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Summary

The paper presents a method of fast displacemenstaain analysis based
on digital image correlation (DIC) and multi-proses graphic cards (GPU).
The basic assumption for the discussed displaceamgghtstrain measurement
method under time variable loads was that high oreasent sensitivity
by simultaneously minimising measurement time congion was possible.
For this purpose special computing procedures basedulti-processor graphic
cards (GPU) were developed that significantly reducthe total time
of displacement and strain analysis.

Introduction

Difficulties in investigations of strains in teclkal objects are essential prob-
lem in experimental mechanics of solids. One of¢his a strain measurement
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in fatigue cracking zones in structures subjectyolically reversed loading.
However, an important problem in these investigetids necessity to obtain
measurements in the dynamic mode. It is particulianportant in whole-field
strain measurement techniques. In many cases #res@easurement methods
based on the optical techniques, in which optomleat systems are used.
Therefore, it is important to reduce the analyisigtof images captured by digi-
tal cameras and analyse them with the use of nuoalemprocedures.
In this paper, a method for fast, whole-field dis@ment and strain distribution
analysis in on-line mode is presented in which tdlgimage correlation
procedures are used for displacement measurement.

Whole-field strain measurement with the use oftdigimage correlation
is an exceptionally attractive choice in the medatsof solids [1, 2]. However,
its practical application, especially for an anaysf small strain values,
is strongly restricted. It is mainly caused by teabgical limitations, especially
for materials with high stiffness, for example, edteMeasurement of small
displacements requires the use of very high-reieoludigital cameras, even
when sub-pixel interpolation methods are used.nitolives the necessity
of transmission and processing of huge amount td daa very short time.
Cyclical loads involve a significant increase iretamount of data to be
processed with further reduction of the analysigeti

In the paper, example of displacement and straglyais in the fatigue-
cracking zone in specimens taken from aeroplanetstres is presented.

2. Theoretical background

The principle of operation of image correlation hwgts is comparison
of specimen surface images before and after expdbi@ object to load. For
object lighting white light or laser light (spot theds) may be used [3, 4, 5, 6].
Displacements of surface characteristic pointswaltbe determination of the
displacement values within the analysed area. EHmsitvity of this method
depends on the parameters obtained using imagevalisea methods, such
as dimensions of the observation field or the ingg@metric resolution.

In the case of many objects, measurements candbsew with the use
of their natural roughness; therefore, it is notessary to specially prepare
the surface to be analysed. Another method tombéaidom points on the sample
surface is marking them by means of special surfaeparing techniques,
including painting. Image surface points are reedrbdefore and after exposing
the object to strains. This enables the correlatddnthese images based
on the intensity of each pixel recorded by a CCLirixaor a different type
of image sensor. The usage of interpolation fumstimay increase accuracy
as compared to a strictly digital analysis caraedl for a pixel grid. Moreover,



3-2012 PROBLEMY EKSPLOATACJI 81

methods of artificial intelligence, including geiwetlgorithms, may be used
for the analysis of the image spot.

Analysis of displacements based on the assessrhém aross correlation
coefficientC is one of the basic solutions used in the imagsscicorrelation
methods. The cross correlation coefficient is debeed for a chosen point
of the environment?[x, y], as follows:

C(u’ V):ii[ln(xi% )Im(xi’yj )] (1)
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where:

a, b — initial and final values of the correlated imag®rdinatex index,

¢, d — initial and final values of the correlated imag®rdinatey index,

(%, ¥;) — the first image intensity in the point with cdmatesx vy,

recorded in the phase of loading,

Im(X, ;) — the second image intensity in the point witlorcinatesx vy,

recorded in the phase of loading.

The value of the coefficier® can change in the range from 1 to 0. When
C =1, the images of the environment of the p&intecorded in phasesandm,
are entirely consistent and whén= 0 they are entirely different.

In order to define a displacement of a chosen pBiitased on images
recorded in the two phases of loadimgndm, sub-area O covering poiRtis
separated from image and m is displaced in relation to the analogue area
in imagen. The value of cross correlation coefficigbtis calculated for each
location of sub-area On.
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2. Fast Digital Image Correlation Method Based on 8U

Due to low efficiency of standard functions to deime the coefficienC,

e.g. those available in OpenCV library, an origiaégorithm of correlative
search of the image similar areas has been deukldpe implementation was
performed by means of CUDA library in version 3facilitated by NVidia
Company. Since there are two known ways of obtgiranresultant matrix
of the pattern adjustment to the searched imagerglation matrix), it is
necessary to make a choice in the initial phaseydsn the method based
on Fourier transforms used by Open CV library ane method to directly
determine the values of the correlation functionhas been assumed that
the pattern area dimensions are: from 20x20 to @Opdints. For such
dimensions the approach using transforms loseficseat because of a higher
number of successive stages of computing. Thereforeas decided to carry
out our own implementation of the algorithm detemimg the correlation
function according to the version directly defisdequation 2.
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Fig. 1. Matrixes of searched image | (a), lookedpfattern T (b), resultant D (c) (source: authors)

Due to the fact that loading data into the globvapgic card memory is one
of the most time consuming operations affecting thieneral efficiency
of the implemented algorithm, it was decided torcarut calculation threads
connected with one line of searched im&ge a single block. For this line, we
have performed all combinations connected withfitmultiplications by the
image of patternil. Therefore it is possible to avoid loading the sadata
for imagel at the cost of reloading the pattern data (theepatarea is assumed
to be smaller than the searched one). Since tlrectaicerning points of the one
image line represents successive memory cells,igdilys adjacent to each
other, certain numbar of the data reading operations (typically inclugdit?8
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bytes) can be combined into a single operation.niptas of matrixes corre-
sponding to the searched fragment of imbhgé size 9 and patterh of size 3
are shown in Figurel.

Thus, operations of partial sums of products belangto different
displacements of the pattern image are carriedbpwt single block of threads,
which is shown in Figure 2.

For instance, in Figure 3, the calculations perfminiy the third block
of threads (connected with the 3rd line of matxhave been demonstrated
in the successive phases of the algorithm. In itis¢ $tep, thread 1 calculates
the sums of products of the first pattern line byresponding to it image points,
for displacement D(2,0), simultaneously, these sarascalculated by thread 2,
for displacement 2D(2,1), and sums for maximal sgae for X axis, displace-
ment D(2,6), are calculated for exemplary pararsebsr the last thread. The
following step of the algorithm involves loadingetmext line of pattern T
(points T(1,0)..91,2)) and multiplying it by thensa line of the image data, thus
obtaining a part of the products sum necessary tfeg determination
of displacement (1,0) for thread 1, displacemehj(figr thread 2 etc.

a) b) c)
D[11]1=I[11]1*T[00] D[11]=D[11]+ D[11]=D[11]+
+ I[21]*T[10] I[31]*T[20]
I[12]*T[01] + +
+ I[22]*T[11] I[32]1*T[21]
I[13]1*T[02] + +
I[23]1*T[12] I[33]1*T[22]

Fig. 2. Example obtaining the correlation functi@ues between imadeand patter for point
(1,1) of a resultant matrix (source: authors)
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Fig. 3. Calculations performed by the block of thi®@onnected with the third line of imabe
(source: authors)

The first and last z of image where z means the size of matfix are
special cases. For instance, Figure 4 shows howblitnek of threads works
for second line of imagk In this case, multiplication of the third line péttern
T is not performed, because such a displacementieopattern would mean
crossing the range of searched imhge
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Fig. 4. Calculations performed by a sample blockhoéads — the image initial line (source: au-
thors)

Since there is no possibility of synchronising aitar blocks of threads
with each other, it is necessary to use the ommradf atomic (indivisible)
addition in order to avoid potential errors of iredit recording of results. Such
functionality is available for floating point datgpe, merely in the new CUDA
(version 2.0-platform FERMI —atomicAdd). Tests weagried out comparing
operational speed of algorithms using atomicAddhwé normal addition
operation (this version returned results burdeneith wesulting from
the collision of reading operations with the redogdones). These tests revealed
a decrease in the operation speed by less thamn28tder to ensure maximum
grouping coefficient of the reading and recordingemtions, the allocation
of global memory blocks GPU was performed by mearis function
cuMemAllocPitch providing a proper arrangement (atthent) of the allocated
memory blocks within the GPU address space.

For this version of the algorithm tests were carrieut comparing
the performance with its possible maximum optimisegiivalent, taken from
OpenCV library. Thus, the developed implementatmymputing the functions
of correlation without normalisation on GPU was pamed with a multi-thread
OpenCV implementation on CPU and GPU. Tests wamedaout for a constant
ratio of pattern area T in relation to searchedgienk being 1:3 when both areas
were square. The results of comparison tests amersim Figure 5 where “CPU”
is the algorithm with simplest implementation peried on CPU (one thread),
“GPU" is the tested implementation of algorithmfpemed on GPU, “CPU-CV”
represents an algorithm using OpenCV library in altithread manager,
“GPU-CV” is utilisation of Open CV library in GPUevsion.

The authors’ implementation of GPU is more effitighan the other
solutions for T pattern dimensions not exceeding6&bpoints. For T pattern
dimensions 30x30 points the computation speed aetlizvas ten times faster.
Further optimisation of the algorithm’s speed wascomplished based
on analysing the theoretical load of GPU (Tab. t¢ Tisage of GPU resources
using the algorithm for the pattern dimension 15xddnts, reached 18%.
The small number of threads triggered within a Ilginglock was the cause
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of limited usage of GPU. The documentation avadlditdm NVIDIA shows that it

is necessary to aim at approximately 60% of GPUumaacy which, in case
of the developed procedures, meant the pattermdiones is supposed to be 60x60
points.
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Fig. 5. Results of the correlation algorithm effinty tests on GPU: “CPU” — algorithm with
simplest implementation performed on CPU (one thre&PU” — the tested implementation
of algorithm performed on GPU, "GPUII" — the test@dplementation of algorithm
performed on GPU, "CPU-CV” — algorithm using Open{irary in a multithread manager,
“GPU-CV” — utilisation of Open CV library in GPU x&on (source: authors)

Thus, an increase in GPU resources occupancy wtasnetl through
a simultaneous computing of product sums for a fie&s in a single block
of threads. An optimal number of simultaneously pated lines ranges from 7
for T size = 14x14 points to 3 for T = 60. For lBggizes of T, increasing
the number of threads per block (with increased pexity of the algorithm
used) did not improve the results. The effects &UGresources occupancy
optimization are demonstrated in Figure 6. Addiidy increasing the number
of registers used by the block (with increased derify of the algorithm)
already caused a drop in GPU resources occupancy.

The above operations caused an increase of theutimgpspeed for T
sizes of 20 points by up to 100%. The effects ofwhthis version
of the algorithm works is presented in Figure &&3J Il.
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One line of image |

T template size 3x3 pixels
Size of single scanned subimage | - 9x9 pixels
Size of results matrix D - 7x7 points

D matrix determination
for single template T- image |
set

. .
«

Determination of all matrixes D, for all occurences of searched templates
in the whole image |

Fig. 6. Organisation of the algorithm to determihe correlation function, searching for the
displacements of the pattern matrixes with dimemsiequal to 3 columns per 2 lines
(source: authors)

By copying a group of blocks of threads which coteputhe best match
for a single area in the searched image, a sinedta calculation of these
matches became possible for the whole matrix of se@rched areas (earlier
defined by the user). The possibility of definirgtbblocks and threads perform-
ing the assigned program (kernel) in the form ofiti-dimension grid appears
to be very helpful. As in Figure 6, inside blockireads are organised
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bi-dimensional, i.e. the first dimension correspord columns of determined
matrix D, the second dimension corresponds to teysed line of image |
(optimisation increasing the number of threads lgeck). The best method to
organise a block would be a three-dimensional dsgtion. Unfortunately, for the
available version of CUDA library, an applicatioh anly two dimensions was
possible, where the first dimension is the linewélysed image I, and the second
dimension is represented by successive processed af the image with the x
and y coordinates of a given area appropriatelgdod

The last phase of the algorithm optimisation ineol\the use of texture
memory for storing the pattern and searched imdgés. The main advantage
of the textures memory is the so-called 2D caclomehe memory taking into
consideration the image mutual adjacency of botfizbotal and vertical axes
points. Other advantages include hardware convetsitween the integer and
floating-point types and a possibility of hardwareilinear interpolation
of the values between the image points. By usirg ritemory of textures,
the algorithm’s efficiency was improved by approabtely 25%, regardless
of pattern area T.

3. Example results of strain analysis in fatigue @ck zone

The developed digital procedure for correlationirnhges has been used
for example for displacement analysis in the methafd fatigue crack
propagation testing in aeroplane riveted joints.

In Figure 7, a specimen made of aluminium alloy 2203 with
a propagated crack, which was exposed to constaplitade of nominal stress
and the stress ration R = 0, is presented.

a) b)

“amalysis pattern

Fig. 7. Specimen with a crack (a) and crack imaigle analysis pattern (b) (source: authors)
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minimal load = first image maximal load = second image

Fig. 8. Images of the specimen surface in chosersgshof the load cycle: a) minimal value of
loading cycle, b) maximal value of loading cycleysce: authors)

a) b)
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Fig. 9. Distributions of displacements within thraek zone: a) in loading directia®, b) perpen-

dicular to loading directiod,, c) resultantd = \15\,2 + Juz , d) displacement map in load-
ing direction against the background of specimesgen(source: authors)
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A digital video camera with an image resolution2d#8x2050 pixels and
a set of lens with 50mm area of view was usedHersgample image recording.
The sample surface image was recorded on a PC pegligith GPU card
NVIDIA GTX480 by means of a Giga Ethernet card watmaximum frequency
of 17Hz. Measurement sensitivity= 0.0025 mm was obtained for the applied
resolution of the video camera, the matrix sizej #ns zoom. In Figure 8,
the sample images recorded with the use of duakcamision system for
fatigue monitoring [7] is shown in chosen phases tiime variable load cycle.
On this basis, distributions of displacements wittiie crack environment are
demonstrated in Figure 9.

Conclusions

The presented method enables fast displacemestiaia analysis in objects
exposed to time variable loads. The results of oreaent of displacements and
deformations can be used in carrying out studiefatigue and fracture mechanics
of materials and structures, in cases in whichrmétion about the current state
of displacement is used to control the test procéAsreover, in the case
of displacement analysis in decreased areas ofestfereducing the time
of the analysis offers the possibility of applyitig developed method in fatigue
life testing with controlled strain value, includifocal strain values.

By applying the digital image correlation technigsepported by GPU
technology and the use of modern optoelectronic l&ngolutions, the image
analysis algorithms developed for the equipmenfigaration used in this work
was able to determine the strain distribution ir2dA8x2050 pixels image, with
the size of a searched patterns matrix of 30x3theies and the pattern size
of 20x20 pixels, in less than 0.2sec. Further rédocof the analysis time is
possible for GPU cards with a higher number of sore

Scientific work executed within the Strategic Peogme “Innovative
Systems of Technical Support for Sustainable Dpugat of Economy” within
Innovative Economy Operational Programme
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Recenzent:
Pawet PYRZANOWSKI

Szybka analiza przemieszcaez wykorzystaniem cyfrowej korelacji obrazu
(DIC) oraz wieloprocesorowych kart graficznych (GPU

Stowa kluczowe

Cyfrowa korelacja obrazu (DIC), wieloprocesorowat&agraficzna (GPU),
analiza przemieszcaeé napkzen w petnym polu obserwacji.

Streszczenie

W artykule zaprezentowano metodzybkiej analizy przemieszazé na-
prezen z wykorzystaniem cyfrowej korelacji obrazu (DIC)aa wieloproceso-
rowych kart graficznych (GPU). Podstawowym zalasiem omawianej metody
pomiarOw przemieszcaei napezen w warunkach zmiennych olgien byto
osiagniecie wysokiej czutéci pomiarowej przez minimalizagjczasu pomiaru.
W tym celu opracowano specjalne procedury przetavasz wykorzystujce
wieloprocesorow kart graficzm (GPU), w znacaym stopniu redukape
catkowity czas procesu analizy przemiesidzeapezen.





