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Description
PARALLEL IMAGE PROCESSING APPARATUS AND

METHOD FOR IMAGE MATCHING USING INTENSITY AD-

[1]

[2]

[3]

[4]

JUSTMENT
Technical Field

The present invention relates to a parallel image processing apparatus and method for
image matching based on intensity adjustment; and, more particularly, to a parallel
image processing apparatus and method that allow fast and reliable image matching
through adjusting intensities corresponding to temporal or spatial variations in illu-

mination between images.

Background Art

Finding or estimating matching pixels or regions between multiple images can be
performed in two general ways. In local matching, corresponding points are estimated
using only locally restricted information based on pixels or pixel windows. In global
matching, corresponding points are estimated using global information collected from
entire images.

Compared to local matching schemes, global matching schemes require more com-
putations and higher system complexity, but show significantly lower error rates and
produce stable results against occlusion. A global matching problem can be solved
using belief propagation (BF), which enables Bayesian estimation on hidden Markov
models with low error rates through iterative operations. In belief propagation on a
graph composed of nodes and branches connecting the nodes, probability messages are
repeatedly exchanged between neighboring nodes to estimate hidden states with
minimum probabilistic energy.

Global matching based on belief propagation has demonstrated higher performance
in comparison to other matching schemes, but has difficulty in real-time processing
owing to large memory requirements and high computational complexity. To solve
these problems, an improved belief propagation technique employing layered archi-
tectures and distance transformations has been proposed, and a real-time system using
parallel graphics processing units (GPU) has been implemented on the basis of the
improved technique. However, the real-time system has shown a limited performance
improvement owing to requirements of high clock rates and memory bandwidths re-
stricting the degree of parallelism. A recently proposed technique known as fast belief
propagation (FBP) has enhanced the iterative processing architecture of conventional
belief propagation to handle the requirements of high memory bandwidth and capacity,

and has enabled achievement of a higher degree of parallelism through very large scale
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integration (VLSI) technology. An image matching system based on the fast belief
propagation has shown a significant performance improvement in image matching with
reduced consumption of memory space and processing power in comparison to

existing systems based on belief propagation.
Existing image matching systems based on belief propagation produce acceptable

results for images captured under ideal indoor illumination, but may generate totally
erroneous results for images that contain regions with pixel brightness biases due to
external factors such as reflected light, shadows of hidden areas, unbalanced camera
settings, and relative positions of light sources and cameras. This is because the data
cost expressed in absolute values of differences between intensities cannot determine
similarity between regions having similar intensity distributions but also having
brightness biases.

Thus, to implement an image matching system based on belief propagation that
produces robust performance results under various lighting conditions, it is necessary
to remove brightness biases through brightness normalization in regions having
intensity differences due to biases. Accordingly, many techniques based on belief
propagation apply normalized cross-correlation to the data cost for better results.

Correlation based on pixel windows is used to measure image similarity, and is rep-
resented using the square of the Euclidean distance between feature vectors of pixel
windows in images being compared. Because this correlation-based similarity mea-
surement involves multi-pixel comparisons, it can produce a more reliable result in
comparison to a scheme employing the absolute value of brightness differences
between single pixels, but may not work in the presence of biases due to irregular illu-
mination in whole or in part of patterns of similar intensities. In a scheme employing
normalized cross-correlation, feature vectors whose means are zero are normalized and
only direction vectors are taken for use, thereby minimizing the influence of biases on
the matching process.

However, a system employing normalized cross-correlation has a high computational
complexity of O(n*) due to a large number of multiplications, divisions, and square

roots, and may be not suitable for parallel processing based on VLSI technology.
Disclosure of Invention
Technical Problem

In view of the above, the present invention provides a parallel image processing
apparatus and method that allow reliable image matching in real time under various
conditions through adjusting intensities.
Technical Solution

In accordance with a first aspect of the present invention, there is provided a parallel
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image processing apparatus for image matching, including:

an image acquisition block;

a preprocessing block; and

an image matching block,

wherein the image acquisition block includes: an image acquisition unit for ex-
tracting image data from at least one input image; and an image buffer for temporarily
storing the extracted image data;

wherein the preprocessing block includes: a normalizing unit for normalizing the
image data received from the image buffer; a subdividing unit for subdividing,
according to a system window size, the normalized image data into normalized-
subdivided image data; and a window buffer for temporarily storing the normalized-
subdivided image data; and

wherein the image matching block includes: a data cost calculator for computing data
costs by applying normalized cross-correlation to the normalized-subdivided image
data received from the window buffer; a hierarchical iteration unit for computing, for
all nodes, messages at iteration termination by using the data costs received from the
data cost calculator through fast belief propagation based hierarchical iteration op-
erations; and a state estimation unit for collecting the messages by nodes to estimate
for each node a state having the minimum accumulated value of the messages as a
hidden state of the node and output a displacement value of a point corresponding to
the hidden state.

In accordance with a second aspect of the present invention, there is provided a
parallel image processing method for image matching, including:

extracting image data from at least one input image captured by multiple cameras;

temporarily storing the extracted image data in an image buffer;

normalizing the image data stored in the image buffer;

subdividing, according to a system window size, the normalized image data into
normalized-subdivided image data;

temporarily storing the normalized-subdivided image data in a window buffer; and

computing data costs by applying normalized cross-correlation to the normalized-
subdivided image data stored in the window buffer;

computing, for all nodes, messages at iteration termination by using the data costs
through fast belief propagation based hierarchical iteration operations; and

collecting the messages by nodes to estimate for each node a state having the
minimum accumulated value of the messages as a hidden state of the node and output a

displacement value of a point corresponding to the hidden state.

Advantageous Effects
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According to the present invention, the image matching system employing
normalized cross-correlation uses a hierarchical operation architecture for fast belief
propagation, thereby enabling rapid convergence of information from a distance. Thus,
in comparison to existing belief propagation based systems, the required number of
iterative operations is significantly reduced, leading to saving of the memory space and

reduction of the computation time.
In addition, fast belief propagation can be readily parallelized using VLSI, and it is

possible to implement a robust real-time image matching system that exhibits stable
performance in the presence of biases due to differences in lighting.
Brief Description of Drawings

The above and other objects and features of the present invention will become
apparent from the following description of embodiments given in conjunction with the
accompanying drawings, in which:

Fig. 1 illustrates a block diagram of an image processing apparatus in accordance
with an embodiment of the present invention;

Fig. 2 illustrates a block diagram of the normalizing unit of the apparatus of Fig. 1;

Fig. 3 illustrates a block diagram of the window buffer of the apparatus of Fig. 1;

Fig. 4 illustrates a block diagram of the data cost calculator of the apparatus of Fig. 1;

Fig. 5 is a block diagram of the hierarchical iteration unit of the apparatus of Fig. 1;

Fig. 6 illustrates an exemplary hierarchical graph structure for hierarchical belief
propagation;

Fig. 7 illustrates fast belief propagation based on the hierarchical graph structure of
Fig. 6;

Fig. 8 illustrates a flowchart of an image processing method for the apparatus of Fig.
1; and

Fig. 9 illustrates a flowchart of the hierarchical iteration procedure in the method of
Fig. 8.

Best Mode for Carrying out the Invention

Hereinafter, embodiments of the present invention will be described in detail with
reference to the accompanying drawings, which form a part hereof.

Fig. 1 illustrates a block diagram of an image processing apparatus 100. The image
processing apparatus 100 includes an image acquisition block 101, a preprocessing
block 102 and an image matching block 103, which are connected in series. The image
acquisition block 101 includes an image acquisition unit 110 and an image buffer 120.
In the image acquisition block 101, image data acquired from multiple input images is
buffered and then provided to the preprocessing block 102. The preprocessing block

102 includes a normalizing unit 130, a subdividing unit 140 and a window buffer 150.
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In the preprocessing block 102, the image data is normalized into normalized image
data and subdivided into normalized-subdivided image data. The normalized-
subdivided image data is buffered and then provided to the image matching block 103.
The image matching block 103 includes a data cost calculator 160, a hierarchical
iteration unit 170 and a state estimation unit 180. In the image matching block 103,
data costs are computed with the normalized-subdivided image data through a hier-
archical iteration process and displacement values of corresponding points are output.

In the image acquisition block 101, the image acquisition unit 110 and the image
buffer 120 are connected together in series.

The image acquisition unit 110 extracts from multiple input images captured by
multiple cameras image data in a form of, e.g., streaming data or a video file, and
sends the extracted image data to the image buffer 120. The image acquisition unit 110
may be a frame grabber or a video decoder. To use two or more cameras, the image ac-
quisition unit 110 may further include a camera trigger and an image transmission Syn-
chronizing unit. The input images are digital images captured by cameras having the
same resolution, and the original image and comparison image have the same size.

The image buffer 120 is a memory, serving as a ring buffer, for storing in sequence a
series of the image data from the image acquisition unit 110 and outputting the same
upon request. The image buffer 120 serves as an intermediate storage indispensable for
image processing based on pixel windows.

In the preprocessing block 102, the normalizing unit 130, the subdividing unit 140
and the window buffer 150 are connected together in series.

Fig. 2 illustrates a block diagram of the normalizing unit 130. The normalizing unit
130 includes a deviation calculator 240, an L1-norm calculator 250 and a divider 260.
The deviation calculator 240 includes a scan-line buffer 210, a mean calculator 220

and a subtractor 230. The scan-line buffer 210 temporarily stores the image data
received from the image acquisition block 101 in units of scan-lines, and provides the
same as scan image data values to the mean calculator 220 and the subtractor 230. The
mean calculator 220 computes a mean of the scan image data values received from the
scan-line buffer 210, and outputs the computed mean to the subtractor 230. The
subtractor 230 computes deviations by subtracting the mean computed by the mean
calculator 220 from the scan image data values received from the scan-line buffer 210,
and outputs the computed deviations between pixel values and their mean to the
L1-norm calculator 250 and the divider 260. This operation sets an average of the de-
viations, i.e., an average coordinates of feature vectors of the image data, to zero, the
average coordinates being for use in computing a normalized cross-correlation co-
efficient.

Here, a pixel window can be set to contain 2% pixels (k is a natural number) for
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averaging through simple bit-shifting, in which case the mean calculator 220 includes
an accumulator 222 and a shift register 224. The accumulator 222 computes the sum of
the scan image data values received from the scan-line buffer 210 and temporarily
holds the computed sum. Since the number of pixels is a power of 2, the shift register
224 can perform division on the value received from the accumulator 222 by simple
bit-shift operation, thereby enhancing computation speed.

The L1-norm calculator 250 includes an absolute value calculator 252 and an adder
254. L1-norm, also known as city block distance, is a measure for a vector size, and is
given by a sum of absolute differences (SAD) of respective coordinates of the vector.
The absolute value calculator 252 receives zero-mean feature vector, i.e., the de-
viations between pixel values and their mean from the deviation calculator 240, and
removes signs of the deviations to output absolute values to the adder 254. The adder
254 computes an L1-norm of the feature vector by summing the absolute values, and
outputs the computed L1-norm to the divider 260. The use of the L1-norm, not a
Euclidean norm, reduces computation time and the number of logic devices.

The divider 260 divides the zero-mean feature vector, i.e., the deviations between
pixel values and their mean, by the L1-norm of the feature vector. Through this
operation, the feature vector is converted into a direction vector, and output as the
normalized image data to the subdividing unit 140.

Referring back to Fig. 1, the subdividing unit 140 subdivides the normalized image
data according to the pixel window size, and outputs the subdivision results as
normalized-subdivided image data to the window buffer 150.

The window buffer 150 temporarily stores in sequence the normalized-subdivided
image data received from the subdividing unit 140, and outputs the same to the image
matching block 103. When the image matching block 103 is designed to have a
parallel architecture, the window buffer 150 can also have a parallel architecture in
order for data cost synchronization.

Fig. 3 illustrates a block diagram of a window buffer 150 having a parallel ar-
chitecture. The window buffer 150 includes N parallel buffers 320-1 to 320-N, each of
the buffers 320-1 to 320-N having serially-connected S window memories, where S is
equal to the number of states in a belief propagation system. Each of the window
memories 310-11 to 310-NS stores all pixels in a single pixel window. That is, the
window buffer 150 has the N parallel buffers 320-1 to 320-N having a depth S. The
buffers 320-1 to 320-N operate in parallel in a given state, and the window memories
310-11 to 310-NS are updated gradually according to state changes.

The above-described architecture of the preprocessing block 102 prevents waste of
logic devices that may be caused by introduction of normalized cross-correlation into a

VLSI parallel computation system, and facilitates pixel window matching.
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In the image matching block 103, the data cost calculator 160, the hierarchical
iteration unit 170 and the state estimation unit 180 are connected together in series.

Fig. 4 illustrates a block diagram of the data cost calculator 160. The data cost
calculator 160 includes parallel N processing modules 410-1 to 410-N, a hierarchical
data cost evaluator 420 receiving outputs in parallel from the processing modules
410-1 to 410-N and a data cost memory 430 connected in series to the hierarchical data
cost evaluator 420. The data cost calculator 160 corresponds to a single processing
group on a hierarchical graph of M levels and includes N processing modules 410-1 to
410-N connected in parallel, where M is a natural number and N equals 2M-1.

Each of the processing modules 410-1 to 410-N includes an absolute difference
calculator, an accumulator and a shift register, which are connected together in series.
Each of the absolute difference calculators 412-1 to 412-N receives the normalized-
subdivided image data and computes absolute differences between original window
pixel values and comparison window pixel values. Each of the accumulators 414-1 to
414-N adds the absolute differences together and temporarily holds the sum. Each of
the shift registers 416-1 to 416-N halves the sum from the accumulators 414-1 to
414-N by bit shifting, and outputs the result to the hierarchical data cost evaluator 420.

The hierarchical data cost evaluator 420 receives N outputs in parallel from the
processing modules 410-1 to 410-N, computes data costs through hierarchical op-
erations based on fast belief propagation, and outputs the computed data costs to the
data cost memory 430.

The data cost memory 430 stores the data costs received from the hierarchical data
cost evaluator 420, and outputs the same to the hierarchical iteration unit 170.

Fig. 5 illustrates a block diagram of the hierarchical iteration unit 170. The hier-
archical iteration unit 170 includes K processing groups 510-1 to 510-K connected in
parallel and an iteration termination determiner 520. Each of the processing groups
510-1 to 510-K has a local buffer, a processing element and a layer buffer, and
computes and updates messages for a node in a 2-dimensional graph through a hier-
archical iterative operation based on fast belief propagation.

Each of the processing elements 514-1 to 514-K along with each of the local buffers
512-1 to 512-K computes a message of a node on a graph having a size equal to that of
an image, and outputs the computed message to each of the layer buffers 516-1 to
516-K. Here, the message is computed on the basis of the data costs, a message at a
previous iteration and a smoothness cost function between nodes. Each of the layer
buffers 516-1 to 516-K temporarily stores the message, and output the same to the
iteration termination determiner 520. The iteration termination determiner 520 de-
termines whether to terminate the hierarchical iterative operation whenever the layer

buffers 516-1 to 516-K are updated. If it is determined not to terminate the iteration,
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the messages received from the layer buffers 516-1 to 516-K are provided to the
processing groups 510-1 to 510-K as messages at a previous iteration. If it is de-
termined to terminate the iteration, the messages received from the layer buffers 516-1
to 516-K are provided to the state estimation unit 180 as messages at iteration ter-
mination.

Fig. 6 illustrates an exemplary hierarchical graph structure for hierarchical belief
propagation. For fast belief propagation, hierarchical belief propagation is used to
obtain converged results with a fixed small number of iterations. In hierarchical belief
propagation, for a graph of a given size, upper-level graphs having smaller numbers of
nodes are successively created by undersampling, and then belief messages are it-
eratively computed along the graph hierarchy from the highest level graph to the
original graph in a coarse-to-fine manner. In Fig. 6, the graph at level k+1 is obtained
by undersampling the graph at level k, and can represent approximate information on
the graph at level k with 1/4 the number of nodes.

Fig. 7 illustrates fast belief propagation based on the hierarchical graph structure of
Fig. 6. For fast belief propagation, message passing on graphs is iteratively performed
in parallel using local buffers and layer buffers in the direction of image scan-lines.
When iteration for a higher-level graph is terminated, a computed message for a node
in the higher-level graph are used to initialize messages for corresponding nodes in the
lower-level graph. This process enables information collected though iterations at a
higher-level graph to be utilized at a lower-level graph, and can reduce the number of
message passing iterations by rapidly collecting information from distant nodes.

In a hierarchical graph structure with M levels, a node of the highest level graph
contains information on 2M-1x2M-1 nodes of the lowest level graph. If an image width is
given as C where C is a multiple of 2M1, the maximum number of necessary parallel
processing elements is C and the minimum number thereof is C/2M-1. Hence,
processing elements can be divided into C/2M! processing groups each having 2M-!
processing elements. Figs. 3 and 4 respectively illustrate the window buffer 150 and
the data cost calculator 160 having such parallel architecture.

Referring back to Fig. 1, the state estimation unit 180 collects the messages at
iteration termination from the hierarchical iteration unit 170. For each node, the state
estimation unit 180 estimates a state having the minimum accumulated value of the
messages as a hidden state of the node, and outputs a displacement value of a point
corresponding to the hidden state.

The estimated states of nodes are displacement values between coordinates of
original image pixels and those of corresponding comparison image pixels, and these
values are output as a 2-dimensional array having the same size as the image size. The

displacement values of corresponding points correspond to discrete coordinates of a
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2-dimensional array having the same size as the input reference image size, and refers
to differences in image coordinates between reference image pixels and corresponding
comparison image pixels.

Hereinafter, an image processing method for the image processing apparatus 100 will
be described with reference to a flowchart in Figs. 8 and 9 along with Figs. 1 to 5.

Referring to Fig. 8, the image acquisition unit 110 receives multiple input images
captured by multiple cameras to extract image data therefrom (step S801). The
extracted image data may be in the form of streaming data or a video file. The
extracted image data is temporarily stored in the image buffer 120 (step S803).

In the deviation calculator 240 of the normalizing unit 130, the mean calculator 220
receives scan image data values from the scan-line buffer 210 to compute the mean of
the scan image data values, and the subtractor 230 outputs deviations between the scan
image data values and the mean thereof. In the L.1-norm calculator 250, the absolute
value calculator 252 computes the absolute values of the deviations, and the adder 254
computes the L.1-norm by summing the absolute values. Then, the divider 260 divides
the deviations by the L1-norm to produce normalized image data (step S805).

The subdividing unit 140 subdivides the normalized image data according to the
pixel window size (step S807), and the window buffer 150 temporarily stores
normalized-subdivided image data (step S809). The window buffer 150 may have N
parallel buffers 320-1 to 320-N of a depth S.

The data cost calculator 160 computes data costs (step S811). The number of the
processing modules 410-1 to 410-N of the data cost calculator 160, which are
connected in parallel, may be the same as that of the buffers 320-1 to 320-N the
window buffer 150.

Fig. 9 illustrates a flowchart of a hierarchical iteration procedure in the method of
Fig. 8, the hierarchical iteration procedure following the step S811. The hierarchical
iteration procedure processes the data costs calculated in the step S811 to generate
messages at iteration termination (step S813). To be specific, the processing groups
510-1 to 510-K computes messages of nodes of the graph having a size equal to the
image size on the basis of the data costs, messages at the previous iteration and a
smoothness cost function between nodes (step S901). The layer buffers 516-1 to 516-K
temporarily store the messages computed in the step S901 (step S903). The layer
buffers 516-1 to 516-K provide the messages temporarily stored in the step S903 to the
iteration termination determiner 520. The iteration termination determiner 520 de-
termines whether to terminate the hierarchical iterative operation whenever the layer
buffers 516-1 to 516-K are updated (step S905). If it is determined not to terminate the
iteration, the messages received from the layer buffers 516-1 to 516-K 515 are

provided to the processing groups 510-1 to 510-K as messages at the previous
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iteration. If it is determined to terminate the iteration, the messages received from the
layer buffers 516-1 to 516-K are provided to the state estimation unit 180 as messages
at iteration termination.

Referring back to Fig. 8, the state estimation unit 180 collects the messages at
iteration termination by nodes, and for each node, estimates a state having the
minimum accumulated value of the messages as the hidden state of the node (step
S815). The state estimation unit 180 outputs displacement values of points corre-
sponding to the hidden states.

While the invention has been shown and described with respect to the embodiments,
it will be understood by those skilled in the art that various changes and modification
may be made without departing from the scope of the invention as defined in the

following claims.
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Claims

A parallel image processing apparatus for image matching, comprising:

an image acquisition block;

a preprocessing block; and

an image matching block,

wherein the image acquisition block includes: an image acquisition unit for ex-
tracting image data from at least one input image; and an image buffer for tem-
porarily storing the extracted image data;

wherein the preprocessing block includes: a normalizing unit for normalizing the
image data received from the image buffer; a subdividing unit for subdividing,
according to a system window size, the normalized image data into normalized-
subdivided image data; and a window buffer for temporarily storing the
normalized-subdivided image data; and

wherein the image matching block includes: a data cost calculator for computing
data costs by applying normalized cross-correlation to the normalized-subdivided
image data received from the window buffer; a hierarchical iteration unit for
computing, for all nodes, messages at iteration termination by using the data
costs received from the data cost calculator through fast belief propagation based
hierarchical iteration operations; and a state estimation unit for collecting the
messages by nodes to estimate for each node a state having the minimum ac-
cumulated value of the messages as a hidden state of the node and output a dis-
placement value of a point corresponding to the hidden state.

The apparatus of claim 1, wherein the image data extracted by the image ac-
quisition unit is in a form of streaming data or a video file.

The apparatus of claim 1, wherein the image acquisition unit has a frame grabber
or a video decoder.

The apparatus of claim 3, wherein the image acquisition unit further has a
camera triggering device and an image transmission synchronizing device.

The apparatus of claim 1, wherein the image buffer is a ring buffer.

The apparatus of claim 1, wherein the normalizing unit includes:

a deviation calculator for calculating deviations, as a feature vector of the image
data received from the image buffer, between image data values of the image
data received from the image buffer and a mean value thereof;

an L.1-norm calculator for calculating an L1-norm of the feature vector; and

a divider for dividing the feature vector by the L.1-norm.

The apparatus of claim 6, wherein the deviation calculator includes:

a scan-line buffer for receiving the image data stored in the image buffer by



12

WO 2009/139596 PCT/KR2009/002579

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

scan-lines and temporarily storing the received image data;

a mean calculator for calculating the mean value of the image data values; and

a subtractor for subtracting the mean value from the image data values.

The apparatus of claim 7, wherein the image data has a size of a power of 2, and
wherein the mean calculator includes:

an accumulator for temporarily storing the image data values; and

a shift register for computing the mean value of the image data values by bit-
shifting output of the accumulator.

The apparatus of claim 6, wherein the L.1-norm calculator includes:

an absolute value calculator for calculating absolute values of the deviations
received from the deviation calculator; and

an adder for adding the absolute values together.

The apparatus of claim 1, wherein the window buffer includes one or more
parallel buffers connected in parallel and the data cost calculator includes parallel
processing modules identical in number to the parallel buffers of the window
buffer.

The apparatus of claim 10, wherein each of the parallel buffers includes one or
more serially-connected window memories.

The apparatus of claim 1, wherein the hierarchical iteration unit operates in a fast
belief propagation method and includes:

one or more processing groups, connected in parallel, for performing the hier-
archical iteration operations; and

an iteration termination determiner for determining whether to terminate the hier-
archical iteration operations.

The apparatus of claim 12, wherein each of the processing groups includes: a
local buffer; a processing element for computing, along with the local buffer, a
message of a node on a graph having a size equal to a size of the input image on
the basis of the data costs, messages at the previous iteration and a smoothness
cost function between nodes; and a layer buffer for temporarily storing the
computed message and outputting the message to the iteration termination de-
terminer;

wherein the processing groups computes the messages in sequence in a direction
of image scan-lines through parallel-processing; and

wherein the iteration termination determiner determines whether to terminate the
iteration operations whenever the layer buffers are updated.

The apparatus of any one of claims 1 to 13, wherein the image data is in a form
of window pixels.

A parallel image processing method for image matching, comprising:
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[16]
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[18]

[19]
[20]

[21]

[22]

extracting image data from at least one input image captured by multiple
cameras;

temporarily storing the extracted image data in an image buffer;

normalizing the image data stored in the image buffer;

subdividing, according to a system window size, the normalized image data into
normalized-subdivided image data;

temporarily storing the normalized-subdivided image data in a window buffer;
and

computing data costs by applying normalized cross-correlation to the
normalized-subdivided image data stored in the window buffer;

computing, for all nodes, messages at iteration termination by using the data
costs through fast belief propagation based hierarchical iteration operations; and
collecting the messages by nodes to estimate for each node a state having the
minimum accumulated value of the messages as a hidden state of the node and
output a displacement value of a point corresponding to the hidden state.

The method of claim 15, wherein the extracted image data is in a form of
streaming data or a video file.

The method of claim 15, wherein the image data is extracted by an image ac-
quisition unit having a frame grabber or a video decoder.

The method of claim 17, wherein the image acquisition unit further has a camera
triggering device and an image transmission synchronizing device.

The method of claim 15, wherein the image buffer is a ring buffer.

The method of claim 15, wherein said normalizing the image data includes:
calculating deviations, as a feature vector of the image data received from the
image buffer, between image data values of the image data received from the
image buffer and a mean value thereof;

calculating an L1-norm of the feature vector; and

dividing the feature vector by the L1-norm.

The method of claim 15, wherein said calculating the deviations includes:
receiving the image data stored in the image buffer by scan-lines and temporarily
storing the received image data in a scan-line buffer;

calculating the mean value of the image data values; and

subtracting the mean value from the image data values.

The method of claim 21, wherein the image data has a size of a power of 2, and
wherein said calculating the mean value includes:

temporarily storing the image data values in an accumulator; and

computing the mean value of the image data values by bit-shifting output of the

accumulator.
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[23]

[24]

[25]

[26]

[27]

[28]

The method of claim 20, wherein said calculating the L1-norm includes:
calculating absolute values of the deviations; and

adding the absolute values together.

The method of claim 15, wherein the window buffer includes one or more
parallel buffers connected in parallel and the data costs are computed by a data
cost calculator having parallel processing modules identical in number to the
parallel buffers of the window buffer.

The method of claim 24, wherein each of the parallel buffers includes one or
more serially-connected window memories.

The method of claim 15, wherein the hierarchical iteration operations includes:
computing messages of nodes of a graph having a size equal to a size of the input
image on the basis of the data costs, messages at the previous iteration and a
smoothness cost function between the nodes;

temporarily storing the computed messages in layer buffers; and

determining whether to terminate the iteration operations whenever the layer
buffers are updated.

The method of claim 26, wherein the messages are computed by processing
groups each having a local buffer, a processing element and a layer buffer, and
wherein said computing the messages are parallel-processed in sequence in a
direction of image scan-lines.

The method of any one of claims 15 to 27, wherein the image data is in a form of

window pixels.
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