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(Abstract)

Region detection can be defined as identifying connected components in an image.
Connected component labelling is an important part of performing feature extraction.
Industrial applications performing online image analysis may require a real-time implemen-
tation of a region labelling algorithm (typically processing 30 frames per second). Using
application specific hardware or VLSI implementations to solve the problem sacrifices the
ability to alter the design tradeoffs dynamically. General purpose software platforms are
considerably slower for the task. While the massively parallel machines can accomplish the
job without sacrificing the general purpose nature, they are highly un-economical. This
research discusses an algorithm which was implemented on a FPGA-based reprogrammable
hardware platform and demonstrates the effectiveness of custom computing platforms for
high performance real-time image processing. The input to the system is VHDL, so the
design can be modified very easily. Also, a variety of applications can be run on the system

unlike application specific hardware or VLSI implementations.
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CHAPTER 1 Introduction

1.1 Motivation

Most image processing applications can be characterized as computationally intensive.
In many cases the complexity of the job increases with the size of the image. Real-time image
processing applications are more challenging because the processing needs to be done at real-
time speeds, typically at 30 frames per second. Such applications are usually data parallel, i.e.
several simple operations are performed on a large number of picture elements (pixels). The
sequential general purpose machines are inferior to their parallel counterparts on such tasks.
Considering the expense of the massively parallel machines, and the inflexible nature of the
application specific implementations, the custom computing platforms prove to be a viable

and cost effective solution for computationally intensive applications.
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The goal of this research is to demonstrate that the Splash-2 custom computing plat-
form is suited for performing real-time image processing tasks. The implementation demon-
strates the effectiveness and potential of adaptive computing platforms for one real-time

image processing application.

1.2 Contribution of this research

An efficient algorithm for component labeling has been developed and successfully
implemented during the course of this research. State diagrams and VHDL models for the
various building blocks have been developed. An adaptable image thresholder has been
developed to convert the incoming grayscale image to a binary image. Changes have been
made to the architecture and tough trade-offs were considered and used to derive an efficient
implementation on the system. A novel implementation of the look-up table for implement-

ing an equivalence table has been developed.

The tasks are performed in real-time with the data coming in from a camera at the rate
of 30 frames per second. The various objects identified in an image are mapped to different
colors using a random color map. Thus, the monitor displaying the images shows various col-
ored objects in the image, changing in real-time. The design also produces images to a work-

station monitor in the application debug mode.
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1.3 Organization of thesis

Relevant concepts of image processing pertaining to this project are discussed in
Chapter 2. A literature survey of related work is included in Chapter 3. The architecture of
Splash-2 is described in Chapter 4. Chapter 5 explains the design process for programming a
Splash-2 attached processor system and is an overview on the Splasf-2 software environment,
the design process, and various tools used for programming. Chapter 6 explains the imple-
mentation of the component labeling algorithm in detail. Data flow diagrams, state diagrams,
logical pinouts of chips and inter-processor communication diagrams are provided to aid the

process. A summary of conclusions from the thesis is in Chapter 7.
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CHAPTER 2 Image Processing
Background

2.1 Introduction

Image processing is the problem of extracting useful information from an image or
sequence of images. Digital image processing examines images that are represented as a 2D-
arrays of pixels. A quantized digital grayscale image is typically composed of a two-dimen-
sional array of picture elements called pixels. Each pixel takes a value from 0 to (K-1) (usu-
ally K =2V ). This value is called the grayscale value of the pixel. The image array may be

represented by I(r,c), where r and c are the row and column location of the pixel respectively.
Figure 2.1 shows a typical 512 x 512 digital quantized image with 28 levels of quantization.
A camera generates pixels in the raster-scan order, in which the pixels in the image are

scanned from left to right and from top to bottom.
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512 pixel columns

Each pixel is represented by an
8-bit quantity which
512 /c'on'esponds to its grayscale value.
pixel
TOWS

FAGURE 2.1. Example Grayscale Image.

Image operations may be broadly classified into various generic classes. If two
images of a given type are combined to form an image of the same type, the operation is said
to belong to the combination class. The operations of generation class generate an image
from scratch. No input image is needed for such type of operations. The operations belong-
ing to the transformation class transform an input image of a given type to another image of
the same type. The operations of the measurement class are used to calculate various norms
of an image. The output is mostly a small number, or a distribution that summarizes various
properties of an image. The operations of the conversion class convert an image of a given

type to a completely different type [22].
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A foreground pixel, P, is said to be eight-connected to another foreground pixel, Q, if
there exists a path of zero or more foreground pixels between P and Q, traversing in any direc-
tion. They are said to be four-connected, if the path does not traverse diagonally. Assume that
the pixels with alphabets belong to the foreground and the others belong to the background.
Pixel A is eight-connected to pixels B, C, D and E, but is four-connected only to D and E.

This is because Pixel A and Pixel B are connected to each other through a diagonal arc.

FIGURE 2.2. Illustration of eight-connectedness.

Image thresholding and region detection may be classified as operations of the trans-
formation class. One can look at this as changing the number of quantized levels a pixel in an

image can take, according to a set of rules. The former converts eight-bit pixel values of a

grayscale image (28quantization levels) to one-bit quantities (two quantization levels). The
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Splash-2 : The Reconfigurable Hardware Platform

latter assigns one of R labels or colors (R quantization levels), where R equals the total num-
ber of objects in the image, to each foreground pixel in a binary image (two quantization lev-
els). Two pixels belong to the same quantization level r < R, if and only if they are eight-

connected [22].

2.2 Image Thresholding

Thresholding is a transformation class operation which reduées the number of quan-
tized levels a pixel of an image can assume. If the output image were to contain two quantiza-
tion levels, one threshold is chosen for a simple thresholding scheme and the set of all pixels
with grayscale values below the chosen threshold are said to belong to the foreground and the
rest belong to the background. Hence an 8-bit grayscale image is converted to a 1-bit binary
image after thresholding. The segment of the program in Figure 2.3 illustrates the process.
Generally, N thresholds can be used to generate an output with (N+1) quantization levels.

Note that information is lost by thresholding an image [24].
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#include <stdio.h>

#define FOREGROUND 1
#define BACKGROUND 0
#define THRESHOLD 100

void threshold(int* output, int* input, int Max_cols, int Max_rows)
{
int i,j;

Jor (i=0; i < Max_rows; i++)
Jor (j=0; j < Max_cols; j++)
outputfi*Max_cols + j] = (inputfi*Max_cols + j] < THRESHOLD)?
FOREGROUND :BACKGROUND;

FAGURE 2.3. Function for thresholding.

The above function processes the incoming image in input and returns a thresholded
image in output. The input image may contain any number of quantization levels but the out-
put image contains only two values, FOREGROUND or BACKGROUND (1 or O respec-
tively). The function can be generalized to handle N thresholds. The output of such a
function can take (N+1) values (0 to N). If T(1) to T(N) represent the thresholds, a pixel can
take an output value i if its input grayscale value is in-between 7(i) and 7(i+1) (7(0) = 0 and
T(N+1) = Max{input[il{j]: for all i,j}). Normally, single threshold operations are used for all

practical purposes. Example input image and output image after thresholding is in Figure 2.4.

Region Detection and Labelling 8



Splasfi-2 : The Reconfigurable Hardware Platform

AGURE 24. Example Input and Thresholded Output Images.

2.3 Region Detection and Labeling

The problem of region detection and labeling is the process of identifying connected
components in an image. Assuming a binary image in which each pixel is represented by O or
1, a label R can be assigned to a foreground pixel if and only if it meets the following condi-

tions:

1. All the foreground pixels that are 8-connected (or 4-connected) by a path to the pixel in
discussion are also labeled R.

2. All the foreground pixels that are not 8-connected (or not 4-connected) by a path to the
pixel in discussion have a label other than R.

Region Detection and Labelling 9
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FIGURE 2.5. Window to be considered for labeling the current pixel.

For images processed in the raster-scan order, algorithms for connected component
labeling consider labels of row Y- while labeling row Y. Such algorithms do not use the
labels of a row m > Y. Figure 2.5 shows the four neighbors considered for labeling a current
pixel C. The neighbors are named L, UL, UC, and UR to represent the left, upper-left, upper-
center, and upper-right pixels with respect to the current pixel C, respectively. The current
pixel C is given a label R if and only if one of its neighbors has the label R and C belongs to
the foreground. If the current pixel C encounters two different labels, P and Q, given to its
neighbors, it acquires one of the labels and an equivalent pair is generated indicating P and O
belong to the same region in the image. The equivalence pairs generated are stored in an

equivalence table. The window then advances by one pixel and similar processing occurs.
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An equivalence table can be implemented as a lookup table in memory. The table is
initialized by writing the index i to a memory location M(i) (0 =< i < K, where K is the maxi-
mum number of labels the algorithm can handle). If an equivalence pair of P and Q is gener-
ated, the value in the memory location P, M(P) and the value in the memory location Q, M(Q)
are fetched. All the memory locations containing the value M(Q) are replaced with the value
M(P). The process is repeated for all equivalence pairs generated for that particular frame.
The equivalence table hence generated contains an identical value in the locations pointed by
labels of the same equivalence class. Thus various labels given to the same object are mapped
to one label. The image is processed again to merge all the inconsistent labels and the output
contains one consistent label per equivalence class. This is accomplished by replacing all the
first-pass labels, f, by the values they point to, M(f), from the lookup table. The labels gener-

ated by second pass are consistent.

The process described above takes more than 3K (K is the maximum number of labels
the design can handle) clock cycles for a lookup table in an external memory. This is due to
the fact that a read and write to an external memory can be accomplished in three clock cycles
and each memory location needs to be read and conditionally written to, by the above process.

The process becomes very inefficient for designs handling large number of labels. As the gen-
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eration of equivalence pairs is sporadic and uncommon, the algorithm works better for
objects with lesser number of labels. A simulated input and expected region labelled output
image is shown in Figure 2.6. If the output were to be displayed on the monitor, one can see

the different colors given to the ellipse, triangle, circle, rectangle, and the polygon.

® A
—

AGURE 2.6. Example Input and Region Labelled Output Image.
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CHAPTER 3 Existing Algorithms for
Component Labeling

3.1 Introduction

The problem of component labeling is computationally intensive. It is quantified in
[51, which states that a typical image of size 2500 x 2048 pixels may have over 80,000
regions. Degenerative case images of this resolution can be constrained to contain more than
a million distinct regions. Many algorithms have been proposed for different computing plat-
forms and are examined in this chapter. They can be broadly divided into two categories:
sequential and parallel. The sequential algoriﬂlms process one pixel at a time while the paral-
lel algorithms usually, have an NxN array of processors analyzing all the pixels at one time.
While software implementations on sequential general-purpose machines cannot handle real-

time data, their parallel counterparts are extremely expensive and hence, are not cost effective.
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This thesis describes an algorithm based on hardware/software co-design implemented on a
reconfigurable hardware platform called Splash-2. Splash-2 is an inexpensive FPGA-based
experimental general-purpose hardware platform. The real-time design on Spfasf-2 is an

excellent cost effective solution for the problem of component labelling.

3.2 Sequential Algorithms
3.2.1 The two-pass method

One of the first sequential algorithms was proposed by Rosenfeld and Pfaltz [3] in
1966, which uses two row-wise top-to-bottom passes through the image. In the first pass, the
input image is processed to compute the equivalence of labels (Refer to Section 2.3). Two
arrays are created, one containing the currently assigned component labels (first pass labels)
and the other containing the corresponding equivalent minimum labels. During the second
pass, the first pass labels are replaced by their corresponding equivalent minimum labels. The
equivalence table is stored in a memory, usually an on-chip RAM. The size of the table
increases with the size of the image. Hence the dynamic storage requirements for this algo-
rithm are high and therefore not practical for larger images. The algorithm is best suited for
hardware implementations and for real-time applications [12]. The algorithm needs exactly

two passes through the image and hence the processing time is independent of the number of
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inconsistencies encountered in the image. The algorithm implemented as a part of this thesis

resembles the above-mentioned algorithm.

3.2.2 The iterative method

An iterative method was proposed by Haralick in [4]. This algorithm overcame the
high storage requirements of the two-pass method described above. An initial pass is made
through the image which assigns a unique label to all the foreground pixels in the image.
Then, the image is processed iteratively. Each iteration consists of two passes. The first of
which is a top-to-bottom pass that assigns the minimum of the labels of the foreground pixels
in its neighborhood. The second pass performs a similar assignment of labels, but in a bot-
tom-to-top fashion. These two-pass iterations are repeated until no label changes occur dur-
ing an iteration. This algorithm trades off high storage requirements with the time
complexity. The number of iterations are not fixed in the algorithm, and is dependent on the
nature of the input image. There is an upper bound on time given for the algorithm which
depends on the size of the image. But it is large and usually far from the typical time taken.
Because the algorithm does not give a fixed bound on time, it is not ideally suited for real-time

applications.
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3.2.3 Other sequential methods

Another algorithm involving only two passes through the image was proposed by
Lumia et. al. [S]. This approach is a compromise in terms of dynamic storage and time of the
above-mentioned algorithms. It employs an equivalence table for every row. Refer to [2] for
further details. Another two-pass algorithm, using a technique called bracket matching, was
proposed by Schwartz et al in [6]. This algorithm stores relatively low information in an axil-
lary bracket table and derives its computational efficiency by utilizing stacks. Algorithms
have also been proposed that not only detect regions in an image but also obtain topological
and geometrical information about the labels [7]. Lochovsky proposed an algorithm [1] that
derives its efficiency from reusability of labels. A label is said to be extinct if it does not exist
in a previous row, and it can be reused to save internal storage. The reused label is assigned to
another external label at a later time. The algorithm saves not only on the internal storage but
also on communication and processing of labels. Hence is faster than its counterparts if the

overhead of label remapping is offset by the gain in speed.

3.3 Parallel Algorithms
Several parallel algorithms were proposed, most of which consist of a 2-D array of

processors in mesh configuration. An O(N) parallel algorithm that uses a NxN mesh for an
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image of size NxN is discussed in [10]. Several parallel algorithms, such as the O( log4N2 )

algorithm discussed in [9] and the O(log N2 ) algorithm discussed in [8], use pointers to keep
track of their connected neighbors or shrink their components to a single pixel before labeling
them. Though the sequential algorithms are ineffective in terms of space/time requirements,
the parallel algorithms are based on expensive general purpose parallel machines. To imple-
ment one such algorithm on Splash-2, one ideally requires N processing boards (where N=512,
in this case). Also, the communication resources between successive Splasfi-2 boards need to
be larger. Due to the architecture of Spfasf-2, it is not feasible to implement any of these algo-
rithms on the VISplashireal-time system. This thesis aims to obtain a higher cost to speed ratio
for the particular application than both the sequential and parallel algorithms can achieve,
while retaining the advantages of a software design. The algorithm has been implemented on
a reconfigurable hardware platform which has the speed of a hardware based design and the

flexibility of a software based design.

3.4 Hardware Implementations
Board level implementations of the problem were proposed by Yang [12] and
Schwartz et al [6]. MSI and LSI chips were used in their wire-wrapped multi-board designs.

The architecture for those designs was complex and required several components for various
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stages of processing. A systolic algorithm for VLSI implementation was proposed by Ranga-
nathan et. al. [2]. It involved two passes: a top-to-bottom and a bottom-to-top pass through
the image. The standard cell based design included muxes and registers. Being a VLSI,

design it lacked the re-programmability of the software-based designs.
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