains a set of data points, also called interrogation or measurement, points. In nite-element based
global DIC, data points are the nodes of a nite-element mesh. The mesh element size de nes the
spacing between these data points. The elements are numerically correlated from the reference image
(before motion/deformation) to each subsequent image (during motion/deformation). This correlation
is performed by rst approximating the pattern in each element using an interpolant function, and
then allowing that function to deform from the reference image based on an element shape function. A
gray level residual (di erence between reference con guration and deformed con guration gray levels) is
minimized to match each element in the reference image with the corresponding element in the deformed
images, while conserving continuity from the FE mesh. In stereo-DIC, the gray level residuals and the
stereo-system calibration are used to match elements from one of the cameras to the other camera. The
result of the correlation is the measured coordinates of each node of the mesh.
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Figure D.1: (a) A representative FE-mesh over the whole ROI of the image in the FE-
based global DIC. (b) Schematic comparison between local DIC subset and global DIC
element.

Alternative global DIC methods also exist in the literature:

~ Techniques exist to automatically select the shape function of each element to achieve the smallest
error possible per degree of freedom, regardless of the original mesh [111{113].

Some approaches involve imposing the continuity of the strain eld in the whole ROI of the image
(for example, by using splines [114, 115], or a spectral approach [116, 117], or adding global
kinematic constraints as additional penalties onto the correlation cost function [118, 119]).

For speci c behaviors and/or geometries, analytical closed form solutions of the displacement eld
may be enforced. In this case (referred to as integrated-DIC), if the assumptions are correct, the
user may additionally identify constitutive parameters of the test piece. Known examples include:

beams [120],
cracks [121],
rigid body [122],

di usion interface [123], and

e e e )

numerically precomputed solutions [124].

Global versions of DIC might also encompass time in the solution minimization [125].

In this document, the term \global DIC" will be used to refer to the FE-based global DIC method,
although in general \global DIC" is not limited to the FE-based method. Both 2D and stereo global
DIC are considered here, the main di erence being the calibration phase (see Sec. D.3.2).
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D.2 Why use global or local DIC?

Local and global DIC approaches share a number of commonalities in their construction and their use,
for which the reader of this appendix can directly refer to the main body of this guide. Main instances
include:

Measurement requirements: the same rules proposed in Sec. 2.1 of the main body of this guide
apply.

Hardware: the same advice proposed in Sec. 2.2 of the main body of this guide applies.

Pattern quality: speci c cases can arise in the case of small or very deformed FE elements in global
DIC, but in general the user should be aware that advice given in Sec. 2.3 of the main body of
this guide remains fully valid in global DIC.

Pre- and post-calibration routine: the same advice proposed in Sec. 3.1 and Sec. 3.3 of the main
body of this guide applies regarding general system set-up and measurement uncertainty best
practices.

Image series preparation and gray level interpolation: the same techniques described in Sec. 5.2.1
to 5.2.6 in the main body of this guide are also used in global DIC approaches, where \subset" is
replaced by \element".

Nevertheless, several factors have to be considered when selecting the type of DIC method for a
given DIC measurement. Some of these factors favor using a global DIC method:

(FE-based) global DIC has the advantage of being a natural counterpart to nite-element analysis
(FEA). When comparing FEA results with experimental DIC data, it can be di cult to ensure
spatial coincidence between these datasets. Using a global DIC method with the FE mesh that
has been used in the simulation is a logical solution to this issue, allowing direct \node-to-node"
comparison. Moreover, the kinematic elds are directly expressed in the coordinate system and in
the units of the mechanical FE model. Note, however, that DIC-measured strain maps can include
more noise than FEA results, and that a uni ed method for strain computation would have to be
used before gquantitative comparisons (see Sec. D.5.3 of this appendix).

Global DIC guarantees the kinematic compatibility of the deformation eld over the entire ROI,

and regularization can further reduce the measurement noise. For example, because of its natural
connection to FEA, global DIC allows mechanical regularization to be imposed in a straightforward
way [126, 127], as discussed in Sec. D.4 of this appendix. In this case, global DIC can be less a ected
by local image contamination (for instance, in the case of a degrading DIC pattern, local image
saturation, or visible particles moving between the lens and the test piece). Global DIC can I

in the missing local information from adjacent regions, while local DIC cannot correlate subsets
where the image quality is poor [128].

In general, global DIC allows the user to measure very complex geometries such as edges and
holes?* where the user can provide a very close initialization of the shape of the measured test

piece. It is often possible to measure displacements up to the edges of the ROI, which is useful if
the user wants to limit the number of \lost" elements.

34 Global DIC can also accommodate complex 3D geometries such as ribs, and accommodate large angles between sets
of cameras [129]. However, non-planar test pieces are outside the scope of the current edition of the guide.
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" Global DIC provides direct access to the gray level residuals for each pixel within the ROI of
the image. When plotted, the residuals can indicate where the kinematics are not rich enough
to describe the deformation of the test piece from the images. For instance, one can imagine the
situation where a crack initiates during the test. The discontinuity of the displacement eld will
result in strong concentrated residuals around the crack path. Such residual error maps are less
robust at the pixel scale in local DIC packages.

Although not in the scope of this appendix, less generic global DIC methods (i.e. integrated-DIC)
allow the user to very closely match the anticipated test piece kinematics (beam, crack, etc.). Such
methods can help regularize the observed kinematics in the case of a poor signal to noise ratio
[130], or to identify directly simulation parameters without using a post-processing step [121, 124,
131, 132].

Conversely, local DIC methods have their own advantages:

Local DIC is very generic and does not require the user to input any geometric features of the test
piece. This approach enables the processing of image data for users who are using DIC even in
cases where the measurement is not to be compared to (or regularized by) any mechanical model.

Local DIC does not enforce displacement continuity within the measurement region, which can be
important to some users in the case of studying crack opening for instance. Global DIC methods
in these cases (remeshing, enrichment functions, integrated-DIC) are proven to be e ective but
are less straightforward and do not currently exist in commercial packages. Local DIC methods,
to solve for cracks, also introduce additional operations such as subset-splitting to achieve higher
accuracy.

The local DIC method is parallelizable by nature; however, the global DIC method is not as easily
parallelized (although the FE parallelization scheme is an option [133, 134]). Therefore, to track
large-size images with ne spatial resolutions, local DIC can allow faster processing.

In order to use an existing mesh for a displacement eld measurement, global DIC methods often
rely on a self-calibration procedure (see Sec. D.3.2.2.2) to be used. This procedure requires the
mesh to be aligned to the image in order to use the test piece itself as a calibration object. Fitting
an existing mesh to an image requires the ability to accurately locate ducials (e.g. sharp angles
or corners) that can be observed both in the images and the mesh (or its environment) to initialize
this self-calibration procedure. If it is not possible to ensure this image/mesh correspondence,
then the use of global DIC with an existing mesh is impractical.

D.3 Global DIC Practical Implications

D.3.1 Mesh De nition and Positioning

Using a mesh for a displacement eld measurement has practical implications when de ning the ROI of
the test piece. Two situations can be encountered:

The mesh can be de ned directly on the image, in which case it is not derived from a simulation
and the mesh generation is done in the similar way to the data point grid generated in the local
DIC method. However, in the global DIC method, the nodes of the mesh|rather than the centers
of the subsets|are selected.
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" The mesh is loaded from a simulation le and is positioned on the images. Then the user selects
either a group of surface elements that will constitute the ROI of the test piece, or a group of
pixels per image that will constitute the ROI of the images.

The rst kind of situation is very similar to the operations performed in a local DIC package: a
regular grid is positioned on a reference image and is used as the ROI of this image. In this situation,
no special positioning technique has to be used. The grid geometric parameters (especially the distance
between nodes) can be chosen independently from the simulation. After the DIC computation, the
result is provided on this grid, and then has to be exported by the user to the simulation reference
system if a comparison to simulation results is to be made.

The second method allows the user to take advantage of an existing mesh, in order to perform a
more direct comparison to simulation data without any post-processing. It also allows the use of mesh-
based multi-camera measurement techniques in a direct fashion. To proceed with the calibration and
measurement steps, the user will have to ensure a geometric correspondence between the mesh reference
system and the image content (see Sec. D.3.2 on 2D- and stereo-calibration).

Caution D.1 | Element Size

The consequence of this procedure is that the element size (in pixels) cannot be known precisely
before this step is taken. In this context, the element size can be estimated at rst, and fully
validated only when the reference images have been taken. The user can then ask for a DIC mesh
adaptation (re nement or coarsening) if the mesh does not t their expectations about element
size. To know more about mesh size validation, please refer to Sec. D.4.3 of this appendix.

D.3.2 Calibration

Commercial packages have dierent calibration strategies, depending on the mesh de nition options
that were presented in Sec. D.3.1. Options described here are available in commercial packages, but
alternative routes exist.

D.3.2.1 2D Global DIC
D.3.2.1.1 New Mesh

In the case the user does not provide a pre-existing mesh, the user has to de ne a new mesh on the
reference image. In this case, the DIC program builds its own mesh, which can be structured or
unstructured, from the de nition of a region of interest (ROI) in one image, similarly to what is done

in local DIC. The procedure for calibrating a single camera in a global DIC program is very similar to
what is described for local DIC in Recommendation 3.4 of the main body of this guide:

If available, calibrate the camera via a simpli ed target calibration procedure, which allows for
correction of optical distortions.

" Otherwise, the user can input a pixel-to-meter ratio that has been calculated based on ducials of
the image or (ideally) a resolution target.
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D.3.2.1.2 Pre-Exising Mesh

In the case of using a pre-existing mesh, calibration for a single camera consists of:

~ Aligning the mesh to the image via the use of ducials as described in Sec. D.3.2.2.2.1. This step
allows estimation of the camera intrinsic and extrinsic parameters that link the mesh coordinate
system with the image coordinate system.

Possibly correcting for distortions separately via a simpli ed target calibration procedure. It is
always advised to correct for optical distortions whenever possible.

Caution D.2 | Mesh Position Uncertainty

In a commercial global DIC software, the mesh positioning uncertainty is on the order of the
user's ability to pick a ducial with a mouse-click (from one pixel to a few pixels depending on the
geometry visibility and quality). This uncertainty should be taken into account when processing the
results, possibly by performing user-sensitivity analyses to estimate results variability. Commercial
packages use points as ducials, but some other packages also allow using lines or curves.

Caution D.3 | Planar Assumption of 2D-DIC Calibration

When performing 2D-DIC calibration with a pre-existing mesh, the user assumes the points of the
mesh that will be reprojected are contained within the same plane. If the ROI of the test piece
mesh does not satisfy this condition, software packages may not allow the analysis to be performed.

D.3.2.2 Stereo Global DIC
D.3.2.2.1 New Mesh: Traditional Calibration Techniques

In the case the user does not provide a pre-existing mesh, the procedure for calibrating a stereo pair in
a global DIC program is very similar to what is described for local DIC in Sec. 3.2 of the main body
of this guide, with the use of a calibration target. For a two-camera DIC system, the mesh is usually
created as a regular grid in the ROI of the primary camera. The mesh coordinate system is created
based on an arbitrary origin and orientation, usually set by the rst calibration image acquired by the
primary camera. Good calibration practice follows advice given in Sec. 3.2 of the main body of this
guide.

D.3.2.2.2 Pre-Existing Mesh: Self-Calibration

A stereo calibration consists in identifying a set of extrinsic and intrinsic camera parameters. The vast
majority of calibration procedures in DIC rely on the use of a calibration target to provide a well-known
object as a reference to determine the extrinsic stereo system parameters (see Sec. 3.2.2 of the main
body of this guide). Alternatively, the calibration target can be replaced by the test piece itself, which
geometry is assumed to be su ciently well-known to calibrate the cameras.

The full self-calibration process is shown in Fig. D.2 and consists of four steps:

1. Pre-calibration, which aims to initialize the camera model associated with each camera by aligning
the mesh to the object in the image (see Sec. D.3.2.2.2.1);
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2. Camera calibration, which aims to update the camera model in total or in part (e.g. only extrinsic
parameters) in a more robust way (see Sec. D.3.2.2.2.2);

3. Shape correction, to update the shape of the nite-element model to account for deviations from
the nominal geometry when measuring the displacement elds (see Sec. D.3.2.2.2.3).

4. Possible iteration between the two last steps.

Figure D.2: Diagram summarizing the principle of the self-calibration algorithm, and
illustration of the pre-calibration step with matching of 2D image points and 3D model
points.

D.3.2.2.2.1 Pre-Calibration: Mesh Alignment

An important step for calibration is aligning the mesh to the images for each camera. Mesh/image
correspondence is usually achieved by selecting ducials that are visible in the image, with known
coordinates in the mesh reference system. These ducials can be either a part of the mesh (specic
corner nodes or edges for instance) or elements of the environment with known coordinates with respect
to the mesh. To achieve this pre-positioning step, the user has to select these ducials in a way that they
will be positioned in a 3D space encompassing the measurement area (depending on the software); see
Fig. D.3. Once this correspondence is found, the mesh surface nodes are projected onto the images, and
this part of the mesh can be superimposed (see Fig. D.4). Some DIC packages automatically remove
elements that are not visible or for which the reprojected surface is too small.
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