Performance Evaluation of an Optical Flow Technique applied
to Particle Image Velocimetry using the VSJ Standard Images

G. M. Quénot

Abstract. A Dynamic Programming based Optical
Flow technique has been applied to the Particle Im-
age Velocimetry (PIV) problem. It has been tested
for the search of two-component (using one camera)
and three-component (using two or three cameras)
planar velocity fields corresponding to a region il-
luminated by a laser light sheet. Tests have been
carried out on calibrated synthetic image sequences
from the PIV Standard Project of the Visualization
Society of Japan (VSJ). Results are presented for
the 2D flow field based sequences (VSJ test sets 01
to 08)and the 3D flow field based sequences (VSJ
test sets 301, 302, 331 and 337). Accuracy is within
the 2-3 % range and within the 3-5 % range for the
two-component and the three-component flow field
recovery respectively.

1
Introduction

The experimental fluid mechanics technique of Par-
ticle Image Velocimetry (PIV) has proven to be a
valuable method for quantitative, two-dimensional
flow structure evaluation [1]. It enables the mea-
surement of the instantaneous in-plane velocity vec-
tor field within a planar section of the flow field.
Using two or more cameras, it is also possible to get
the out-of-plane velocity component. Nowadays, al-
most all PIV is done by computer image processing
on digital images (DPIV) [2] and most methods are
based on image intercorrelation.

One of the main drawbacks of classical DPIV is its
inability to accurately resolve flow regions charac-
terized by large velocity gradients. This is due to
the strong deformation of the particle image pat-
tern within a DPIV search window. Hence, several
alternative evaluation methods have been proposed
to remove the above limitation [4], [5], [6].
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It has been shown [8] that an optical flow method [3]
[7] may also be an interesting alternative, offering
high evaluation accuracy without most of the typ-
ical DPIV limitations. Conventionally, this tech-
nique was developed for detecting motion of large
objects in a real world scene. The idea of this eval-
uation technique is in some sense similar to the Im-
age Correlation Velocimetry proposed by Tokumaru
and Dimotakis [5].

The objective of the present study is to better char-
acterize the performance of the optical flow tech-
nique for PIV using publicly available image se-
quences from the PIV Standard Project of the Vi-
sualization Society of Japan [9)].

2
Optical Flow for Particle Image Velocimetry

Optical flow computation consists in extracting a
dense velocity field from an image sequence assum-
ing that the intensity (or color) is conserved during
the displacement. Many techniques have been de-
veloped for the computation of optical flow. Not all
of these are well suited for the DPIV problem. Many
require long image sequences that are not easily ob-
tainable experimentally and/or do not perform very
well on the particle image texture (especially multi-
resolution methods).

The technique that was chosen for the PIV appli-
cation was introduced as the Orthogonal Dynamic
Programming (ODP) algorithm for optical flow de-
tection from a pair of images [3]. The originality
of this algorithm is that it transforms the (com-
plex) search problem for two-dimensional align-
ments into a carefully selected sequence of (simple)
search problems for monodimensional alignments.
It is based on an iterative search for a continuous
and regular velocity field that brings the second im-
age over the first one while minimizing the L; or
L, (Minkowski) distance between them. The tech-
nique has been extended to be able to operate on
longer sequences of images and to search for sub-
pixel displacements [7]. The ODP based PIV will
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Figure 1: One particle image, four superimposed images and the correct velocity field

be referred to as ODP-PIV. It cannot be detailed
here but it is fully explained in [8]; it can be related
to classical intercorrelation techniques but with the
following differences:

e Basic matching is searched on elastic image
strips (either horizontal or vertical) instead of
being searched on rigid blocks, and robust strip
matching is performed using Dynamic Pro-
gramming which enforces continuity and reg-
ularity constraints,

e A global, dense, continuous and coherent image
matching is iteratively updated and refined us-
ing alternatively horizontal and vertical strip
matchings and by reducing the strips’ width
and spacing along with the iterations,

e The technique is able to operate on multiband
(e.g. color) images,

e It can be applied simultaneously to sequences
of more than two images,

e It can search for subpixel displacements,

e It provides dense vector fields (1 velocity vec-
tor for every pixel, neither holes nor border off-
sets).

3
The VSJ PIV-STD Project

A research group (PIV-STD) organized by the
Visualization Society of Japan (VSJ) has devel-
oped standard image test sets for quantitative
performance evaluation and comparison of PIV
systems [9]. They are distributed via Internet
(http://www.vsj.or.jp/piv/) or by CDROM and
publicly available. “Standard” image sequences are

proposed for 2D and 3D flows. The results pre-
sented here make use of standard image sequences
based on 2D flows (test sets 01 to 08), and 3D flows
both for the recovery of two components (test sets
301 and 302) and three components (test sets 331
and 337) of the velocity fields in a planar section of
the flow.

4
Recovering 2D flows

The first standard image sequence (s01) is a “typ-
ical” case defined by the following parameters :
N = 4000 (number of particles), ' = 33 ms (time
interval, defining the scale of the in-plane veloc-
ity), v = 7.39 pixel/interval (in-plane velocity),
L = 20.0 mm (light sheet thickness, defining the
scale of the out-of-plane velocity), w = 0.017 -
/interval (out-of-plane velocity, fraction of the par-
ticles leaving and entering the light sheet per inter-
val), P, = 5.0 pixel (average particle diameter) and
P, = 1.4 pixel (standard deviation of particle diam-
eter). The seven following standard image sequence
(s02 to s08) differ from the typical case by only one
parameter. The images are 256 x 256 pixels rep-
resenting an actual 100 mm x 100 mm area. The
ratio between the in-plane and out-of-plane average
velocities is of about 0.12 (defining a 2D flow). Fig-
ure 1 shows one image of the first sequence, four
consecutive superimposed images and the used ve-
locity field.

Table 1 displays the parameter set used for the eight
standard sequences as well as the accuracy results
for the ODP-PIV method using respectively two,
three and four images. ODP-PIV control parame-
ters are tuned differently for low and high out-of-
plane velocity (s08 sequence). The PIV-STD group
does not specify any particular way of displaying



No. N T v L w P, | P; | 2images 3 images 4 images
s01 | 4000 33 | 7.39 | 20.0 | 0.017 | 5.0 | 1.4 | 3.52+2.91 | 3.294+2.74 | 3.21+2.66
s02 | 4000 | 100 | 22.4 | 20.0 | 0.053 | 5.0 | 1.4 | 10.8£11.7 | 10.2+10.2 | 10.2£10.5
s03 | 4000 10 | 2.24 | 20.0 | 0.005 | 5.0 | 1.4 | 9.82+5.14 | 9.74+5.00 | 9.75+4.96
s04 | 10000 | 33 | 7.39|20.0 | 0.017 | 5.0 | 1.4 | 1.97£2.67 | 1.45+1.82 | 1.33£1.53
s05 | 1000 33 | 7.39 | 20.0 | 0.017 | 5.0 | 1.4 | 3.53+£3.42 | 2.68+3.14 | 2.33+2.98
s06 | 4000 33 | 7.39 | 20.0 | 0.017 | 5.0 | 0.0 | 2.30+4.13 | 1.50+1.57 | 1.33+1.41
s07 | 4000 33 | 7.39 | 20.0 | 0.017 | 10. | 4.0 | 2.93+4.51 | 2.23+2.95 | 2.08+2.89
s08 | 4000 33 | 739 | 2.0 | 0.176 | 5.0 | 1.4 | 7.79+13.0 | 5.05+4.57 | 3.90+3.82

Table 1: Results on the VSJ standard sequences 01 to 08

the results or any comparison program. Accuracy
results are displayed here in percentage as mean er-
ror + standard deviation of error, the error being
the relative error (absolute error in pixel/interval
divided by the average in-plane velocity also in
pixel/interval).

The typical case parameters appear to be subopti-
mal for the ODP-PIV method (they are probably
tuned for Particle Tracking methods) for the par-
ticle density (at least 2.5 times too small) and size
(twice too big). However, the default in-plane veloc-
ity scale is near the optimum and the out-of-plane
velocity has negligible effect (except for the s08 se-
quence).

The accuracy for the typical case (s01) is below 4 %
for the three variants. Severe accuracy degrada-
tion occurs when the average in-plane velocity is
far (3 times smaller or larger, s02 and s03) from
the optimum one. Increasing the particle density
(s04) highly improves the accuracy while decreas-
ing again the particle density (s05) does not further
degrade the accuracy. Reducing the particle diame-
ter standard deviation improves the accuracy (s06)
as well as incresing the particle diameter (s07, how-
ever this is linked to the insufficient particle den-
sity). Finally, high out-of-plane velocity (s08, 17 %
of particle appearance and disappearance per inter-
val) significantly degrades the accuracy. However,
even in this case, an accuracy of about 4 % is ob-
tained using the four images. Near the optimal par-
ticle density (s04), the accuracy is as good as 2 %
using only two images and below 1.5 % using the
four images.

Custom image sequences were also generated using
the version 2 of the custom made standard image
program in order to evaluate the effect of the vari-
ous tunable parametrs [10]. These image sequences
are also publicly available from the VSJ server
from: http://www.vsj.or.jp/piv/java/tmp2/-
<No.>/index.html. The <No.> field is to be re-

placed by the corresponding test set number (100
to 114).

The optimal number of particles for the method is
10000 (one particle by 6.4 square pixels density),
which is the maximum allowed by the sequence gen-
eration program. However, it is estimated from the
data that the optimal density without that limita-
tion would be about the same. The optimal particle
diameter is around 2.5-3.0 pixel. The optimal aver-
age in-plane velocity is of about 8-9 pixel/interval.
This last value may change for higher relative out-
of-plane velocities (w, a value of 0.05 is used here).

5
Recovering two components of 3D flows

Recovering two components of 3D flows is almost
the same problem as the recovering of 2D flows.
Two components only (the in-plane ones) are recov-
ered from a single camera. The third component,
however, is no longer supposed to be negligible; it is
not recovered but makes the problem more difficult
by inducing much higher rates of particle appear-
ance and disappearance.

Test set 301 contains a single 145-image continuous
sequence (of a jet impinging on a wall at 12 cm/s
with a Reynolds number of 3000, the time step is
5 ms) as well as the correct flow field for each time
step. The target flow field is a 4cm x 4em X 2cm
volume and the laser light sheet thickness is 2mm
(with a gaussian profile). The average number of
particles in images (256 x 256) is 4000 and the av-
erage particle diameter is of 5 pixels with a standard
deviation of 2 pixels. Test set 302 is identical to test
set 301 except that the average number of particles
in images is 1000 instead of 4000.

Flow fields have been recovered from the sequences
for all possible time steps using from 2 to 7 con-
secutive images and compared to the correspond-
ing correct one. Table 2 displays the errors again



in percentage (mean of the module of the differ-
ence between the recovered and correct flow fields
divided by the mean of the module of the correct
flow field). The errors are computed for every pos-
sible time step in the sequence and the minimum,
average and maximum values are displayed for both
sequences. The minimum, average and maximum
values of the w parameter (specifying the average
percentage of particles entering and leaving the light
sheet at each time step) are respectively of 3.67 %,
6.08 % and 8.52 % (to be compared to 1.76 % for
the standard typical “2D” case).

used | std301 (4000 part.) | std302 (1000 part.)

images| min. avg. max. | min. avg. max.

2 353 486 6.24 | 494 6.84 8091
257 3.73 496 | 3.86 5.73 7.69
225 3.16 4.04 | 3.50 5.08 6.54
1.85 2.75 358 | 3.18 4.75 6.09
1.80 2.69 3.29 | 3.09 4.53 5.70
193 2.8 3.67 | 3.10 4.67 5.83

N OOt W

Table 2: Results on the VSJ sequences 301 and 302

It must be noticed that the parameters chosen for
the virtual PIV experimental setup here are not the
optimal ones for the ODP-PIV method as it has
been mentioned in the previous section. For the re-
covery of the same flow field, significantly better re-
sults could probably be achieved using more smaller
particles (and maybe a slightly larger time step),
but the possibility to generate custom sequences
with tuning of these parameters like in the 2D case
does not currently exist for the 3D sequences.

6
Recovering three components of 3D flows

Stereo PIV is used to recover also the third com-
ponent of the velocity vectors. Figure 2 shows the
stereo PIV virtual experimental setup used. Images
are taken simultaneaously from three different cam-
eras, all three being 6cm far from the center of the
visualized flow field: camera 1 is centered and cam-
era 0 and 2 are respectively 30 degrees off on the
left and on the right. The target flow field is a 4cm
x 4cm x 2cm volume and the visualized flow field
isa 1.2cm x 1.2cm x 0.2cm volume (with a gaus-
sian laser light sheet profile) for the std331 test set
and a 2cm X 2cm X 0.2cm volume for the std337
test set. Also, the flow field is assumed to be in wa-
ter (n = 1.33) while cameras are in air (n = 1.00),
both being separated by a wall at 3cm from the vi-
sualized flow field. The average number of particles

in images (256 x 256 pixels) is 4000 and the aver-
age particle diameter is of 5 pixels with a standard
deviation of 2 pixels.

Visualized flow field

Target flow field

Water 3cm
n=133
Air
n=1.00 3cm
Camera #0 Camera #1 Camera #2

Figure 2: Stereo PIV virtual experimental setup
(top view)

Test set 331 contains three 145-image continuous
sequence (of a jet impinging on a wall at 15 cm/s
with Reynolds number of 3000, the time step is 5
ms) taken by the three cameras (Figure 3). Test
set 337 is identical to test set 331 except that : the
sequences are 201-image long each, the time step
is 2 ms, and the visualized flow field is different
as mentioned in the previous paragraph The exact
3D vector field to be recovered is also provided for
comparison (Figure 4).

Compared to the two-component case, the compu-
tation process has three steps here: computation of
the apparent 2D flow field for each camera, align-
ment of these 2D flow fields on the planar search
area, and building a single three-component vector
from two or three two-component vectors (for each
desired location). The first step is identical to the
classical two-component search (using 7 consecutive
images). The two following steps consist in sim-
ple geometric transformations that make use of the
camera calibrations. The last step also makes use
of a least square method.

Table 3 shows the accuracy results for the recovery
of one three-component flow field using data from
ouly two or all three cameras for each test set. Test
set 337 has a greater out of plane (3D) component
than test set 331, which explains its lower accuracy.
The relative error is within the 3-5% range when all
available information is used (seven images from all
three cameras). However, suppressing the informa-
tion from the center camera does not significantly
degrade the result.
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Figure 4: Vector fields from the VSJ sequence 337, from left to right: 7 superimposed images from center
camera, correct flow field (xy), recovered flow field (xy).
component (z) is also recovered.

Though not displayed here, the third flow field

Vector field to be recovered 331/vec003.dat 337/vec003.dat
Mean x correct velocity (cm/s) 1.86 3.98

Mean y correct velocity (cm/s) 9.13 8.82

Mean z correct velocity (cm/s) 1.71 3.83

Mean xy correct velocity (cm/s) 9.82 11.6

Mean xyz correct velocity (cm/s) 10.0 12.5

Recovered from sequences (1,2) (0,2) (0,1) | (0,1,2) | (1,2) (0,2) (0,1) | (0,1,2)
Mean x velocity error (cm/s) 0.14 011 0.14 0.12 0.17 0.15 0.17 0.13
Mean y velocity error (cm/s) 0.14 0.13 0.10 0.11 0.22 021 0.23 0.20
Mean z velocity error (cm/s) 0.18 0.16 0.23 | 0.16 | 0.53 0.40 0.52 | 0.40
Mean xy velocity error (cm/s) 026 0.23 023 ] 022 | 038 035 040 | 0.34
Mean xyz velocity error (cm/s) 035 031 038 | 030 | 0.81 0.64 0.80 | 0.64
Mean x velocity relative error (%) 138 112 139 | 117 | 133 118 1.37 | 1.07
Mean y velocity relative error (%) 140 134 103 | 111 1.78 1.66 1.85 1.64
Mean z velocity relative error (%) 1.83 1.60 231 1.60 | 428 3.19 413 | 3.19
Mean xy velocity relative error (%) | 2.60 2.29 2.25 | 217 | 3.07 2.82 321 | 274
Mean xyz velocity relative error (%) | 3.46 3.13 3.79 | 3.04 | 647 5.15 6.40 | 5.10

Table 3: Accuracy results for the stereo ODP-PIV on the VSJ sequences 331 and 337



Again, the parameters chosen for the virtual PIV
experimental setup here are not the optimal ones
for the ODP-PIV method as it has been mentioned
in the previous sections and, for the recovery of
the same flow field, significantly better results could
probably be achieved using more smaller particles.

7
Conclusion

This work has shown that the ODP Optical Flow
technique is very efficient for the recovery by Par-
ticle Image Velocimetry in a planar section of two
or three velocity components of three-dimensional
flows. Its accuracy is within the 2-3 % range for
the two-component recovery and within the 3-5 %
range for the three-component recovery (on the test
sets 01 to 08, 301, 302, 331 and 337 of the PIV-STD
project of the Visualization Society of Japan).

However, these results have been obtained using the
exact camera calibration for the three-component
serch (not a recovered one). Taking into account
camera calibration would certainly increase the er-
ror in the flow fied recovery.

Also, the PIV-STD synthetic images and very clean
(without any noise) and, in this regard, may not
be as representative of real data as it would be
desirable. Though they are useful for comparing,
on a quantitative and objective ground, the relative
performances of PIV systems and for providing an
estimation of their absolute performances, results
might change significantly with real and noisy data.
Therefore, experiments should also be conducted
using real PIV data. The ODP-PIV has been proven
to be very robust to noise using other synthetic data
with noise and real data [8], also publicly avail-
able for comparative performance evaluation from
the LIMSI web site at: ftp://ftp.limsi.fr/-
pub/quenot/opflow/testdata/piv.

Future work will consider the effects of both ap-
proximate camera calibration and noise for the per-
formance evaluation of the ODP-PIV method and
other methods using both synthetic and real data.
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