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Abstract In order to improve PIV technique, during these five last years, numerous advanced PIV
algorithms have been proposed. A common characteristic of these algorithms is the image interpolation step,
which can have significant consequences on the final accuracy of the velocity measurement. The aim of this
paper is to propose an original experimental approach to assess the performance of different image
interpolation schemes. The experience is based on a laminar jet of air seeded with oil droplets. The jet with a
flat and uniform velocity profile is used to produce images of particle with known particle displacement in a
range of 0 to 3.2 pixels by step of 0.1 pixel. The main advantage of this approach is to include the whole
acquisition set-up (laser, camera, seeding...) in the accuracy assessment of the interpolation schemes. The
images have been recorded for two optical magnifications: 0.044 and 0.1 and for a large range of lens
aperture. In the present work, six different interpolation schemes have been compared by using the same
advanced PIV algorithm based on continuous window shift technique (CWS).

1. Introduction
Nowadays, Particle Image Velocimetry (PIV) is a well-developed measurement technique,
which is widely used for fundamental research and industrial applications. In the past five years, in
order to improve the accuracy and reliability of velocity measurements, numerous advanced PIV
algorithms have been proposed. Each one integrates different concepts, but in general all of them
extensively use image interpolation technique (Huang et al. 1993, Scarano 2002). It has been shown
that this step can have significant consequences on the final accuracy of the velocity measurement.
A second important aspect of an interpolation scheme step is its performance in terms of
computation load because that point can becomes critical when large dataset has to be analyzed.
Indeed, as illustrated in Fig. 1, the comparison of usual interpolation schemes shows that the
computation time can differ of more than one order of magnitude from an interpolation to another.
The choice of an adapted image interpolation scheme is then always a compromise based on
accuracy and efficiency, but unfortunately it cannot be considered universal for all the situations,
because this choice is also strongly dependent on image characteristics (noise, particle image
size....). For instance, if we look at the negative effect as “peak-locking” observed on the velocity
measurements, its source and its reduction depend on multi-parameters such as image interpolation,
PIV algorithm, correlation peak interpolation, image acquisition (CCD pitch, lens aperture, optical
magnification...). Is is obvious that the choice of interpolation scheme becomes then tricky and that
the “most accurate” interpolation scheme will not be able to perform better than a simple one if the
image quality is poor.
Up to now, the performance assessments of interpolation schemes have been mainly conducted
using synthetic images (Astarita 2005). These approaches are useful to produce an ideal situation of
acquisition in order to evaluate PIV algorithm (including interpolation) and its response to a given
parameter (ex: particle image size, optical magnification...). Nevertheless, whatever the quality of
the synthetic image generator and the sophistication of their physical models, the simulation of the
entirety acquisition step remains a challenge (ex: speckle noise, image distortion...) and then the
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impacts of conclusion have always to be extended with care to real conditions. In the present paper,
an original experimental approach to assess the performance of different image interpolation
schemes from real images of particle is proposed. The experience is based on a laminar jet of air
seeded with oil droplets. The jet with a flat and uniform velocity profile is used to produce images
of particle with known particle translation in a range of 0 to 3.2 pixels by step of 0.1 translation.
Four different interpolation schemes have been compared by using an advanced PIV algorithm
based on continuous window shift technique. In order to evaluate the potential of the interpolation
scheme in large range of experimental conditions, particle images have been recorded for two
different optical magnifications and different lens apertures.

2. Experimental set-up and accuracy
assessment procedure
The experience is based on a laminar free jet of air
produced by a device initially designed to calibrate
hot-wire anemometer. The system is composed of a
large tank containing successive stages (honey
comb, glass marbles, porous media, filters...) to
obtain pressurised air volume practically at rest.
The top of the tank is opened into ambient air
through a cylindrical exit of 4 cm of inner diameter
(Fig. 2). Two successive restricted sections with
adapted profiles are placed downstream of the flow
exit in order to generate laminar jet with very stable
Fig. 1: Comparison of computation time conditions. The flow rate is controlled by using
of different image interpolation schemes sonic nozzles and the air flow is seeded with oil
droplets (< 5µm). The PIV apparatus consists of a
normalised by the bilinear technique
double cavity Nd:YAG laser (Twins, Quantel)
delivering pulses of 120mJ @532nm associated
with an interline CCD camera (Lavision – flowmaster3) with a Nikkor lens (50 mm – f/d=1.2). A
laser sheet is formed in the symmetric plane of jet by using a spherical lens of 1000 mm focal and a
cylindrical lens (f=-50 mm).
In order to investigate the accuracy of PIV measurement and compared the interpolation schemes,
images of the laminar jet at the exit of the nozzle have been recorded (Fig. 2). Thank to the very
stable flow conditions of the jet, at fixed time separation between images, the particle displacement
on the images is uniformed. The basic way to set a fixed particle displacement would be to adjust
the flow rate. Nevertheless that solution has not be chosen. Indeed, rather than changing the flow
rate which could introduce large uncertainties, the time separation between images of particles has
been adjusted with constant flow conditions (axial velocity at exit = 0.64 m/s). In addition, for
reducing acquisition delay and so ensure to preserve constant flow conditions during the whole
acquisition step, an automatic acquisition sequence changing the time interval between frames has
been developed. This procedure permits to record a large range of displacement in less than 2
minutes. In the present work, the range of imposed displacement has been adjusted between 0 and
3.2 pixels by step of 0.1. For each displacement, 20 couples of images of particle have been
recorded.
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4 cm

Fig. 2: Cross-section of the laminar air jet with a mean velocity field and an image of particle
In order to varying the acquisition parameters and then compare interpolation schemes in different
experimental conditions, two optical magnifications have been studied: 0.044 (referred as Case 1)
and 0.1 (referred as Case 2), which corresponds respectively to 6.58 pixel/mm and 14.9 pixel/mm.
For these two magnifications, the full range of particle displacement has been recorded at different
lens apertures: f/d=1.2, 2.0, 2.8, 4.0, 5.8, 8, 11, 16. The variation of the lens aperture permits to
change the size of the image of particle on CCD sensor and so modify the sampling rate of particle
image. In order to be able to compare the results at different lens apertures, the intensity level
(SNR) on images has been maintained at the same value by adjusting the laser energy, thanks to a
set of polarizers (excepted for f/d=11 and 16 due to too low laser energy).
The PIV measurements have been performed in a square of 2.5x2.5cm² localised at the exit of the
jet, where the velocity is uniform (Fig. 2). In the present paper, we shall consider 3 different PIV
treatments:
● Conventional sub-pixel PIV treatment (CPIV)
● Iterative discrete window shift technique (DWS)
● Continuous window shift technique (CWS).
The two first PIV algorithms are used as “references” in comparison with the CWS method applied
with different image interpolation schemes. The CPIV algorithm consists in cross-correlating small
corresponding window samples at the same location in the two successive images of particles. The
normalised 2D correlation signal is obtained by using the Fast Fourier Transform (FFT) technique
and the peak location is determined with sub-pixel accuracy. In the present work, the standard 2D
Gaussian peak interpolation method has been used. The DWS is based on the same crosscorrelation computation but a predictor/corrector loop with a discrete window shift technique has
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been added. This method reduces uncertainties induced by the in-plane particle motion. The image
interpolation schemes are compared thanks to a continuous window shift technique (Lecordier
2003). Indeed, this technique requires an image interpolation step to shift the interrogation window
in fraction of pixel. Due to the particular characteristics of the flow (no velocity gradient), the
results from this approach are more or less similar to those that we would obtain if image
deformation technique was used.
For each of experimental conditions (aperture, time frame separation, magnification...) and each
PIV algorithm, 20 velocity fields of 21x21 vectors are measured at the exit of the jet. All along the
study, the interrogation window size has been kept constant to 32x32 pixels. The accuracy
assessment has been made possible thanks to the knowledge of the imposed particle displacement (
u imp ) within the real images. As proposed by Gui and Wereley (2002) and Astarita and Cardone
N
1
(2005), we have used tree types of errors: the bias =uimp − ∑ ui=uimp −u , the random
N i=1
1
1
2
2
2
2
ui
is a velocity
=
u i−u  and the total =
u i−u imp  =    , where
N
N
measurement, N is the number of samples ( N =8820 in our case), u is the mean measured
velocity and u imp is the imposed velocity. In the present work, we have mainly reported the bias
and the random error.
In the present work we have reported the results of 4 image interpolation schemes (IS). The
simplest is the well known Bilinear, based on successive linear interpolations along the two
principal directions. The second IS is polynomial interpolation of 4th degree (Poly4) using a sample
of 5x5 pixels. The interpolation results from 5 horizontal and 1 vertical polynomial interpolations of degree
4 (Lecordier 2003). The third IS is based on the sinc function (Scarano 2000). In the present work,
we have reported only the results of Sinc interpolation using stencil of 5x5 pixels (referred as Sinc
5x5), which is a compromise between accuracy and computation efficiency (c.f. Fig. 1). The last IS is





based on B-spline functions. The results correspond to the B-spline interpolation of order tree (referred as
Spline 3) and some results of 5th order (Spline 5).

3. Results
The results of accuracy assessment of Case 1 (magnification 0.044) for the CPIV, DWS and the
different interpolation schemes are reported in Fig. 3 (bias error) and Fig. 4 (random error). The
bias error of the CPIV algorithm exhibits oscillation with a wavelength of one pixel. The magnitude
of oscillation reaches a maximum of 0.13 at full lens aperture (f/d = 1.2) and decreases
progressively with the lens closure. This results is due to the enlargement of the size of diffraction
spot of the image of particle with lens closure, which lead to increase the number of pixel for
sampling the particle (Adrian 1985, Westerweel 1998). For the CPIV, we can observed a slight nonsymmetrical behaviour of oscillations towards the positive values. This was already observed in
numerous works for the CPIV evaluation method, which tends to underestimate the velocity
measurement (Scarano 2000). This underestimation is cancelled when discrete window offset is
applied. Indeed, in Fig. 3, the oscillations of the DWS and CPIV algorithms have the same
magnitude, but the bias error of DWS are symmetrical around zero. On the other hand, the CPIV
and DWS evaluation method generates the same random error (Fig. 4). The response to the lens
aperture is more or less the same for both cases, with a pronounced effect of peak locking for
practically all the apertures. All these observed behaviours of the CPIV and DWS evaluation
methods have already been reported in literature thanks to analysis of synthetic images. That
permits us to validate our experimental approach to compare image interpolation schemes. In
addition, to outline the quality of our experimental approach, we can notice that the minimum
random error, obtained for a zero displacement (∆t<1µs), does not exceed 0.01 pixel. This is very
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low if we consider that this result integrates the whole acquisition and PIV processing steps (flow,
laser, seeding, camera, PIV algorithm...).
In Fig. 3 is plotted the bias error of the CWS evaluation method for 4 IS (Bilinear, Poly4, Sinc5x5
and Spline 3). Exactly as the DWS, the continuous iterative window shift (CWS) with all the
algorithms does not underestimation of velocity measurement as observed for CPIV method. On
the other hand, for all the IS the sensitivity of the bias error to the lens aperture is less pronounced
than in the case of CWS and DWS techniques. The oscillations of bias error have a magnitude of
0.1 for lens aperture wider than 8 and contrary to the CPIV and DWS techniques, the bias error
does not reduce so much before f/d=8. The same behaviour is observed for the random error in Fig.
4. For small f/d values, the error is smaller than the CPIV algorithms, but for larger values, the
errors seems to be comparable and neither the CWS technique or the order IS significantly improve
the measurement. The bilinear produces larger errors than the other IS, but the differences are not as
much pronounced as we could expect.
These results of Case 1 for the bias and random error are not fully in agreement with those obtained
thanks to synthetic images. Indeed, it is admitted that the CWS technique tends to reduce the peaklocking effect and that an interpolation scheme of high order is always performing better than a
simple one IS. In addition, this “surprising” results have been obtained for different sub-pixel
technique (1D gaussian fit, 2D gaussian...) and so are not links to our evaluation method (CWS)
itself but to the images of particle. In case 1, the optical magnification and large lens apertures
induce very small diffraction spot (Adrian 1985). That leads to particle image size smaller than two
pixels, and then particle discretization does not match the Nyquist sampling criterion. In such
conditions, it seems that whatever the PIV evaluation method, the under sampling of particle could
not be compensated (Westerweel 1998). In order to enlarge the size of the diffraction spot, the
magnification of Case 2 has been fixed to 0.1. The results of Case 2 of the bias and random errors
are presented in Fig. 5 and Fig. 6. As shown in Case 1, the bias error of the CPIV algorithm shown
an underestimation of the measured velocity with mainly positive values for all the imposed
displacements. However, the magnitude of the oscillation are much smaller than in Case 1 and does
not exceed 0.1 pixel for the all range of lens aperture. By using the DWS algorithm the bias error
becomes again symmetrical around zero and oscillates with a maximum magnitude of 0.05 pixel.
The results of Case 2 are different of those of Case 1 for the CWS algorithm. Indeed, the effect of
the lens aperture is less pronounced and for a given IS the error bias is more or less the same,
whatever the lens aperture. The bias error seems larger for f/d=8, but that effect is observed on all
the results and so lead to think that this experimental point is erroneous. From the bias error, we can
observe that Poly4 and Spline3 IS are comparable and perform better than Bilinear and Sinc5x5.
The same observation is done from the random error presented in Fig. 6. In the case of CPIV and
DWS, the peak-locking is significant and as expected it is reduced with lens closure. On the other
hand, for Bilinear, Poly4 and Spline3 the random error is smaller and more or less independent of
the lens aperture. From these results, the Sinc5x5 IS seems more sensitive to the peak-locking effect
than the other IS.
In Case 2, the CWS technique for all the IS performs better than the CPIV and DWS evaluation
methods and as expected it significantly reduces the peak-locking error. In addition, in our
experimental conditions, the Poly4 and Spline3 are very close in term of accuracy and seems more
appropriated than the two others IS. All the results of Case 2 are more in accordance than Case 1
with the previous observations, deduced from analysis of synthetic images.
A comparison of the IS for two lens aperture (f/d=2.0 and f/d=8) is presented in Fig. 7 (Case 1)
and Fig. 8 (Case 2). For these results, we have also reported the B-spline IS of 5th order (referred as
Spline5). In the Case 1, the results in Fig. 7 clearly show that the differences between the algorithms
are not very significant and the CPIV evaluation method performs as good as the CWS for all the IS
(excepted Bilinear). These results confirm the observations done thanks to the results of Fig. 3 and
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Fig. 4. In the Case 2 (Fig. 8) the CWS technique clearly reduce uncertainties at f/d=2.0 for all the
interpolation schemes. The best performances are obtained for the Poly4 and the two B-Spline IS.
This improvement is less pronounced at f/d=8.0 as mentioned previously.

Conclusions
In the present work, we have proposed an original experiment based on a laminar jet to assess the
accuracy of different image interpolation schemes for advanced PIV algorithms. Our approach has
been validated thanks to the analyse of the results of conventional PIV technique which are
comparable with those in the literature.
It has been shown that for small optical magnification (0.044) that the differences of IS are not
always significant, even when high order IS are used. These results are not fully in agreement with
those obtained thanks to synthetic images. This could be explained by the difficulty to generate
realistic synthetic images when the diffraction spot become smaller than one pixel. For larger
magnification, the results of the Poly4 and B-Spline interpolation schemes have shown better
performances than bilinear and Sinc5x5 IS.
Our experimental approach to generate real images of particle with known imposed displacement
opens numerous perspectives to compare the different parts of a whole PIV system. For instance it
could be useful to compare different cameras at equivalent magnification or different peak
interpolations for sub-pixel without using synthetic images.
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CPIV
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Fig. 3: bias error as a function of the imposed displacement for different lens apertures and image
interpolation schemes – Case 1 – Magnification 0.044
CPIV

CWS - Poly4

DWS

CWS - Bilinear

CWS - Sinc5x5

CWS – Spline 3

Fig. 4: random error as a function of the imposed displacement for different lens apertures and
image interpolation schemes – Case 1 – Magnification 0.044
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CPIV
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Fig. 5: bias error as a function of the imposed displacement for different lens apertures and image
interpolation schemes – Case 2 – Magnification 0.1
CPIV

DWS

CWS - Bilinear

CWS Poly4

CWS - Sinc5x5

CWS - Spline3

Fig. 6: random error as a function of the imposed displacement for different lens apertures and
image interpolation schemes – Case 2 – Magnification 0.1
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Bias error

Random error

f/d = 2.0

f/d = 8.0

Fig. 7: Comparison of the bias and random errors for 5 image interpolation schemes and two
apertures – Case 1 – Magnification 0.044
Bias error

random error

f/d = 2.0

f/d = 8.0

Fig. 8: Comparison of the bias and random errors for 5 image interpolation schemes and two
apertures – Case 2 – Magnification 0.1
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