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Abstract A novel, accurate and simple stereo particle

image velocimetry (SPIV) technique utilising three cam-

eras is presented. The key feature of the new technique is

that there is no need of a separate calibration phase. The

calibration data are measured concurrently with the PIV

data by a third paraxial camera. This has the benefit of

improving ease of use and reducing the time taken to obtain

data. This third camera also provides useful velocity

information, considerably improving the accuracy of the

resolved 3D vectors. The additional redundancy provided

by this third perspective in the stereo reconstruction

equations suggests a least-squares approach to their solu-

tion. The least-squares process further improves the utility

of the technique by means of the reconstruction residual.

Detailed error analysis shows that this residual is an

accurate predictor of resolved vector errors. The new

technique is rigorously validated using both pure transla-

tion and rotation test cases. However, while this kind of

validation is standard, it is shown that such validation is

substantially flawed. The case of the well-known confined

vortex breakdown flow is offered as an alternative valida-

tion. This flow is readily evaluated using CFD methods,

allowing a detailed comparison of the data and evaluation

of PIV errors in their entirety for this technique.

1 Introduction

Stereo particle image velocimetry (SPIV) is now a well-

established extension of traditional PIV (Arroyo and

Greated 1991; Willert 1997; Prasad 2000). SPIV offers

several advantages over standard (or planar) PIV in addi-

tion to the resolution of the out-of-plane components.

These advantages include the improved accuracy of in-

plane components of the velocity field due to removal of

perspective error. Recent extensions of SPIV include three-

dimensional (3D) high-speed scanning (Hori and Sakaki-

bara 2004), multi-plane SPIV (Schroder and Kompenhans

2004), dual-time SPIV for acceleration measurement

(Perret et al. 2006), and stereoscopic micro-PIV (Lindken

2006).

The three-component velocity field is reconstructed

based on two velocity fields derived from PIV. This

reconstruction process relies on both geometrical equations

based on the camera setup, and a calibration step linking

the acquired image plane to the object plane.

Following the terminology of Prasad (2000), several

techniques exist in order to reconstruct the 3D velocity

field from distorted 2D fields, namely geometric recon-

struction (Prasad and Adrian 1993), 2D calibration-based

reconstruction and 3D calibration-based reconstruction

(Soloff et al. 1997).

The calibration based methods correct the unavoidable

distortion from the image plane. The difference between

two- and 3D techniques is that the latter also involves

calibration from the object plane to a number of parallel

planes near the imaging plane. These additional calibra-

tions indirectly provide the information relating to the

imaging geometry (Prasad 2000; Prasad and Adrian 1993;

Raffel et al. 1998; Soloff et al. 1997). These calibration

based methods are sensitive to alignment errors in the
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positioning of the calibration plate relative to the mea-

surement plane. However, as described by Willert (1997)

and furthered by Wieneke (2005) and Fouras et al. (2007),

cross-correlation between cameras (of particle images

taken at the same instant) can also provide calibration

information. For example, Wieneke (2005) provides a

system to use this information to provide correction for

misalignment of the calibration plate.

Almost all calibrations utilise a target, which consists of

a discrete number of markers placed on a regular Cartesian

grid (Lawson and Wu 1997). Typically, these targets

contain in the order of 100 such markers, i.e., 10 · 10 grid.

The exact method of undertaking this calibration varies

depending on the Stereo PIV software being utilised.

However, it is largely based on the PIV algorithms them-

selves and may even require the practitioner to manually

identify markers in an image and link them to a corre-

sponding marker on the target. The uncertainty in

identifying the position of these markers by use of PIV

software is proportional to the size of these markers. The

calibration data are then fitted to a polynomial function by

least-square means (both linear and non-linear are used).

A technique that offers the advantages of the above

techniques, with even greater improvements in recon-

struction accuracy and without the requirement of the

practitioner to conduct a distinct calibration phase, has

been developed based on the work by Fouras et al. (2007).

This calibration target free technique utilises a third camera

placed in the paraxial (normal to the light sheet) position.

This technique is of greatest utility when the paraxial view

has minimal distortion or when it is not convenient to place

a calibration target in the measurement region. The paper

will be divided as follows: a description of the three camera

technique; followed by an experimental validation and an

extensive error analysis will be presented. The paper con-

cludes with a comparison of Stereo PIV measurements

using the novel technique and CFD of a confined vortex

breakdown.

2 Description of novel technique

Before PIV interrogation of the image pairs begins, PIV

interrogation of the images captured at the same instant is

undertaken to determine the distortion or calibration map.

The calibration map can be acquired with an accuracy far

outstripping that of any discrete system of large markers.

This is for two reasons. First, the ability to accurately

determine the position of any object is proportional to the

size of that object and PIV particles are smaller than the

markers on calibration targets. Second, the calibration data

can be averaged over the entire series of data acquired

under the same stereo imaging parameters. This means that

as the number of PIV measurements increases, the RMS

error of the calibration maps approaches zero. Faster con-

vergence to this zero error state can be achieved by the use

of correlation averaging (Meinhart et al. 2000). Rather than

averaging instantaneous vector fields, this technique

involves averaging the cross-correlation function before

the peak is determined.

In addition, further improvement is made by making use

of the information provided by the third paraxial camera.

During the reconstruction phase, there is now considerably

more information available than for typical two camera

SPIV. A definition of the key spatial variables can be found

in Fig. 1. Standard reconstruction solves four equations (dx

and dz component of the displacement vector from two

cameras) with three unknown terms (dx, dy and dz com-

ponents of the reconstructed vector). In reality, however,

the solution of the dx and dz components of the recon-

structed vector are almost completely de-coupled from the

solution of the dy component. (Here, as shown in Fig. 1,

the plane in which the cameras lie is the xz plane.) This

means that the solution of the dy component is, to a large

extent, simply the average of the dy component from each

camera and that the solution of the dx and dz components

of the reconstructed vector is fully constrained problem

with two equations and two unknowns. With data available

from the third camera, there are now six equations. This

allows not only further averaging for the dy component,

(reducing errors to
ffiffiffiffiffiffiffiffi

2=3
p

of the level with two cameras),

but also now allows for a least-square solution of the dx

Fig. 1 Schematic diagram of generic Stereo PIV (SPIV) configura-

tion including the co-ordinate systems used in this paper. Shown on

the figure are the x, y and z axes. The origin of the coordinate system

is the point on the laser sheet plane in the center of the imaged region

of interest, from the central camera denoted camera C. Also, two

additional cameras, denoted left (L) and right (R) for simplicity are

shown. Also shown is the Scheimpflug configuration and the

definition of the camera angles bL and bR, as well as their positions

(xL, 0, zL) and (xR, 0, yR). The paraxial camera (camera C) is held at

the angle (bC = 0) and at a fixed position (0, 0, zC) throughout the

paper
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and dz components with three equations and two

unknowns, once again improving accuracy.

The additional information also increases the redun-

dancy contained within the system. In other SPIV systems,

if the data from one image are unavailable for some reason

during the reconstruction process, such as data rejection

during PIV interrogation, a hole appears in those data, as

two geometric equations will not suffice to solve for all

three unknowns. In the three camera case, if data are

unavailable from one camera, then a solution from the

remaining two cameras is still viable. The effects of this

redundancy grow dramatically with increasing vector fail-

ure rates. For the case of 5% vector failure rates, a standard

two camera stereo will suffer a failure rate of 9.75%,

whereas a three camera technique will only suffer a 0.75%

failure rate.

Along with a definition of the key spatial variables, a

typical camera configuration for the three camera stereo

technique can be found in Fig. 1. The origin of the angles is

defined by the paraxial or central camera (here defined as

camera C). The practitioner is free to move the cameras to

any configuration they choose. This includes the popular

arrangement where cameras are symmetrically placed

about the laser sheet as opposed to being symmetrically

placed about the paraxial position as shown in the

schematic.

The entire Stereo PIV technique is described schemati-

cally in Fig. 2. All PIV interrogation is performed in real

world co-ordinates as measured by the paraxial camera C.

This means that measured data are directly utilised in the

reconstruction process without the need for any interpola-

tion. To achieve this, mapping functions (MF) for the

co-ordinate systems as measured by the stereographic

cameras, relative to the paraxial camera, are required.

These MFs are directly measured by cross-correlating the

images from the paraxial camera with matching images

(taken at the same instant in time) from each stereographic

camera in turn. These MFs are simply the displacement

vector fields of apparent motion of particles as a result of

differences of perspective between cameras. It should be

noted that, unlike other target based systems where the

number of points in the system is limited (i.e., generally in

the order of 100), here the number of points is equal to the

number of vectors to be sought (typically in the order of

64 · 64 = 4,096). These MFs are now used as inputs into

the window shifting function (WS) of the PIV software

developed by the authors (see CC loop in Fig. 2, right). The

displacement vector fields caused by the fluid motion as

measured from each of the three perspectives are now

measured. Almost all modern PIV software performs WS

to improve accuracy and dynamic range. The accuracy can

be still further improved by symmetrically shifting both

Fig. 2 Schematic diagram showing (left) the proposed target-free,

three camera Stereo PIV process. Inputs are the image pair

sets(denoted A and B) from the three cameras (here denoted L, C
and R). Each set is cross-correlated with the paraxial set (here C) in

the CC loop in order to generate the corresponding mapping functions

(MF). These MFs will in turn be used as inputs for the window

shifting (WS) for the cross-correlation of each set. Finally, the

displacement fields of each set are used in a least-square geometric

reconstruction method (LSQ) to generate the three component vector

field. Also shown (right) is the cross-correlation process (CC loop)

including WS based on the MF and multi-window iteration (MW). To

reduce peak-locking in the sub-pixel component, an additional

distortion loop is included
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results. For a particular configuration, Fig. 10d provides

the practitioner with kroutk=lðvÞ: Therefore it is a trivial

task to obtain a estimate of the measurement error by

multiplying this value by the l(v) valued obtained during

the application of the reconstruction process to experi-

mental data. Table 5 illustrates the usefulness of the mean

residual l(v). The accuracy of the predicted errors for the

rotational case presented in Sect. 3 and the vortex break-

down case is given. The reader will appreciate the good

agreement between the predicted and the measured error.

The measured errors are slightly underestimated, a fact

readily explained by the absence of calibration and other

systematic, non-random errors in the Monte Carlo analysis.

6 Conclusions

A novel, accurate and simple Stereo PIV technique utilis-

ing three cameras has been presented. The key feature of

the new technique is the elimination of a separate cali-

bration phase. The calibration data are measured

concurrently with the PIV data by a third paraxial camera.

This has the benefit of improving ease of use and reducing

the time taken to obtain data. These benefits can be

achieved only if the paraxial view can be imaged with

minimal distortion, which is in general the case, but for

complex geometries distortion can often be minimised, for

example, with the octagonal shaped rig as used in this

study.

The new technique is rigorously validated using both

pure translation and rotation test cases. However, while this

kind of validation is standard, it is shown that such vali-

dation is substantially limited and an improved validation

process is required.

This third camera also provides useful velocity infor-

mation, significantly improving the accuracy of the

resolved 3D vectors. It has been found that a fixed

improvement of
ffiffiffiffiffiffiffiffi

2=3
p

improvement in the accuracy of the

dy component can be achieved. Similar improvements

(which are a function of camera stereo angles) are achieved

for the dx and dz vector components.

The use of a least-squares approach to the solution of

the reconstruction equations further improves the utility of

the technique by providing a robust and useful residual.

While it has been shown that on an individual vector basis

the residual is not meaningful, thorough error analysis

shows that on a global basis this residual is an accurate

predictor of resolved vector errors. This powerful pre-

dictive tool could possibly be used in conjunction with

techniques other than that suggested here, provided it

solves the reconstruction process with a least-squares

process.
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