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Devices which rely on machine vision such as robotic
and manufacturing equipment, image based measurement
equipment, topographical mapping equipment, and image
recognition systems often use correlation of a single image
(auto-correlation) or correlation between multiple images
(cross~-correlation) to establish the size, shape, speed,
acceleration and/or position of one or more objects within
a field of view.

Particle image velocimetry (PIV) uses autocorrelation
or cross-correlation to analyze flow characteristics in
fluids. PIV is a flow measurement technique that provides
quantitative, two-dimensional information of a flow
'velocity field. For general background information
regarding PIV, see Adrian, R. J., "Particle Imaging
Techniques For Experimental Fluid Mechanics", Annual Review
of Fluid Mechanics, vol. 23, pp. 261-304 (1991). Unlike
more traditional instruments such as hot-wire and laser-
Doppler anemometery which are single-point measurement
techniques, PIV is able to reveal the instantaneous
spatial structures in a flow. Because of the high-
resolution of information that can be obtained by PIV,
determination of flow quantities such as vorticity and
deformation are obtainable.

Until recently, PIV has been limited to applications
in which two-dimensional, instantaneous velocity
measuremnents are of interest. Holographic Particle Image
Velocimetry (HPIV) and Stereoscopic PIV (SPIV) are being
developed for quantitatively measuring three-dimensional
flow velocity fields and for resolving unsteady flow
structures. The usefulness of these techniques, however,
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is hindered by the present ability to analyze the enormous
quantities of data in a reasonable time period.

Image correlation is typically performed using Fast
Fourier Transforms (FFTs), image shifting, or optical
transformation techniques. These techniques, although
accurate, require extensive processing of the images in
hardware or software. For an image having N x N pixels,
for example, FFT techniques require on the order of N? log
N iterations while image shifting techniques require A? N?
iterations, where A is the length of the correlation search
in pixels. With either of these techniques, the image or a
subsection of the image is fully (i.e. 100%) correlated
regardless of the usefulness of the information content.

The optical transformation technique relies on the
optical construction of the Young’s fringes formed when a
coherent light is passed through the image and then through
Fourier transform optics. The resulting fringe pattern is
digitized and analyzed by a computer. This is certainly
the most elegant of the three methods and potentially the
fastest. 1In practice, however, it has been found that it
is difficult to detect the orientation of the Young'’s
fringes.

Summary of the Invention
In many machine vision and PIV applications, only a

fraction of the image or images to be correlated actually
contains useful information. That is, the number of pixels
in the image or images having useful or pertinent values is
few or sparse relative to the total number of image pixels.
In accordance with the present invention, a process for
correlating these images in a sparse array format retains
only useful pixel values and uses only on the order of

§? A’ N’ processing iterations for an N x N pixel image,
where § is the fraction of the image containing pertinent
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pixel values. For most applications, § is much less than
1. The sparse array correlation process of the present
invention provides several orders of magnitude in increased
processing speed over known correlation processing
techniques in the majority of machine vision and PIV
applications. High speed image correlation according to
the present invention allows relatively inexpensive machine
vision equipment to be used in applications for real time
or near real time feedback control, measurement, and image
recognition.

Accordingly, a method of image correlation includes
providing one or more image arrays of pixel values wherein
each pixel value is associated with one of a number of
pixels. Pixel values in the full image array which are
beyond a pixel threshold value are selected and a
correlation process is performed on the selected pixel
values. Preferably, each pixel value includes an intensity
value and the pixel threshold value is a pixel intensity
threshold value.

In the correlation process, a sparse image array of
the selected pixel values and their respective locations in
the full image array is created, wherein each pixel entry
preferably defines location and value as a single word.
Individual correlations are successively performed between
all pixel entries in the sparse image array within a pixel
distance of each other. The correlations are cumulated in
a correlation table at respective distance entries.

Preferably, each individual correlation is performed
according to an error correlation function. The error
correlation function is of the form:

II+IZ‘ Il-IZ
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where 1 and 2 represent relative sparse image array
entries. Because the error correlation function uses
integer addition and subtraction, the calculation is much
faster than a statistical correlation value, I, * I,, which
requires integer multiplication. The use of the error
correlation function has the added benefit of being
significantly easier to implement in hardware without
requiring a microprocessor.

According to another aspect of the invention, a
correlation is performed on an image array which includes
at least three images spaced at unequal time intervals.
Possible relationships among the original pixels of the
full image array are identified and the original pixels are
reviewed to determine which relationship applies to yield
the sign of direction.

Brief Description of Drawings

FIG. 1 is a diagrammatic representation of a 6 x 6
pixel grayscale image.

FIG. 2 is a two-dimensional image array of pixel
intensity values corresponding to the image of FIG. 1.

FIGs. 3A and 3B are flow diagrams of the sparse image
array method of the present invention.

FIG. 4 is a two-dimensional sparse image array of
selected pixel values of the image array of FIG. 2 in
accordance with the present invention.

FIG. 5 is a one-dimensional line index array
containing the locations of the next lines in the sparse
image array of FIG. 4.

FIG. 6 illustrates a completed correlation table after
a series of iterations through the sparse image array of
FIG. 4.
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FIG. 7 illustrates the completed correlation table of
FIG. 6 around (Ai,Aj) = (2,2) wherein the values are
normalized.

FIG. 8 is a simplified representation of a triple-
exposed image having unequal time differences between each
exposure.

FIG. 9 is a schematic block diagram of a processor
arrangement in accordance with the present invention.

Detailed Description of Invention
Particle Image Velocimetry is one of three closely

related flow measurement techniques: PIV, Particle Tracking
Velocimetry (PTV) and Laser Speckle Velocimetry (LSV). All
of these techniques are based on seeding the flow with
small tracer particles. The density and size of these
particles are chosen so that they will accurately follow
the motion of the fluid. The flow is then cut with a light
sheet and an image is recorded of the tracer particles that
fall within this light sheet. By imaging the flow at
different times in this way, the motion of the particles
and thus the motion of fluid can be observed. What
distinguishes these techniques from one another is the
density of particles, (N,) and the image density (N,).
N, as denoted here is a dimensionless number which
indicates whether the image consists of individual particle
images (Ng<<1l) or the particles overlap and light
interference occurs (Ng>>1). N, is a dimensionless number
indicating the number of particles present in the area of
flow being interrogated.

In PTV, which is characterized by Ng<<1, Ni<<1, the
average distance between particles is much larger than the

-mean flow displacement between consecutive recorded images.

This results in images which distinctly show the tracer
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particle displacements. This makes determining the flow
velocity field relatively easy. However, since the image
density is low, the resolution of the velocity information
is severely limited.

In PIV, which is characterized by Ng<<1, Np>>1, the
density of particles is increased to improve the resolution
of the velocity information extracted. 1Individual tracer
particles can be observed in PIV images; however, because
of the increased tracer particle density, it is difficult
to distinguish the displacement of a single particle by
simply viewing the image with the eye. A statistical
correlation approach is required to accurately analyze
these images.

In LSV, which is characterized by Ng>>1, N>>1, the
density of tracer particles is further increased such that
the particles begin to overlap ih the image. Illuminated
with a coherent light source, these particles form an
apparent random interference pattern or speckle on the
recorded image. This speckle pattern moves with the tracer
particles in the flow and thus can be used to determine the
velocity of the flow. These speckle images are analyzed in
the identical way that PIV images are analyzed. Thus,
there is little difference between this technique and PIV.
While the resolution of the fluid velocity that can be
determined with LSV is greater than PIV, the extremely high
particle seeding densities of LSV can interfere with the
flow being observed. 1In many cases, the resolution of PIV
is more than adequate.

Techniques for recording PIV images fall into two
categories: 1) multiple exposed images and 2) successive
images, each of which is based on recording an image in the
visible or near visible spectrum electronically with a CCD
camera or chemically on film.
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Multiple exposed image techniques involve either
pulsing a light sheet to expose the tracer particles or
using a solid-state shutter to expose the recording surface
of a camera multiple times. The advantage of these
techniques is that multiple exposures can be made at very
high speeds using lasers and thus, high flow rates can be
measured. The disadvantage to this technique is that the
maximum density of particles that can be clearly imaged is
reduced because individual particles are recorded on the
same image multiple times.

Successive image techniques avoid the disadvantages of
multiple exposure techniques by recording two separate
images of the tracer particles at two different times.

Oonly one image of the tracer particles is needed in each
exposure so it is possible to record a high density of
particles. This technique, however, is limited to slower
flow applications because of the time it takes a camera to
advance to the next image, i.e., the film advance rate for
a standard camera and the rate at which the camera can be
reset in the case of a CCD camera.

The purpose of PIV image analysis is to determine
particle displacement by correlating the recorded images
using any of the aforementioned methods: (1) image
shifting, (2) digital Fourier transformation or (3) optical
transformation.

One of the limitations in PIV technology is the time
required to correlate a single PIV image. As higher image
resolutions become available through improvements in
electronic and chemical recording media, the need for high-
speed image analysis becomes increasingly more important.
With prior art techniques, a single PIV image can require
several minutes to analyze. 1In order to resolve the
formation of complex structures in a flow, hundreds and
even thousands of images are needed. High-speed parallel
processors can shorten the time required to obtain accurate
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flow measurements but it is still far slower than is
desired. However, using the sparse array correlation of
the present invention, these images can be processed at
very high speeds.

To understand the improvement provided by the sparse
array image correlation method of the present invention, it
is useful to first review an example of the well-known
image shifting autocorrelation technigque. Referring to
FIG. 1, a 6 x 6 pixel grayscale image representing a
section of an image selected for autocorrelation is shown
diagrammatically. The image, designated generally by
reference A, comprises pixels designated by reference P.
The number of pixels has been kept small for this example
to simplify the figures and descriptions. However, the
methods of the invention apply to any size image array.
The image A is stored as a two-dimensional array I in a

‘computer memory with pixel intensity values as array

entries as shown in FIG. 2. For example, pixel P, of
image A (FIG. 1) has a corresponding entry I, ,=5.
Likewise, pixel Pss has a corresponding array entry
Iss = 34.

To increase processing speed while, at the same time,
reducing the odds of obtaining spurious correlation values,
the search for the maximum correlation is typically
constrained. This is done by allowing the user to specify
a maximum change in the image shift, Ai and Aj, based on
knowledge of the image being correlated. The correlation
function, ¢, also referred to as the statistical
correlation function, is calculated for this maximum change
in the image shift. A maximum change of 3 in both the i
and j directions is assumed for this example. The
correlation function is calculated for each image shift, Al
and Aj, using the function:



WO 98/00792 PCT/US97/11375

-9-

M N
z E [I OAi,anj.Im,n]

_ m=1 n=1
$ai.05% M N M N
\lm§1 n‘Ellfn,n ’ \sz'—':l n§1 Ifn+Ai,n+Aj

where M is the number of pixels in the ith direction of the
image array and N is the number of pixels in the jth
direction. The denominator normalizes the correlation
values. The correlation table in the known image shifting

5 technique is assembled sequentially using the above

expression. This results in a significant amount of
iterative calculations. For example, the array of FIG. 2
requires 440 such calculations to assemble the correlation
table.

10 The correlation table entry for (Ai, Aj) = (0,0), the

15

zero shift correlation value, is:

6 6
§1 gl [Imw,noo.rm,n]
do.0= me. n= =1.000
6 6 6 6
R
m=1 n=1 ™ m=1 n=1 ™

The zero shift correlation value equal to one represents
perfect correlation.

From a visual inspection of the image A and the
corresponding full image array I (FIGs. 1 and 2), an image
shift around the value (Ai, Aj) = (2,2) is of interest.
Thus, the (Ai, Aj) = (2,2) shift correlation value is:
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m=1 p=1 M*2,0+2

= 0.897

The portion of the correlation table around (A1, Aj) =
(2,2) becomes as shown in Table 1, again using the
expression for ¢, , shown above:

Al
1 2 3
5 1 IPO.IGZ 0.356 0.449
' Aj 2 0.411 0.897 0.455
3 || 0.370 0.438 0.085
TABLE 1

10 Once the correlation table is complete, a search can be
performed to find the maximum value and its location, which
is located at (Ai, Aj) = (2,2) for this example. Subpixel
resolution of the correlation can then be approximated by
Newton’s root finding method using the slope of the

15 correlation based on the peak correlation and the values
surrounding it and is of the form:

X=i‘{[°nu‘°mJ]/[2'(ﬂ+u‘2'Qu+ﬂ4ﬁ]}
Y=j-{[QUH-QUJ]/[2'(QUH-2'¢U+%}O]}

where i,j here represent the array location of the peak
20 value found in the correlation table.
Thus,
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X = 2-(0.455-0.411) /(2+(0.455-2-0.897+0.411) )=2.024
Y = 2-(0.438-0.356)/2+(0.438-2:0.897+0.356) )=2.041

The example image, therefore, autocorrelates at (Ai, Aj) =
(2.024, 2.041) based on the known image shifting
autocorrelation technique.

The sparse array imagé correlation method of the
present invention will now be described. Referring to FIG.
3A, a flow diagram is shown of the sparse array image
correlation method. An image or a section of an image is
selected at step 40 for autocorrelation (FIGs. 1 and 2).
By using sparse array correlation, however, the entire
image need not be stored in memory. A threshold level is
set at step 42 and only the pixel values that exceed the
threshold level are retained in a sparse image array B at
step 44 and as shown in FIG. 4. In the illustrative
example, a threshold level of 100 is assumed. The sparse
image array includes the location and intensity value of
each selected pixel. The pixel location is denoted by the
(i,3) indices of the pixel in the full image array I (FIG.
2).

In practice, the indices and intensity of each pixel
in the sparse image array B are stored as a single word.
This reduces the number of memory calls that must be made
when correlating. For ekample, the first entry in this
table can be stored as a 16 bit word: four bits for each
location index and 8 bits for the intensity. The array
entry i=2, j=2, I=254 becomes 0010001011111110 binary =
8958. By masking the bits, the values of i, j, and I can
be extracted from this single entry.

The entries into the sparse array are generated by
scanning successive rows, or lines, of the full image array
I. Along with the sparse image array, a line index array
is generated at step 46 which contains the location in the
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sparse image array of the next line of the full image,
i.e., the next higher value of j as shown in FIG. 5.

This line index array is used to jump to the next
value of j in the sparse image array when a specified pixel
separation is exceeded. Thus, the first entry, 3, indicates
that the next higher value of j is found at entry number 3
of the sparse image array B (FIG. 4). When correlating
large images, this index array speeds processing. For this
example, however, the line index is not used.

An adaptive procedure could be used to narrow the
correlation search by predicting the range of correlation
values to calculate based on previous calculations from
sub-windows of the same image. This procedure, however, is
not particularly robust and can result in spurious errors
in obtaining the maximum correlation. Because the sparse
array correlation method of the present invention is
inherently very fast, adaptive methods generally do not
gain enough processing speed to warrant their use. It is
sufficient to set a single value for the limit in
correlation range for an entire image. 1In this example, a
maximum change of A = 3 in both i and j is assumed. Based
on these values, a 7x4 correlation table C (FIG. 6) is
generated at step 48 where the indices of this table, (Ai,
Aj), represent the difference in pixel locations. The
sparse image array B is always correlated from the top
down; therefore, both positive and negative differences are
possible in the ith direction but not in the jth direction.

The correlation function that is used at step 48 in
the method of the present invention is an error correlation
function, ¢’, which can be expressed as,
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$'as,a5° M N

such that,

1 [IIm,n - ImA.i,mAj ']

.. m
$'pia=1"

SEICE
Mzﬁuz

o2y oL Hen * Tracad]

The value of this correlation function ranges from 1 when
the images are perfectly correlated to 0 when there is no
- correlation between the images. Although this correlation
function is not equal to the usual statistical correlation
function used in the image shifting example above, it has

been found to introduce little error relative to other
sources of error such as optical aberration in the image
acquisition. Whereas the statistical correlation function
yields a Gaussian function, the error correlation function
yields a more steep function which has the advantage of
more clearly delineating correlation peaks. Since the
error correlation function uses integer addition and
subtraction rather than multiplication, it is far faster to
calculate than the statistical correlation function. This
function has the added benefit of being significantly
easier to implement in hardware without the need for a
microprocessor.

Unlike the more common statistical correlation
function, the error correlation function used in the sparse
image correlation is not computed one correlation table
entry at a time. 1Instead, the entire correlation table is
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derived by summing expressions as they are evaluated while
iterating through the entries of the sparse image array B.
This is shown in more detail later. In this way, array
entries having pixel values below the set threshold are not
processed, thus speeding overall processing.

It is difficult, however, to obtain the denominator in
the correlation expression this way. The denominator,
however, can be approximated as twice the sum of the pixel
intensities in the image divided by the image area in
pixels times the correlation table size:

M N , , M N
z 2 I +7T A A+ 52 (M-iAlI) (N'IAJI) z 2 I
m=1 n=1 [ m.n “m+di,n AJ] M-'N m=1 n=1 m,n

This approximation of the denominator provides an
easily calculated normalization value without the need to
sum all of the pixels in the image for each entry. The
approximation is relatively accurate as long as the images
being correlated are large compared with the correlation
distance and the pixel intensities in the image are
relatively evenly distributed. For images where this is
not true, a statistical correlation function can be used in
place of the error correlation function or the exact value
of the denominator of the error correlation function can be
calculated. It should be noted, however, that the
correlation value of interest usually presents itself as a
strong local maxima in the correlation table and that exact
normalization of the correlation values has little effect
on the results obtained. Because of this, normalization of
the correlation values is often futile and correct results
are obtained by assuming the denominator has a value of 1.
In the example presented here, the denominator in the error
correlation function is estimated. Because of the small
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size and the localization of the pixel values, the example
image (FIG. 1) is a poor one to approximate the
denominator. The approximation is, however, sufficient to
illustrate the sparse array image method of the present
invention.

As noted previously, the error correlation function is
applied to the sparse image array to generate the
correlation table at step 48 (FIG. 3A). Referring now to
FIG. 3B, a flow diagram is shown which provides details of
the error correlation performed at step 48. 1In general,
each entry in the sparse image array is compared with the
entries below it and a correlation error estimation between
the entries is added into the correct location in the
correlation table. At step 60, an entry B(x) in the sparse
image array is selected, where x = 1 to N and B(1) is the
first entry in the array. The next sparse image array
entry below entry B(x) is selected at step 62 and this
entry is denoted B(y) where y = x + 1. At step 64, the
pixel indices distance Ai, Aj between the selected entries
B(x) and B(y) is determined. 1If the distance is out of
range of the specified correlation table size in the ith
direction at step 66, the entry is ignored and processing
continues with the next sparse image array entry specified
by the line index array at step 68. If the location is out
of range in the jth direction at step 70, the entry is
ignored and a new series of iterations are made starting
with the next sparse image array entry at step 72. If the
pixel distance Ai, Aj is within the specified correlation
table size, then at step 74 the error correlation is
determined between entries B(x) and B(y) as described
heretofore. At step 76, the correlation result is
cumulated into the correlation table location corresponding
to the value of Ai, Aj.

As noted above, the sparse array image correlation is
far faster than prior art techniques. The number of
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iterations for sparse array autocorrelation is given by the
expression:

1/2 8A% (8N* - 1) + 6N?

When éN? >> 1 and 6A? >> 1, then the above expression can be
approximated by 1/2 §2 A? N2,

The number of iterations for sparse array cross-correlation
is given by &2 A’ N>. N is the characteristic pixel length
of the image being correlated and § is the ratio of the
number of pixels selected above the threshold to the total
number of pixels in the full image. Variable length
encoding, described hereinafter, reduces the computational
intensity of the sparse array correlations by a factor
which depends on the characteristics of the particular
image being correlated.

Note that the total number of iteration steps to
complete the correlation table is 21 in this example.
Conventional image shifting algorithms reqguire 818
iterations and limited shifting algorithms require 440
iterations as noted above. The best FFT algorithm would
result in 28 iterations but would require extensive
floating point calculations which are extremely slow to
process. The gain in speed by using sparse array image
processing on this example is roughly a factor of 20.
Larger and more sparse images obtain significantly higher
gains in speed with the method of the present invention.

Once the correlation table is complete, it can be
normalized at step 50 (FIG. 3A) based upon an approximation
of the sum of the pixel intensity values. A search can be
performed to find the maximum value and its location, which
is at (Ai, Aj) = (2,2) in this example. The normalized
correlation table around (Ai, Aj) = (2,2) becomes as shown
in FIG. 7. Note the value at location (2,2) is greater
than 1 due to error introduced by approximating the
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normalization factor. Using Newton’s root finding method,
the peak correlation is found at,

X=2-(0.491-0.300)/(2+(0.491-2-1.090+0.300))=2.069
Y=2-(0.460-0.300)/(2+(0.460-2+1.090+0.300))=2.056

The example image, therefore, autocorrelates at (Ai, Aj) =
(2.069,2.056) based on sparse array image autocorrelation
using an error correlation function and approximating the
normalization factor, as compared to (2.024, 2.041) in the
known image shifting technique. This method gives (Ai,
Aj)=(1.997, 1.990) if the correlation values are not
normalized. In general, normalization of the correlation
function is wasteful of processing time because there is
usually a strong local maxima and the sub-pixel resolution
results are calculated from a one pixel region surrounding
the local maxima in the correlation table. 1In the
foregoing example, the correlation results are better if
the table is not normalized due to errors introduced in
approximating the normalization factor. 1In most
applications, however, the normalized results and the non-
normalized results are very close. In the foregoing
example, the results are within 0.07 pixels of each other.
Further speed can be gained by variable-length
encoding the image before thresholding and storing the
image in a sparse image array. This is accomplished by
combining adjacent pixels that have the same most
significant bit (MSB) values into a single pixel value with
length 1 where 1 equals the number of adjacent pixels, and
an intensity I’ equal to the average of the 8 bit intensity
values of the combined pixels. The i, I’ and 1 values of
the combined pixels with intensities above the threshold
are stored as a single value in the sparse image array
rather than the i, j, and I values as presented above. The
j value need not be stored because its value is implicit in
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the line index array. This is true in the non-variable-
length encoded sparse image array as well, but with 32 bit
integer values, there is room to store the j value in the
sparse array itself if a pixel length value need not be
stored.

The overall correlation processing remains unchanged
as the variable-length values are treated in much the same
way as pixel values. Note, however, that the i value that
is stored is the location of the first pixel of the
combined pixel set. The actual location of the pixel set
in the ith direction is [i+(1-1)/2). When calculating the
correlation function, the length as well as the magnitude
must be considered. For example, the error correlation
between two pixels, I,+I,-| 1,-I) , becomes:

0.5[1 41, 1,=1] 1+ (T +T1%,- 17,-17]
and the correlation value I,-I, becomes:
0.5+ [1+1,- 1,~1) J-17,-1",

The value, 0.5-{1,+1,- 1,-1) , is always an integer and equal
to the shortest length. 1In practice, it is faster to
simply compare the lengths 1, to 1, and multiply by the
shortest.

Variable-length encoding effectively reduces the
number of pixels that must be correlated without
significantly distorting the original image. Because the
number of calculations that must be made is proportional to
the square of the number of pixels, variable-length encoded
correlation usually results in a significant increase in
processing speed.

The above example describes use of the present

invention to autocorrelate an image or subimage, such as a
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PIV image recorded using multiple exposed images. The
sparse array image correlation method can also be applied
to cross-correlate two images A,A’, such as successive PIV
images. In the case of cross-correlation, sparse image
arrays B,B’ are generated which correspond to the images
A,A’. 1In applying the error correlation function, each
entry in the first sparse image array B is compared with
the entries in the second sparse image array B’ and a
correlation approximation between the entries is added to
the correlation table. Because an entry is compared to all
entries in the opposing array, the correlation table has
entries in the positive and negative directions for both Ai
and Aj.

As noted earlier, PIV image analysis is useful for
determining velocity vectors in particle flow. One problem
associated with recording PIV images using multiple
exposures is that more than two exposures are needed to
resolve the sign of a velocity vector.

In accordance with another aspect of the invention, a
method for determining the sign of the velocity vector uses
auto-correlation to find the probability or likelihood that
the direction of flow has a particular sign.

Auto-correlation of a double-exposed image, unlike
cross-correlation between two images, produces a
correlation function that is symmetric about zero. Thus,
while it is possible to calculate the magnitude and the
direction of the displacement of an object from one
exposure to the next using auto-correlation, it is
impossible to tell if the displacement between the images
is in the positive or negative direction. In other words,
it is impossible to establish the sign of the displacement
using auto-correlation from a double-exposed image. By
triple-exposing an image using unequal time differences
between each exposure, however, it is possible to resolve
this sign ambiquity. Auto-correlation of these images
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results in three different displacements between each of
the three exposures. The result is a correlation function
that is symmetric about zero similar to double exposed
images but which has seven primary correlation peaks rather
5 than the three that results from auto-correlation of
double-exposed images. Despite this, it is still
impossible to resolve the sign of the displacement using
auto-correlation alone because although the displacements
can be found from auto-correlation, the temporal order of
10 the displacements cannot.

The sign ambiguity can be resolved by calculating the
probability that the exposures occur in a specific temporal
order, i.e., by assuming that the correlation has a
specific sign and testing to see if the assumption is

15 correct. To accomplish this, a correlation type analysis
can be done with a priori knowledge of the peak correlation
displacements determined from an auto-correlation analysis.
If (Ai,,A5,), (Ai,Aj,,), and (Ai;,Aj,) represent the three,
non-zero, primary displacements found from auto-correlation

20 of a triple-exposed image where |Ai,|>|Ai,|>|Ai;| then, the
order in which the exposures occurred that resulted in
these displacements can be determined by comparing the
function:

]- g g [IIm+A11,nwAjl—Im+Ajl,n4Aj3+'Im,n—Im+A1‘J,n+AjJ|—IIm,n_Im'fAiz,mAjl'|]
m=1n=1

‘11: 0 0
dAi ,A7,*PA4,, AT,

with the function,

M N
n,=1- X X
m=1n=1

[I Im«-Ai,.noAjz -Im4Ais,n+Aj, + IIm,n-Im+Ai,,ﬁ¢Aj, l - ’Im,n_Im0Ai2,n+Ajz I |]

0 0
bai,, A7,*PA1,, A7,
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where ¢°,.., ¢°.., and ¢°,,, are the magnitudes of the three
primary non-zero displacement error correlation peaks
before normalization.

If 5, is larger than 7,, then the first correlation
peak occurs before the second. If 73, is larger than 7,,
then the second correlation peak occurs before the first
relative to the direction in which the three correlation
peaks are chosen, i.e., the assumed sign of the
correlation.

These functions can be calculated very quickly since
only pixels with intensity values above the threshold need
to be considered in the calculation. Thus, in the sparse
image array, the location of a pixel entry can be found
that is above the threshold and then, from the original
image array, the values of the pixel intensities at a
specific displacement away from these locations can be
determined. Note that 7, and 7, are defined in the same
manner that the error correlation function discussed above
is defined. Alternatively, 7%, and 73, can also be defined
using a statistical correlation relationship.

As a simple example to illustrate this technique,
consider an image, as shown in FIG. 8, that consists of
three pixels with intensities I=1.0 spaced a distance
(Ai,Aj)=(3,3),(6,6) and (8,8) apart with the rest of the
pixels in the image having intensities I=0.

An auto-correlation of this image using the error
correlation function yields (Ai,, Aj,;)=(2,2), (41, A7,)=(3,3),
and (Ai;, Aj;)=(5,5) in the positive i,j direction relative
to the zero displacement correlation. From the auto-
correlation of this image, it is impossible to tell how the
exposures are ordered when viewed from the upper left
corner of the image to the lower right corner. The non-
normalized correlation values ¢°,.., ¢°... and ¢°,. for these
peaks are all equal to 2.0. The value of 75, for this image
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is then equal to 0 and the value of %, is equal to 1.0.
Therefore, the image of FIG. 8 correlates with a larger
displacement first, (Ai,,Aj,)=(3,3), and then a smaller
displacement (Ai,,Aj,)=(2,2), when viewed in the direction
from the upper left of the image to the lower right of the
image.

Referring now to FIG. 9, a schematic block diagram of
a processor arrangement for carrying out the present
invention is shown. The processor arrangement, generally
designated by reference number 100, is preferably a
standard subprocessor card located in a general purpose
computer. A RISC controller 102 is connected over a
processor bus 104 to a variety of standard processor
peripherals, including a Direct Memory Access (DMA) Counter
106, High Speed Random Access Memory (RAM) 108, a Host
Mailbox 110, and a Data I/O Buffer 112. The Data Buffer
112 isolates the processor bus 104 from the host bus 114.

A Port Decoder 116 decodes addressing for communication
with other entities on the host bus 114. A Digital Video
Input Port 118 connected to the processor bus 104 provides
a digital video signal from a video peripheral such as a
frame grabber card.

A Data and Program Memory 120 stores sparse array
correlation processing code that is run by the RISC
controller 102. The correlation processing code implements
the process flow diagrams of FIGs. 3A and 3B. The results
of the sparse array correlation process are also stored in
the Data and Program Memory 120. The RISC Controller 102
uses a Select Counter 122 to select among the DMA Counter
106, Host Mailbox 110, Data I/0 Buffer 112, and the Digital
Video Input Port 118. The Host Mailbox 110 serves a memory
function for communication with the RISC Controller 102,
which can access the Host Mailbox 110 over a Local Bus 124.
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In operation, a digital video signal containing a
video image frame is received through Video Input Port 118
and downloaded into RAM 108 using DMA Counter 106. The
RISC Controller 102 performs the sparse array correlation
process on the downloaded video image using the code stored
in Program Memory 120. Use of the DMA Counter 106 for
downloading the next video image into RAM 108 allows the
RISC Controller 102 to process at high speed the previous
video image. To increase processing speed, it is
preferably to have two such processor cards 100 operating
in parallel and sharing memory such that while one card is
processing the current video frame, the other card is
downloading the next frame.

Equivalents
While this invention has been particularly shown and

described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the
invention as defined by the appended claims. For example,
those skilled in the art will recognize that many
modifications can be made to the processor arrangement 100
without departing from the scope of the present invention.
Further, the novel functions of the present invention can
be performed by embodiments implemented fully in
nonprogrammable hardware designed specifically to perform
the disclosed functions as well as fully implemented in a
programmed general purpose computer.
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CLAIMS

What is claimed is:

1-

A method of image correlation comprising the steps of
providing at least an image array of pixel values,
each pixel value associated with one of a number of
pixels, selecting pixel values in the image array
which are beyond a pixel threshold value, and
performing a correlation process on the selected pixel
values.

The method of Claim 1 wherein each pixel value
includes an intensity value and the pixel threshold
value is a pixel intensity threshold value.

The method of Claim 1 wherein the step of performing a
correlation process comprises performing an error
correlation function on the selected pixel values.

The method of Claim 1 wherein the step of performing a
correlation process comprises creating a sparse image
array of the selected pixel values and their
respective locations in the image array, performing
individual correlations successively between all pixel
entries in the sparse image array within a pixel
distance of each other, and cumulating the
correlations in a correlation table at respective
distance entries.

The method of Claim 4 wherein each pixel entry defines
location and value as a single word.
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The method of Claim 1 further comprising the step of
variable-length encoding the image pixels prior to the
selecting step.

The method of Claim 6 wherein the step of variable-
length encoding includes combining adjacent pixels
having the same most significant bit values into a
single pixel value.

The method of Claim 1 further comprising the step of
storing the selected pixel values in a sparse image

array.

The method of Claim 1 wherein the step of providing an
image array includes an image array of at least three
images spaced at unequal time intervals and wherein
the step of performing a correlation process includes
performing a correlation and further comprising the
steps of identifying from the correlation possible
relationships among the original pixels depending on
direction and reviewing the original pixels to
determine which relationship applies to yield the sign

of direction.

A method of image correlation comprising the steps of:

recording a velocimetry image having a number of
pixels;

forming an image array of pixel values from the
velocimetry image, each pixel value associated with
one of a number of pixels, selecting pixel values in
the image array which are beyond a pixel threshold
value, and performing a correlation process on the

selected pixel values.
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The method of Claim 10 wherein the velocimetry image
is a Particle Image Velocimetry image.

The method of Claim 10 wherein the velocimetry image
is a Laser Speckle Velocimetry image.

The method of Claim 10 wherein the velocimetry image
is a Particle Tracking Velocimetry image.

The method of Claim 10 wherein each pixel value
includes an intensity value and the pixel threshold
value is a pixel intensity threshold value.

The method of Claim 10 wherein the step of performing
a correlation process comprises performing an error
correlation function on the selected pixel values.

The method of Claim 10 wherein the step of performing
a correlation process comprises creating a sparse
image array of the selected pixel values and their
respective locations in the image array, performing
individual correlations successively between all pixel
entries in the sparse image array within a pixel
distance of each other, and cumulating the
correlations in a correlation table at respective
distance entries.

The method of Claim 16 wherein each pixel entry
defines location and value as a single word.

The method of Claim 10 further comprising the step of
variable-length encoding the image pixels prior to the
selecting step.
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The method of Claim 18 wherein the step of variable-
length encoding includes combining adjacent pixels
having the same most significant bit values into a
single pixel value.

The method of Claim 10 further comprising the step of
storing the selected pixel values in a sparse image
array.

The method of Claim 10 wherein first and second image
arrays are provided and wherein the step of performing
a correlation process comprises creating first and
second sparse image arrays of the selected pixel
values and their locations in the respective first and
second image arrays, performing individual
correlations successively between pixel entries of the
first sparse image array and pixel entries of the
second sparse image array within a pixel distance of
each other, and cumulating the correlations in a

correlation table at respective distance entries.

A system for correlating a video image having a number
of pixels comprising:
a memory for storing the video image;
a processor coupled to the memory to perform
steps comprising:
retrieving the video image from memory;
forming an image array of pixel values, each
pixel value associated with one of a number of
pixels of the video image;
selecting pixel values in the image array
which are beyond a pixel threshold value; and
performing a correlation process on the
selected pixel values.
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The system of Claim 22 wherein the processor is
programmed to perform the correlation process by
creating a sparse image array of the selected pixel
values and their respective locations in the image
array, performing individual correlations successively
between all pixel entries in the sparse image array
within a pixel distance of each other, and cumulating
the correlations in a correlation table at respective
distance entries.

The system of Claim 23 wherein each pixel entry
defines location and value as a single word.

The system of Claim 22 wherein the processor is
further programmed to variable-length encode the image
pixels prior to selection of pixel values.

The system of Claim 25 wherein the variable-length
encoding includes combining adjacent pixels having the
same most significant bit values into a single pixel
value.

The system of Claim 22 wherein each pixel value
includes an intensity value and the pixel threshold
value is a pixel intensity threshold value.

The system of Claim 22 wherein the correlation process
is an error correlation function.

A system for image correlation comprising:

means for providing at least an image array of
pixel values, each pixel value associated with one of
a number of pixels;

means for selecting pixel values in the image
array which are beyond a pixel threshold value; and
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means for performing a correlation process on the

selected pixel values.

The system of Claim 29 wherein the means for
performing includes means for creating a sparse image
array of the selected pixel values and their
respective locations in the image array;

means for performing individual correlations
successively between all pixel entries in the sparse
image array within a pixel distance of each other; and

means for cumulating the correlations in a
correlation table at respective distance entries.

The system of Claim 30 wherein each pixel entry

defines location and value as a single word.

The system of Claim 29 further comprising means for
variable-length encoding of the image pixels.
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