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ABSTRACT

An image analysis method has been developed in order to dentipel velocity field of a granular medium
(sand grains, mean diameter 600 pum) submitted to differiriskof mechanical stresses. The differential
method based on optical flow conservation consists in deéagra dense motion field with vectors associated
to each pixel. A multiscale, coarse-to-fine, analyticalrapph through tailor sized windows yields the best
compromise between accuracy and robustness of the restits,enabling an acceptable computation time.
The corresponding algorithm is presented and its validatiscussed through different tests. The results of the
validation tests of the proposed approach show that theadéstsatisfactory when attributing specific values
to parameters in association with the size of the image aizalyindow. An application in the case of vibrated
sand has been studied. An instrumented laboratory devisédas sinusoidal vibrations and enables external
optical observations of sand motion in 3D transparent hokeS0 Hz, by increasing the relative acceleration
I, the onset and development of two convective rolls can berobd. An ultra fast camera records the grain
avalanches, and several pairs of images are analysed byapesed method. The vertical velocity profiles
are deduced and allow to precisely quantify the dimensidttsedfluidized region as a function 6f

Keywords: grain motion, granular media, horizontal vilmas, multiscale image analysis, optical flow,
velocity field.

INTRODUCTION The second one requires that each velocity vector
remains constant within a small spatial window.
The aim of this work is to compute the velocity The size of the analyzing window is related to the
field of a granular medium submitted to differentaccuracy of the method. In order to handle small
kinds of mechanical stresses. In particular, it fOCUSGﬁnd |arge disp|acements, the optica| flow is Computed
on the velocity field in a vibrated granular mediumyith an iterative and multiscale approach (pyramidal
of sand grains (mean diameter 600 pm) and a”O_V"aecomposition) using a coarse-to-fine analysis. The
assessing the dimensions of its fluidized region, whiclle| of the pyramid multiscale analysis is related to

corresponds to specific physical properties required i o rohystness of the method. In order to get the best
process engineering for industrial applications. compromise between accuracy and robustness, several
For this purpose, an image analysis method’a“dat'on tests are achieved. For a given numerical or

has been developed. 2D image sequences of tthhysical motion (trans_lation,rotation), pairs ofimage_s
granular medium are firstly acquired with an ultra-Pefore and after the displacement are compared. Using
rapid CCD camera. The optical flow (dense velocityth€® optimal parameters, the image analysis method
field) between two images is then computed usinf performed in the framework of a study of an
a differential method. This technique is based orhorizontally vibrated granular medium submitted to
two assumptions. The first one is the light intensitydifferent accelerations. The vertical velocity profiles
conservation, implying that the luminance of theare then deduced and allow to precisely quantify the
grains does not change significantly between twalimensions of the fluidized region as a function of the
successive image frames at time valtiendt +dt.  vibration acceleration.
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MATERIALS, EXPERIMENTAL Rotation bench. This setup is composed of a
SETUPS AND IMAGE plastic cap of 3.3 cm inner diameter with the open-
side up. A pushpin goes through it center and fixes
ACQUISITION it on an horizontal plank, allowing rotational motion
exclusively. The container is filled with sand grains and
MATERIALS the camera is placed above the setup, aligned with the

The granular medium is made of sand grainsleShpmSvemcal axis (F'g'%)'

(more than 99% ofx-quartz) without internal close
porosity (2660 kg/r). The size distribution given on
Fig. 1 shows a moderate polydisperse material with
a span of(dgopy, — d10%)/ds00 = 0.75 and a volume
mean diameter, denotet} 3 (the ratio of the fourth
to the third moments of the grain size distribution),
of 600 um. The grains are approximately spherical

(Fig. 2).

03

0.25

02 Fig. 3. Rotation bench: a plastic cap filled with
granular material can undergo a rotational motion
around its center where a pushpin is nailed.
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Vibration bench. This experimental setup
(Raihaneet al, in press) is mainly composed of
a mobile table, a transparent container and sand
grains. The horizontal table is linked to a marble
Fjg. 1. VoI_umetric grain size _distribution. The mean ZtgggMii)éjgglr_Sl()'rbl\zcs)irrlltigliréz?rmrggggr}sgtl:;:ln?r:qi?{ed
diameter is d3 = 600 um with a span ofdsow — {5 the table by an electromagnetic shakatRe,
dio%) /ds09 = 0.75 where o in mass of the grains gg513 griven by a signal generatotING DYNAMIC
have diameter lower tharg. SYSTEMS, DSC) coupled with a power amplifier
(TIRA, BAA120). The motion is driven with an
accelerometer BRUEL & KJAER, 4371 \). The
direction of the vibrations is referred to asaxis.
The parallelepipedic container fixed on the table
is composed of 8 mm thick glued plexiglas plates

(Fig. 4).
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Fig. 2.Optical microscope image showing the rounded
shapes of the sand grains.

EXPERIMENTAL SETUPS

Three experimental setups have been used.

Translation bench. The translation bench is Fig. 4. Vibration bench: an electromagnetic shaker
composed of a parallelepipedic open box (containerjelivers a sinusoidal vibration at a controled
filed with sand. This container is fixed on an frequency f. It drives an horizontal table mounted on
horizontal linear motion guide, allowing translationalfour bearings guided by four rails. The vibration
motion exclusively. The camera is placed above theamplitude A is controlled by a piezoelectric
setup. accelerometer.
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The longitudinal, transverse and vertical- energy-based methods (Adelsonand Bergen, 1986;
dimensiondy, Ly, L, of the container are respectively Heeger, 1988; Barmaet al, 1991): optical flow
40, 80 and 80 mm. The initial height of the granular  is computed using the output from the energy of
packing is 60 mm and the camera observes the vertical velocity tuned filters in the Fourier domain. It

face orthogonal to the vibratioraxis. has been shown that certain energy-based methods
are equivalent to region-based or differentiation
IMAGE ACQUISITION methods.
An ultra-fast CCD cameraJfl, CMOS CV-A33 In review papers, Barroat al. (1994) and Galvin

with a maximal frequency of 5400 frames/s and &t al. (1998) have evaluated different methods and
maximal field of 494x 660 pixels allow us to follow concluded that the differential method proposed by
the movements of the grains along the walls of thd-ucas and Kanade (1981) yields the best results.
box. The analysis of the images sequencesiis described oiher numerous methods combining local (using
below. spatial constancy assumptions) and global (using
smoothness assumptions) techniques have also been
developed so as to propose an accurate smooth and
VELOCITY FIELD COMPUTATION  dense optical flow field (Broet al, 2004; Bruhn and
Weickert, 2005; Le Besnerais and Champagnat, 2005).
This section is devoted to an image analysig-or the proposed application, a dense optical flow is
method allowing the computation of a dense velocitynot absolutely necessary and a raw velocity field is first
field from an image sequence of vibrated granularequired. Therefore, the computation of the velocity
structures. For that, an optical flow multiscale methodield in this paper is based on the differential method

is proposed. proposed by Lucas and Kanade (1981).
The Lucas and Kanade (1981) method, as many
OPTICAL FLOW BASED IMAGE differential techniques, is based on the assumption of
ANALYSIS METHOD intensity conservation.g., assuming that the intensity

of the objects within the image sequericdoes not

Optical flow (Horn and Schunck, 1981) is an h ianificantly bet e oo
estimation of the apparent motion (velocity) of objectsC ange significantly bétween two Successive image

within an image sequence. It is closely related toframes attimes andt + dt), that is to say:
motion estimation. Nevertheless, the tesptical flow LX) = 1 (Xt dX v+ dv. t -+ dit 1
is specifically used to describe a dense 2D apparent Oy t) = lx+dy+ayt+dy, @)

motion field from the projection of a 3D scene ontowhere t(x,y) and !(dx,dt) are vectors of the pixel
the image plane. Different methods have been reportqdcation and displacement respectivélgtenoting the
for determlnlng optlcal flow such as: matrix (Vector) transposition_

— phase-based methods (Fleet and Jepson, 1990; For small displacements, a first order Taylor
Fleet, 1992): the velocity is defined in terms of theexpansion can be applied:
phase behavior of band-pass filter outputs. They

provide a high accuracy but are generally less | (x+dx,y+dy,t+dt) = I (x,y,t) +
efficient for large displacements;

ol ol ol
— differential methods (Horn and Schunck, 1981; aT((X’y’t)dXJr@(X’y’t)derE(X’y’t)dt' @)
Lucas and Kanade, 1981; Uras al, 1988):
velocity is computed from spatio-temporal  compining Eq. 1 and Eq. 2, the optical flow
derivatives of image intensities. These techniquegqsiraint is then given as:
offer a good trade-off between robustness under
n0|§e and density of.the flow fields; ﬂ(x,y,t) it ﬂ(x,y,t) dy+ ﬂ(x, ydt=0. (3)
— region-based matching methods (Bettal, 1983;  9X ady ot
Anandan, 1989; Little and Verri, 1989): the
velocity is defined as the shift yielding the best
fit between image regions, according to some 4l
similarity measure. These methods provide more 0—X(x,y,t)vx+a—y(x,y,t)vy+ Sy =0, ()
robustness with respect to differentiation and are
generally quicker but they are less successful fowherev= (v, w) is the velocity vector at location and
sub-pixel velocities; time (x,y,t).

which results in:
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Thus, Eqg. 4 could be written as the differential MULTISCALE APPROACH

system: _
(holy) (Vo) + 1t =0, (5) The two key components of an optical flow method

i _are accuracy and robustness. These components relate
wherely,ly andl; denote the space and time partialiy the size of the windowv:

derivative ofl (x,y,t), respectively.

This is a system of one equation with two— @smallwindow is preferable for accuracy in order
unknowns v, vy ant this it can not be solved as not to “smooth out” the details contained in the
such. This is known as the aperture problem of the images,
optical flow algorithms. Consequently, another set
of equations is needed, given by some additional
constraints (Horn and Schunck, 1981).

a large window is preferable for robustness to
handle large motions.

To solve the aperture problem, Lucas apd I_(anade There is therefore a compromise between accuracy
(1981) assume a locally constant velocity in theand robustness when choosing the window size. In
neighborhood of the considered pixel. Assuming thathis way, a multiscale and iterative implementation

the velocity vectonv = '(w,Vy) is constant within a (Bouguet, 2000) is proposed for providing both a
small windowW of sizen pixels centered &ix,y) and  robust and accurate method.

ordering the pixels within as,1.,n, yields an over-

determined system: The multiscale representation is given by a
Gaussian pyramid (Burt and Adelson, 1983). In this
lxy ly; lty way, the optical flow is computed in a coarse-to-
by | [ vy N lp | 0 (6) fine analysis. The velocity is first computed at a low
o Vy N resolution {.e., at a high level of the pyramid), in an

iterative way so as to ensure the stabilization of the
solution, before advancing to the next level. Then, the
This system can be written in the following field is warped and upsampled at the next level of the
matricial form: pyramid and the optical flow is computed again. This
Av+b=0, (7) loop estimation is performed until the highest image

resolution {.e., at the lowest level of the pyramid).

IXn IYn Itn

whereA v, b denote the space partial derivative matrix,
the velocity vector and the time partial derivative  This iterative multiscale algorithm, denoted
vector, respectively. Motion-2D (Belhaoua, 2007), for estimating the

To solve this system of equations, the least squaré¥tical flow between two image frames is therefore
method is used in the Lucas-Kanade optical flowl€composed in the steps presented in Alg. 1.

estimation: Note that all computations are achieved at a

v= (A8 1A (—b)], (8) subpixel accuracy level, using bilinear interpolation.

that is to say: REGULARIZATION

-1
i@ i'm'yi _ ilxi N Despite that velocity vectors are only computed
Vy | & & i for large eigenvalues GAA (see section about optical
[ Vy } I o 0 12 B d I ' flow), some outliers could appear. So, in order to have
i; XN i; Yi i; yi't a smoothed optical flowi.e., to discard outliers), a
© median filtering could be applied on the dense motion

field (using either the norm or the angle of the vectors).
This estimation is reliable if the matridA is ( g g )

invertible,i.e., with no zero eigenvalues. Consequently, In the proposed algorithm, the median filtering
the Lucas and Kanade (1981) method computes thg only performed if the norm or the angle of the
vectorv at a pixel(x,y) only if both eigenvalued;, A2 considered vectov = (v, V) is far from the median

of 'AA are greater than a predefined threshold valugajue of those within a & 3 window centered on the
A. Note that if A1, A2 are both large, the poini,y)  pixel located atx,y).

corresponds to a corner point (Harris and Stephens,

1988). Therefore, in the proposed method, the velocity This regularization process has been added to
vectors are computed at corner points. Motion-2Das an option.
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input : Imaged andJ
output: Velocity field between imagdsandJ

pyramidal decomposition in+ 1 levels of the
two image frames andJ: Ip =1,14,...,1. and
Jo = J,Jl,...,JL;

initialization of the optical flowyv, 1 = 0;

for| — LtoOdo
imagel,": warping of the imagéy with the
upsampled optical flow}", ;:
IIJr =1 +VI*+1;
loop estimation of the optical flow between
imaged," andJ:
for k— 1to K do
n = iterative Lucas-Kanadey is the
optical flow at level for iterationk.
end
optical flow at level between imagek"
andJ: n;
final optical flow at level between images
Iy andJ:vi = V{' , +ni;

end

estimation of the final optical flow between
imaged andJ:

L
e o

n;" is the optical flown, ;1 upsampled at level;

Algorithm 1: Algorithm Motion-2D. The
velocity field is computed using an iterative
multiscale image analysis method.

VALIDATION

In general, the performance of the optical flow

C — D (numerical test / differential translation): A
pictureC of a sand packing is split into different
zone<C; which are shifted by, pixels each to give
a pictureD.

E — F (physical test / translation): The sand
packing is shifted byd mm with the translation
bench. The pictures of the initial and final states
are labeledE andF respectively.

G —H (physical test / rotation): The sand packing
is rotated by an angle af degrees with the rotation
bench. The pictures of the initial and final states are
labeledG andH respectively.

VELOCITY FIELD COMPUTATION
FOR TEST IMAGES

A—B : Various pairs of image# — B were created

corresponding to translations between one and
ten pixels. Several analyses were performed on
these images by varying the level of pyramid
L from O to 4 and the window siz&/ from

3 to 25 pixels. Results of these analyzes are
presented on Fig. 5. They show that there exists
conditions for a displacement g pixels to be
accurately estimated. In fact, when using small
window (W < p), analyzes should be carried
out for high pyramid levels. For instance, for a
displacement of ten pixels, one shall use= 3
(pyramid level) andW = 3 (window size). Let
us notice that in these experiments, a mean grain

methods are evaluated on real sequences and synthetic diameter is equal to about eight pixels. So, the
sequences for which motion fields are known. Some  idth of the largest windowV is about three mean

common evaluation criteria are average angular error,
standard deviation and density of measurements

(Barronet al.,, 1994).

GENERATION OF TEST IMAGES
In order to validate the implementation of

the proposed algorithm in terms of accuracy and

robustness, several tests have been performed on

images of granular structures with imposed motion.

Four pairs of images have been built:

e A—B (numerical test/ translation): A pictureof
a sand packing is shifted by exaciypixels with
Aphelion™ software to give a pictuig

39

diameters. Computation time is an other important
parameter especially for gquantitative analyses.
This parameter is almost constant when increasing
pyramid level for small windowsW < 9) and
increases dramatically for large window§ (> 9).
Results obtained for pyramid levdl = 2 are
satisfactory for all the investigated window sizes.
For the following analyzes, the pyramid leviel

is kept equal to two and the window widW is
chosen to be equal to three grain’s mean diameter
ds3. The latter choice will be justified in the
section Results.
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Table 1. Physical translation: Comparison
10 imicra between real and ficulateqdisplacement of a sand
I R — packing. The image analysis method is performed
& T e with parameters = 2 and W= 15.
g 5 g::;'/?-rj/ 4 d[mm] d[pixel] Pcalculated
sl = 0.1 082 083002
cH S 8 W 0.3 2.46 2.49t 0.02
I A AR P vssress R a 0.4 3.28 3.41 0.03
s 0.5 4.1 4.2 £0.09
0.8 6.56 6.63t 0.04
0 ' 2 ’ ! 1. 8.2 8.29%+ 0.09
fyamidievel L 1.5 12.3 12.08: 0.3

Fig. 5.Numerical test: the computed displacement
(in pixels) between two images A and B (for _ )
different numerical translations) is plotted versusG—H : Fig. 7 shows the result of the rotation

the pyramid level L for different window sizesw.  test analysis byMotion-2D. By going away
from the center of rotation (pushpin center), the

displacement increases according to the thw

_ ) _ a xr (r: radius).
C—D : Using a pyramid leveL=2 and a window

width W =~ 3d, 3, the displacement field between
imagesC and D was calculated. For each z,
the displacement is averaged along the axis.
The resulting profile is plotted on Fig. 6. The
different regions corresponding to different values
of displacementp pixels are well detected and
separated.

—

calculated

mean displacement [pixel]

41 // \ Fig. 7. Displacement field from rotation: the cup

] - o filled with granular material was rotated around
the pushpin. The resulting images were analyzed

0 : : : : with parameters |=2 and W= 15= 3Dy 3.

0 100 200 300 400 500

vertical position z [pixel]

Fig. 6. Diff il ical . th Following these validation experiments, the
g. 6. Differential numerical test: the mean algorithm is parameterized with a pyramidal level

_computed and real displacements between ) levels, a number of 100 iterations and a window
images C and D are plotted versus the vertical

2. ) L sizeW of approximately three mean grain diameters.
position z. The thick (resp. thin) line represents PP y g
the computed (resp. real) displacement. The inset
shows the different translations performed on

image C to obtain image D. RESULTS

EXPERIMENTAL OBSERVATIONS

E—F : Several translation tests, from 0.1 mm to In vibration experiments, a typical run consists
1.5 mm, were performed. The resulting imagesn increasing the value of the relative acceleration
were analyzed with parameteks= 2 andW ~  from zero at a fixed frequencf = 50 Hz. Different
3ds 3. Table 1 shows the experimental results andehaviors were observed as a function [of To
calculated results. facilitate the discussion, the vertical faces orthogonal
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(resp. parallel) to the vibrations direction are labeledvidth W =~ 3d,4 3. The choice of such window width is
“North/South” (resp. “East/West”"). The observationsjustified by the fact that, during their fall, grains can
are the following ones (Raiharm al., in press): undergo simultaneously rotation motions. Hence, the
. algorithm would meet difficulties to recognize them if
0<IF<l;~03 : The whole granular packing ihe window recovers only one grain. A window width
behgves like a compact _solld which follows the s three grain mean diameters seems to be a good
motion of the box (at rest in the box frame). compromise to avoid chaotic behavior of granular
i<l <T,~09: Grains simmering at the free Movements and to take into account the displacement
surface; the other regions are at rest in the bogradient (Medved, 2002).
frame.

. . 48
N, < <4.5: Atl,, a transition occurs from a solid- Veriea iy

like behavior of the whole packing to a fluid- ®
like one in the upper region, the lower region
remaining unchanged. At the free surface, grains
move towards the walls from the middle of the
granular medium and then, avalanche into the
gap created between the granular packing and
the North/South walls. On the East/West faces,
two convective counter-rotating rolls are observed
(Fig. 8). Only the upper region of the packing is R ‘ -
fluidized. By increasing the relative acceleratign 20 10 2 Kl a0 50 60
the thickness of the fluidized regidy increases. Height [mm]

Fig. 9. Velocity profiles of grains at the North
wall for a granular packing of initial height
H; = 60 mm horizontally vibrated at three different
accelerations. Profiles show a flat zone and a large
peak corresponding respectively to the solid lower
zone and the fluidized upper zone of the packing.

T

28 € >
Fluidized !

thickness E

Total height

Vertical velocity [mm/s]
n
(i}

O To determine the thickness of the fluidized region
Q@e\ for each acceleration, a fluidization velocity threshold

is defined (inset of Fig. 9). Here, when the threshold of

0.06 mm/s is exceeded, the granular medium is said to

, _ . _be fluidized.
Fig. 8. Convective rolls: sketch of convective

motion in a granular packing submitted to _ Fig. 10 shows the evolution of the fluidized
horizontal and sinusoidal vibrations with thicknessEs versus the relative acceleratidbnfor a
acceleration I > 1. In the west/east faces, granular packing vibrated at frequenty= 50 Hz.

two counter rotating convective rolls are observed.
At the north/south walls, grains avalanche to a
distance g from the top.
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QUANTITATIVE DESCRIPTION

In vibration experiments, the aim is to measure the
velocity field of grains at the North/South faces and
the fluidized region thickneds;. For this purpose, a
CCD camera records the grain avalanches at the north
face at the rate of one frame per oscillation period (50
frames per second). For each acceleration, several pairs
of images are analyzed botion-2D(10 pairs fol” <  Fig. 10. Evolution of the fluidized thickness with
1.8, 30 pairs else). The resulting displacement fieldselative accelerationl of a granular packing of
are averaged and then, for each acceleration, a vertidaitial height H = 60 mm. An onset of fluidization
velocity profile is deduced (Fig. 9). For all theseis observed forl = 1 and a saturation for high
analyses, the pyramid level is= 2 and the window accelerations.

Y
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Y
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Fluidized thickness E;[mm]

[&)]
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The phenomena occuring on East and West faces The velocity field shows two convective rolls in

can be described in the same way wilotion-2D. the left and right upper corners of the image. This
Fig. 11 shows the computed displacement field fofUmerical resultis in accordance with the experimental
an image sequence during 20 s. observations (Fig. 8).

Finally, this quantitative description usimpotion-
2D provides the velocity field in a vibrated sand
granular packing and therefore enables to estimate its
fluidized thickness.

CONCLUSION

An optical flow based multiscale image analysis
method has been developed in order to compute the
velocity field in vibrated granular media constituted of
sand grains. This method provides a good compromise
between accuracy and robustness for acceptable

computation time, using specific parameters assessed
= o from several validation tests. The velocity vectors

(a) image at = 20s

IR ) ,,,‘ :?/},72 /{% e i‘; e are computed both using tailor sized windows and
A dddZrzns . D T T KA a coarse-to-fine analysis on 2D image sequences.
: “jf:\‘g\g;;p‘:p"* The results provide a quantification of the fluidized

‘I-‘.‘\I\\\ R -{%@:;_/-e/_ﬁ/ ‘x

- { m_&ﬁk thickness of the granular medium versus the relative
e oy gy 5 A //N acceleration of the vibration (using a fixed frequency).
g ‘::1‘:",,(‘,4, .
"i..,..:‘,i,:i/ﬂﬂ‘/“)}‘
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