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ABSTRACT

This paper presents an improvement of the Orthogonal Dynamic Programming optical flow technique that
permits a better use of all the available information during the iterative search of the vector field in the case
of stereo PIV. The two-component gpparent vector fields are computed simultaneously (synchronously) for
al available viewpoints. Coherency constraints issued from the geometry of the experimental setup and
based upon the existence of a global three-component vector field are applied at each global step of the
iterative search. Tests carried out using the Standard |mages from the Visualization Society of Japan shows
asmall improvement in accuracy and a significant improvement in robustness.

1 INTRODUCTION

Many iterative methods have been proposed for the implementation of Particle Image VVelocimetry
(PIV) systems[1] [2] [3] [4]. They usually yield asignificant increase in accuracy and robustness
through the use of variable size search windows (hierarchical / multi-resolution approaches) and
image grid deformation (subpixel alignment search). These methods (like the classical ones)
permit the recovery of the two in-plane velocity components in a planar section of a 2D or 3D
fluid flow illuminated by a thin laser sheet from a single image sequence taken from a single
viewpoint.

Using image sequences taken simultaneously by two or more cameras from different view-
points, it is possible to recover the three velocity components, again in a planar section of a 3D
flow field illuminated by athin laser sheet. The classical way to do thisis to compute the appar-
ent two-component vector field independently for the two (or more) image sequences and then
to combine these two (or more) two-component vector fields (defined in the camera focal planes
in image coordinates) into a single three-component vector field (defined in the laser sheet plane
in world coordinates) using the camera calibration parameters (generally using a least square
method).

We may notice that the two (or more) two-component vector fieldsthat areiteratively searched
for independently for each image sequence are actually not independent from each other. Instead,
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they are constrained among them by the geometry of the experimental setup and the existence
of a single three-component vector field of which they are the projection. The purpose of this
work is to investigate the possibility to get an improvement in the accuracy and/or robustness of
iterative methods for the three-component vector field search by exploiting the fact that the two
(or more) two-component vector fields that are classically searched for independently are actually
constrained among them in such away.

The idea is implemented and evaluated here using the Orthogonal Dynamic Programming
Optical Flow technique for theiterative search of two-component vector fields. However, it should
be applicable to any other iterative technique that offers suitable characteristics (mainly, the full
density and continuity of vector fields).

2 SYNCHRONOUS ITERATIVE VECTOR FIELD SEARCH
2.1 Principle

The final building of the three-component vector field makes use of the camera calibration data
as additional constraints. During this process, data extracted from the different viewpoints are
merged in away that not only reduces their volume but, additionally, make them coherent with
respect to the geometrical constraints of the experimental setup. This coherency can be enforced
when the three-component vector field (defined in the world coordinates) are back-projected
(split) into two (or more) two-component vector fields (defined in camera image coordinates).
When this is done, the resulting two-component vector fields become coherent among them with
respect to the geometrical constraints of the experimental setup. Thisisunlikely to be the case for
the directly and independently extracted two-component vector fields: though it should roughly
be the case from the experimental system design and calibration, this is not exactly the case since
errors are introduced during the vector field extraction and these errors are not (or, at least, not
fully) correlated. During the merge and back-projection of the vector fields, errors are made
coherent with the rest of the vector fields and also averaged, which implies statistically reduced.

Thebasic ideainthiswork isthat, if the vector field extraction process is based on an iterative
refinement, instead of being done only once at the end of the process (Figure 1), the merge step
(completed by a back-projection split step) could be inserted at each iteration (Figure 2). This
ensures that the refined vector field is kept coherent with the geometrical constraints of the exper-
imental setup during the whole process and not only made so at the end. It is expected that the
residual error, which is averaged during the merge and back-projection step, will be statistically
reduced during the whole process leading to more accurate and more robust results.
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Synchronous Iterative Vector Field Search emphasizes the fact that the vector field refinement
iterations that have to be carried out for the recovery of the two-components vector fields for

ot International Symposium on Flow Visualization, Heriot-Watt University, Edinburgh, 2000
Editors G M Carlomagno and | Grant 378-2



Synchronous Orthogonal Dynamic Programming for Particle Image Velocimetry

CAMERA
CALIBRATION

2C FLOW FIELD
REFINEMENT

Y

INPUT SEQUENCE #1

2C FLOW FIELD
REFINEMENT

\A

INPUT SEQUENCE #n

|  3C VECTOR FIELD

Fig. 2 Synchronous iterative vector field search

Q

each of the viewpoints are no longer executed independently but synchronously in the sense that
corresponding iterations are executed as a group and that between each group execution, a syn-
chronization step isinserted. The synchronization step here is“simply” the merge of the two (or
more) two-components vector fieldsinto a single three-component vector field (using the geomet-
rical constraints of the stereo PIV experimental setup and a least square minimization algorithm)
and the back-projection of this three-component vector field into two (or more) two-components
vector fields.

2.2 Merge of the two-component vector fields

For each viewpoint ¢, the useful geometrical constraints can be expressed by the § and g. func-
tions:

(x,y) = fe(uc,ve) (kx,ky) = gc(uc, Vve) D

where (uc, V) are the coordinates of a point in the image focal plane of camerac, (x,y,0) are the
coordinates of the corresponding location in the illuminated plane, and (k,ky,1) are the compo-
nents of the director vector of the line passing through the (x,y,0) point and projecting (in the
neighborhood of this point) on the (u, V) point in the image focal plane of camera c. These
functions can be expressed explicitly using the camera calibration parameters (and, optionally,
informations about changes in the refraction index along the optical pathway) using ray tracing
approaches. Figure 3 shows an example using only the X and Z components.
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Fig. 3 Ray tracing from a camerafocal plane location

ot International Symposium on Flow Visualization, Heriot-Watt University, Edinburgh, 2000
Editors G M Carlomagno and | Grant 378-3



Georges Quénot

The merge of the two-component vector fields is done in two steps. In the first one, vec-
tor fields obtained in the camera focal planes (in camera coordinates (4,vc) and units (pix-
els/timestep) are forward-projected on the light sheet plane (in world coordinates (x,y,0) and
units (i.e. cm/s). For this, the f--* functions, inverse of the f, functions have to be used. Except
in the case in which there is no change of the refraction index aong the optical pathway, the {1
functions cannot be expressed explicitly but they can be computed practically as the inverse of
the f functions. The (vxc(X,Y),Vye(X,Y)) vector field, forward-projection of the camera ¢ vector
field (vyc(u, V), Ve (u,Vv) can then be computed as:

Ve(X,y) ) _ 1 -1 vue(fs H(x,Y))
( Vyc(X,Y) ) - ts.(grad fc)(fc (x,y))< ch(fc_l(X,Y)) > (2)

ts being the time step. For this computation be practically possible, it is necessary that a (\ic, Vuc)
can be computed at any (even non-integer) (u,v) location in the camera c focal plane. This re-
quires that the recovered vector fields be dense enough and continuous enough so that interpola-
tion technigques can be usable and accurate. The forward projections are computed independently
for each viewpoint c.

The second step of the merge of the two-component vector fields is the building, in the light
sheet plane, of the single three-component vector field. At a given location (x,y), a (\, Vy,V;)
three-component velocity vector is projected for each viewpoint ¢ along the (1, ke, kyc) associated
director vector ( (Kec,kyc) = g(fs 1(X,y)) ) into a (Vxep, Vycp) VECtor as:

Vx
Viep Y [ 1 0 —Ky
(Vycp>_<o 1 ke )7 W ®)
Vz
The goal isto find a (v, vy, V;) vector whose projections (Vicp, Vycp) best matches the (vye, Vyc)

vector fields, forward-projections of the (v, Vi) extracted vector fields. A natura choice is the
(Vx, Vy, V) vector that minimizes the residual quadratic error:

E (VX7Vy7VZ) = Z ((chp — ch)z + (Vycp — Vyc)z) 4
C
It immediately comes from equations 3 and 4 that E (%, Vy,V;) is a quadratic function of v,
vy and v,. Its minimum value is obtained when its three partial derivatives JE /dy, JE /dvy and
oE /dv, are smultaneously null. These partial derivatives are linear functions of v, vy and v, and,
if there is at least two different viewpoints, they form arank 3 linear system that has a unique
(Vx, Vy,V;) solution. The (vx(X,Y),Vy(X,Y),V-(X,y)) vectors are computed independently for each
desired (x,y) location, typically a 2D-grid in the light sheet plane.

2.3 Back-projection of the three-component vector field

The back-projection is much simpler and computed independently for each (u,V¢) location in
the focal plane of each camera c. The corresponding (x,y) location and (k,ky) director vec-
tor components are computed using the f, and g. functions (equation 1). The corresponding
(Vx(fe(ue,ve)), vy (Te(ue,Ve)), V2 (fe(uc, Ve))) three-component velocity vector is then interpolated
from the nearest available (w(x,Yy),Vy(X,Y),V-(X,y)) values (since, the f;(uc,Vc) location is usu-
aly out of the grid locations for which the three-component vectors were computed). This three-
component vector is then projected on the laser sheet plane along the director vector associated
to each of the viewpoints, it is simply done using equation 3 but here with (ke,kyc) = gc(Uc, V).
Finally, the (Vycp( fe(Uc,Ve)), Vyep(fe(Uc,Vc))) obtained vector is back-projected on the focal plane
using the following equation, symmetrical of equation 2:
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VeelteoVe) ) ¢ (grad fo) Hue,ve). Vel felteoVe) ®)
(et ( )

Ve (U, Ve) Vyep( fe(Ue,Ve))
2.4 Interpolation of vector fields

Generally, each two-component vector field is defined on a discrete rectangular grid aligned to
the corresponding pixel image grid and possibly subsampled from it. Generaly aso, the three-
component vector field isdefined in the laser sheet plane also on adiscrete rectangular grid aligned
with the chosen cartesian real world coordinates (possibly up to an isometry). There is little
chance that there is a good correspondence between these different grids through the forward and
backward projections along the optical pathways. Therefore, in both the merge and split steps,
it is necessary to transform vector fields defined into “their” grids into vector fields defined into
other grids. In order to keep the resolution of the vector fields during the merge and split synchro-
nization step, it is necessary that the density (total number of points) of al the grid be roughly
the same. Vector values for non-integer grid coordinates can be obtained by bilinear interpolation
(or any other method). This requires that the used iterative vector field search technique provides
dense (without holes) and “reasonably” continuous vector fields.

The double interpolation required for the merge and split induces some smoothing of the
vector fields. Thisis not necessarily a problem for iterative methods and may even improve the
result by enforcing some local coherency.

It istheoretically possible to evaluate the vector fieldsin the image sequences at |ocations that
are the back-projections in the camerafocal planes of the grid used for the definition of the three-
component vectors. Thiswould eliminate the need for vector field interpolation both forward and
backward. However, this would require the iterative computation of the two-components vectors
at non-integer and non-aligned locations and thisis not how most iterative two-components vector
field evaluation methods currently work. This possibility might be used in the future.

3 SYNCHRONOUS ORTHOGONAL DYNAMIC PROGRAMMING

The Orthogonal Dynamic Programming (ODP) optical flow computation technique [5] is a good
candidate to test for the Synchronous Iterative Vector Field Search improvement since it is based
on an iterative search for a dense velocity field that minimizesthe Ly or L, (Minkowski) distance
between two (or more) images while enforcing continuity and regularity constraints. Its original-
ity isthat it transforms the search problem for aglobal two-dimensional alignment into a selected
sequence of search problems for semi-global mono-dimensional alignments. It has proven to be
avaluable tool for Particle Image Velocimetry [2] [3] and, compared with other optical flow ap-
proaches or to the classical correlation based DPIV techniques, it offers the following advantages
simultaneously:

e |t can be applied simultaneously to sequences of more than two images.

e It performs a global image match by enforcing continuity and regularity constraints on the
flow field (this helps in ambiguous or low particle density regions).

e It provides dense velocity fields (neither holes nor border offsets).

e Loca correlation isiteratively searched for in regions whose shape is modified by the flow,
instead of being searched in fixed windows (this greatly improves the accuracy in regions
with strong velocity gradients).

e Itisableto search for subpixel displacements.
e Itisableto operate on multi-band (e.g. colour) images.
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The most useful of these characteristics for the “synchronous’ improvement are the conti-
nuity and full density of the recovered vector field during the whole iterative process. Both are
necessary for the merge and split synchronization step to operate nicely. The combination of the
Synchronous lterative Vector Field Search with the ODP technique will be referred to as Syn-
chronous Orthogonal Dynamic Programming (SODP).

4 PERFORMANCE EVALUATION USING THE VSJ STANDARD IMAGES

Bath the original (ODP) and synchronous (SODP) methods have been evaluated on calibrated
synthetic test sequences [6] made publicly available (http://www.vs]j.or.jp/piv/ima-
ge3d/image-e.html) by the Visualization Society of Japan (VSJ) using a standard protocol
[7] dso publicly available (http://www-clips.imag.fr/mrim/georges.quenot/ -
vsj-eval/evaluation.html). There are two test sequences, STD331 and STD337, 145-
and 201-images long respectively and taken each from three viewpoints simultaneously. The
performance index is the global RMS error on all three-component recovered vectors and for
al possible time steps (from 144 to 139 and from 200 to 195 respectively using from 2 to 7
consecutive images for the vector field recovery).

Tables 1 and 2 display the absolute (in cm/s) and relative (as a percentage of the global RMS
value of the correct field) global RMS error for the ODP and SODP methods on the STD331
and STD337 test sequences respectively, using 2, 3, 5 and 7 consecutive images. A few severely
erroneous vector fields were obtained for STD331 (7/144 with 2 images, 8/143 with 3 images,
4/141 with 5 images and 1/139 with 7 images). Thisis due to the particle density in this series
which is quite below the optimum value for the ODP method and illustrates one weakness of it
which is somehow a drawback of its strength: since a global match between images is searched
with continuity constraints enforced by the use of dynamic programming, either ambiguity are
correctly resolved using neighborhood information (general case) or local errors are propagated
globally and lead to alargely wrong vector field (when approaching the limits of operation).

STD331 3 x 2images 3 x 3images 3 x 5images 3 x 7images
ODP@ | 0.624 (6.64 %) | 0.532 (5.66 %) | 0.366 (3.89 %) | 0.363 (3.86 %)
density 137/144 (95 %) | 135/143 (94 %) | 137/141 (97 %) | 138/139 (99 %)
SODP @ | 0.607 (6.47 %) | 0.500 (5.32 %) | 0.364 (3.87 %) | 0.359 (3.82 %)
density 100 % 142/143 (99 %) | 140/141 (99 %) 100 %
ODP 0.959 (10.2%) | 7.843 (83.5%) | 4.200 (44.7 %) | 3.760 (40.0 %)
SODP 0.607 (6.47 %) | 1.680 (17.8%) | 0.645 (6.86 %) | 0.359 (3.82 %)

Table 1 RMS error of ODP and SODP methods on the STD331 V SJ test sequence, with manual

filtering of erroneous vector fields (top rows) and with no filtering (bottom rows).

STD337 | 3x 2images | 3 x 3images | 3 x 5images | 3 x 7images
ODP 1.203 (11.6 %) | 1.014 (9.84 %) | 0.823 (7.99 %) | 0.776 (7.53 %)
SODP 1.047 (10.1 %) | 0.992 (9.62 %) | 0.835 (8.10 %) | 0.808 (7.84 %)

Table 2 RMS error of ODP and SODP methods on the STD337 V SJ test sequence.

The SODP enhancement was conceived for improving the robustness of the ODP method to
such global mismatches and it actually worked since the number of erroneous vector field was
greatly reduced (only 1/143 with 3 images and 1/141 with 5 images remained and, for those
remaining, the global error was also significantly reduced). The globally spurious vector fields
are quite easy to detect visualy (Figure 4) and they can be manually filtered (spurious vector
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fields are removed as a whole even though asignificant part of them may still be correct). Table 1
shows the results with and without manual filtering. No such global errors were found with the
STD337 test sequence. When no global correction occurs, the SODP method produces little (and
sometimes none) improvement of the global RM S error. Therefore, the gain is more in robustness
than in accuracy. The gain in accuracy is more important (or even actually a gain) when a small
number (2 or 3, and this is by large the most common practical case) of consecutive images are
used to evaluate the two-component vector fields. Thisindicates that the synchronous method can
correct errors that could aternatively be corrected using more images, even if additional images
are not available.

Figure 4 shows an example where the synchronous method yields a significant improvement.
Third component (Z) is visualized in place of the vertical one (Y) in the bottom row (vectors
must be rotated 90 degrees backward around an horizontal axis). The global RMS error for the
three-component vector fields obtained by the ODP and SODP methods are of 13.28 and 0.53
cm/s (145 and 5.79 %) respectively for a global RMS value of the correct vector field of 9.16
cm/s corresponding to an average (RMS) image displacement of 8.38 pixel/interval.

5 CONCLUSION

The Synchronous lterative Vector Field Search has been implemented using the Orthogonal Dy-
namic Programming (ODP) optical flow technique as the initial iterative vector field search tech-
nique. Both the original (ODP) and synchronous (SODP) versions have been successfully applied
to Stereo Particle Image VVelocimetry. The synchronous version yields asmall improvement in ac-
curacy and a significant improvement in robustness. The gain in accuracy is more significant in
the most common case in which a small number of consecutive images are used. Both methods
have currently been tested only on synthetic calibrated image sequences but in the case of classi-
cal (non stereo) PV, it was observed that ODP was also very good on noisy synthetic sequences
and on rea ones[2] [3] [7].

The Synchronous Iterative Vector Field Search has been implemented and evaluated only with
the ODP optical flow technique asthe initial iterative vector field search technique but it could be
used with any other iterative vector field search technique provided that it produces dense (without
holes) and “reasonably” continuous vecotr fields.
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