Two-point ensemble correlation method for µPIV applications
J. Westerweel, C. Poelma & R. Lindken
Laboratory for Aero & Hydrodynamics, Delft University of Technology
Leeghwaterstraat 21, 2628 CB Delft, The Netherlands
J.Westerweel@wbmt.tudelft.nl
The application of PIV to flows at microscopic scales is commonly referred to as µPIV. This implementation of
PIV has several characteristics that make it different from conventional PIV. For one, the measurement domain
in the direction perpendicular the light-sheet plane is limited by the finite depth-of-focus of the imaging optics,
as opposed to conventional PIV where it is limited by the finite thickness of the light sheet. Also, for very small
tracer particles that are observed at high magnification, the motion of the tracer particles is influenced by the
effect of Brownian motion. In addition, the image density in µPIV is generally much lower than in conventional
PIV. To cope with the effects of Brownian motion and of low image density, the interrogation of µPIV image
frames is commonly done by means of so-called ensemble correlation. This implies that the spatial correlation is
computed in identical positions for a set of 10-20 consecutive image pairs, and then ensemble averaged.1 This
procedure yields a substantial improvement of the signal-to-noise ratio in µPIV, as the ensemble averaging
yields an increase of the effective image density proportional to the number of images included in the ensemble,
and the averaging reduces the measurement errors associated with the Brownian motion of the tracer particles.2
For conventional PIV the use of ensemble averaging would not be of use as the time scales of the flow would be
much shorter than the time between the recording of successive frame pairs, but in many microscopic
applications the flow is mostly stationary.
In this paper we take this ensemble averaging one step further by using an extended ensemble, and applying it to
compute the two-point ensemble correlation. The two-point ensemble correlation is the theoretical backbone of
the PIV method, but it can not be utilized as the flows under study in conventional PIV are generally not
stationary. In stead, only a single frame pair is available, and thus the two-point ensemble correlation is
estimated from a spatial correlation over a finite interrogation domain under the assumption that the flow within
the interrogation domain is uniform. This also limits the maximal spatial velocity gradient that can be measured
reliably. When the flow under study is (nearly) stationary, it is possible to record a very large ensemble of image
pairs. In that case it would not be necessary to use compute a spatial correlation as an estimate of the two-point
correlation, but directly compute the two-point ensemble correlation. For example, instead of computing the
spatial correlation over a 32×32-pixel domain, the correlation between two pixels is computed over an ensemble
of 1,024 image pairs. This would include the same information content (in terms of the number of processed
pixels), and the results would have the same quality in terms of signal-to-noise ratio. One obvious advantage of
the two-point ensemble correlation is that there is no restriction in regard to the maximum spatial variation of the
velocity flow field. Hence, the spatial resolution of the results obtained by the two-point ensemble correlation is
limited by the pixel size. So, when a 32×32-pixel spatial correlation in a 256×256-pixel image would yield only
8×8 = 64 independent velocity vectors, whereas the two-point correlation would yield a displacement field of up
to 256×256 = 65,536 ‘independent’ vectors (the number of truly independent displacement vectors would
actually be determined by the number of pixels divided by the particle-image area in pixel units). An example
the two-point ensemble correlation analysis of a 256-frame ensemble is shown in Figure 1.
Of course, this would only work properly provided that the flow remains stationary over the full recording
period. An implementation of this method would require a high-speed image acquisition system with a frame
rate of at least 1 kHz. The reduced image format of such cameras is then compensated by the very high spatial
resolution of the two-point ensemble correlation analysis. The use of a 1024×1024-pixel image sensor (with a
typical frame rate of 15 Hz) would typically yield 64×64-vector displacement field. Maintaining the same signal
bandwidth, a high-speed image sensor with 64×64 pixels would have a frame rate of 4 kHz. So, at comparable
spatial resolution an image ensemble of 256 frame pairs can be collected. The method would be applicable to
flows that can be considered stationary within the recording of the image ensemble. In view of this example the
maximum allowable flow time scale would be about 60 ms. So, the condition of ‘stationary’ flow is quite
acceptable for many practical application (for example, the typical heartbeat of a person at rest takes about
1 second).
In the paper a more detailed description will be given of the mathematical background of this technique, and
under what circumstances it would be favorable over ensemble averaging of the spatial correlation.
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Figure 1 Displacement field obtained from a 256-frame ensemble of 128x128-pixel images.

Figure 2 Detail from Fig. 1.

