Fast Generation of Gaussian and Laplacian
Image Pyramids Using an FPGA-based
Custom Computing Platform

by
Luna Chen

Thesis submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of
Master of Science
in

Electrical Engineering

APPROVED:

%QKW

Dr. A. Lynn Abbott, Chairman

Dr. Peter M. Athanas alhng R. Cyre

September, 1994
Blacksburg, Virginia






Fast Generation of Gaussian and Laplacian
Image Pyramids Using an FPGA-based
Custom Computing Platform

by
Luna Chen
Dr. A. Lynn Abbott, Chairman

Electrical Engineering

(ABSTRACT)

This thesis describes the implementation of a system that can generate two types of
image pyramids: the Gaussian pyramid and the Laplacian pyramid. These have been devel-
oped using the SPLASH II attached processor, which is a reconfigurable platform based on
Field Programmable Gate Arrays (FPGA). The design was first modeled in VHDL, and was
then simulated and synthesized to a gate list using a SPLASH II simulator and the Synopsys

synthesis tool. The gate list was then mapped onto Xilinx XC4010 FPGA architectures.

Three complete designs have been developed to generate pyramids on SPLASH II:
two for generating the Gaussian pyramid, and one for generating the Laplacian pyramid.
One of the designs produces a complete image pyramid within one image frame time of 33
ms. The other two designs produce complete pyramids within two frame times. All three

designs can be used as pipeline stages within a larger image processing system.
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1. Introduction

1.1. High performance pyramid generation

General-purpose workstations can provide acceptable performance for many image
processing tasks when speed is not an essential factor. However, many applications_ such as
visual tracking and robotic control require fast image processing. For such applications, it
is difficult to achieve the needed computation rates because of the large amount of data asso-
ciated with images. Because real-time image analysis involves massive computations and
requires high input/output (I/0O) capacity, most conventional uniprocessor and parallel com-

puter architectures are not well suited for fast image processing.

The traditional approach to this problem has been to develop application—specific
hardware. Such hardware is usually able to accomplish the desired image analysis applica-
tion efficiently, and can provide relatively satisfactory performance. The drawbacks are
lengthy design cycles and high redesign costs when an error is detected in the original design,
or when a new algorithm is developed. An additional drawback of application-specific
hardware is that several components may be needed to accomplish a single, complex image
analysis task. Special care must be taken to provide appropriate data flow between these

components and with external interfacing devices.

An attractive alternative to these traditional approaches is to use reconfigurable
FPGA (Field Programmable Gate Array) based platforms that can be tailored to different
user applications without sacrificing performance. The SPLASH II attached processor, de-
veloped by the Supercomputing Research Center (SRC) in Bowie, Maryland, is such a sys-

tem [1]. It was designed as a general—-purpose system, and can implement many image proc-



essing tasks with high performance. A brief overview of SPLASH II system is given in the

next chapter.

This thesis describes the use of the SPLASH II attached processor for image pyramid
generation. Image pyramid generation is the process of transforming a single video image
into a hierarchy of filtered images [2]. This set of filtered images contains information at
different levels of spatial resolution of the image. Multiresolution image processing tech-
niques have been recognized as important components of advanced image analysis systems.
They are well suited for many image analysis tasks, including image feature encoding, stereo

matching, motion tracking, and image compression [3, 4, 5].

Several image pyramid types have been developed over the past decade. Two of the
most popular ones are the Gaussian and Laplacian pyramids. The Gaussian pyramid is a set
of smoothed images, in which each pixel is computed as a local weighted average, using a
unimodal Gaussian-like weighting function centered on the pixel itself. The Laplacian pyra-
mid consists of a set of band—passed image subsets, each of which is formed as the differ-
ences between successive Gaussian levels, so that each Laplacian pyramid level represents
intensity edges at a particular resolution. The detailed data structures of these two types of

pyramid and example applications are given in Chapter 3.

1.2. The VTSplash Project

VTSplash is a system that consists of four components: a Sun SPARCstation 2, an
image collection system, a SPLASH II attached processor, and an image display system.
Figure 1.1 shows the relationship of the components. Image frames are sampled by a video
camera at the standard rate of 30 frames per second, and are processed within the SPLASH

I system at the same speed. The original or processed images may be displayed on the moni-



tor, or stored on a mass—storage device through the Sun host. The Sun station is also respon-

sible for controlling the application programs that run on SPLASH IL

—

Sun SPARCStation 2

— (D) —

Image Display system

Image Collection SPLASH II Cabinet

Figure 1.1. VTSplash image processing system. Raw image data from acam-
era is processed on SPLASH II, and displayed on the monitor. A Sun
workstation communicates with SPLASH and configures the system.

This research is a part of VT Splash group project in the Bradley Department of Elec-
trical Engineering at Virginia Tech. The goal of this project is to develop a set of useful image
processing operations on the SPLASH II system so that complex image analysis tasks can

be carried out at high speed.

In addition to pyramid generation, the image processing operations that have been
implemented on SPLASH II include image histogram generation, median filtering [6], re-
gion detection, and the Hough transform [7]. These applications represent a diverse set of

general image analysis tasks. Since all of these applications are developed for the same



FPGA-based SPLASH board, many of them can be pipelined into a multiboard SPLASH

II system.

1.3. Contributions of this research
The contributions of this research can be briefly summarized as follows:

1. Three complete designs have been developed to generate Gaussian and Laplacian
pyramid on SPLASH II: two for generating the Gaussian pyramid, and one for gen-

erating the Laplacian pyramid.

2. One of the designs produces a complete image pyramid within one frame time. The

other two designs produce complete pyramids within two frame times.
3. All three designs are completely synchronous.

4. Eachdesigncan be used as a pipeline stage, and can be easily coupled with other com-

ponents in a large system.

5. The SPLASHIIimplementations are compared with other pyramid generation archi-

tecture.

6. The thesis provides suggestions for improving the SPLASH II system for image

processing applications.

1.4. Organization of thesis

This thesis describes the implementation of a system which can generate both Gaus-
sian and Laplacian pyramids in real time. The system has been designed, built, and tested

utilizing the SPLASH II attached processor. More details of the SPLASH Il system are given



in Chapter 2. Chapter 3 presents the Gaussian and Laplacian pyramids, and briefly summa-
rizes previous architectures that can generate these two types of image pyramid. Chapter
3 also describes other useful pyramid—generation architectures and discusses applications of
image pyramids. Chapters 4 and 5 describe the implementation of Gaussian and Laplacian
pyramid generation on SPLASH II. Chapter 6 describes the development environment of
SPLASHII. Chapter 7 presents the results, and proposes future enhancements to SPLASH

II. Chapter 8 summarizes the thesis.



2. SPLASH II System Overview

SPLASH Il is a general—purpose parallel processor in which the programmer has the
freedom to design the architecture of each of the processing elements (PE). As discussed
in Chapter 1, a SPLASH II system consists of a Sun SPARCstation and a SPLASH II cabinet.
The cabinet contains an interface board and from one to sixteen SPLASH boards [8]. Each
SPLASH II board has 17 PEs, with each linearly pipelined and fully connected through a
crossbar. The SPLASH II subsystem is connected via a cable to an SBus adapter board in
the host. The system architecture is shown in Figure 2.1. The reprogrammable and reconfi-

gurable features of the crossbar support a wide variety of applications.

2.1 SPLASH II array board

Upto 16 SPLASH Il array boards are supported within a single system, and each con-
tains 16 Xilinx 4010 FPGA processing elements, referred as X1 to X16, and a seventeenth
Xilinx FPGA control element, X0. The sixteen processing elements are arranged in a linear
array with each connected to its left and right neighbors via 36-bit wide data bus. Each PE
is also connected through a separate 36-bitbus to a 16 x 16 bi—directional crossbar. The con-
trol element XO0 is connected to the SIMD (Single Instruction Multiple Data) bus, and may
drive the input data into crossbar, and is capable of broadcasting 36-bit data to all 16 process-

ing elements simultaneously.

The central crossbar can store up to 8 dynamically selectable configurations. The
configuration in use can be changed as frequently as once per clock cycle. A set of port con-

nections is stored in the crossbar configuration file, where each port can be either an input



SPARCstation 2

SPLASH Il Array Board

CROSSBAR

sod WIS

Figure 2.1. The SPLASH II architecture. Up to 16 array boards can be placed
in a system. Each board contains 17 Xilinx FPGAs, designated as

X0 and 1 to 16.



or an output. In addition to the 36-bit data path, a 5-bit unidirectional control path connects
the crossbar to each PE. This allows the application program to control each byte of the

36-bit data bus independently of the others within a configuration.

256K x 16
Memory
SBus Read ™ RD RD
SBus Write ™ WR WR []
Addres
SBus Address Data
32 B
118 16
SBus Data
32
Processor Inhibit ||
. Processing . .
36 36
36
To Crossbar

Figure 2.2. SPLASH II Processing Element Organization.

Each of the 16 FPGAs is associated with 512 KB external fast static RAM, which
is capable of performing a read or write operation every clock cycle. Figure 2.2 shows the
organization of the processor. The data/control path between each PE and its memory is a
16-bit wide data bus, an 18-bit address bus, one read signal, and one write signal. There
are two constraints due to the single—ported memory data path. First, the read control signal
and the write control signal cannot be asserted simultaneously, and the result is unpredictable

if such access occurs. Second, a read operation cannot be followed immediately by a write



operation. Therefore, the read control signal must be de—asserted at least one clock cycle
before the write signal is asserted. The host SBus is extended to each of the SPLASH array
boards, allowing the SUN host to have direct access to the external memory. However, the

host and the processing element cannot access the memory simultaneously.

2.2 SPARCstation host

SPLASH II is attached to the host through the SPARC SBus. The extended SBus
supports words—aligned reads and writes from the host, and burst mode DMA transfers be-
tween the SPLASH system and the host memory. The SPARCstation host is responsible for
the control of SPLASH II application programs including reading and writing the configura-
tion state of FPGA elements and the on—board memory, controlling the SPLASH clock, and

servicing interrupt or Direct Memory Access requests from SPLASH, etc.

2.3 Interface board

The SPLASH II interface board contains three bi—directional DMA channels for
transferring data to and from the host, and two user programmable FPGA devices, known
as XL and XR. Each of the DMA channels is decoupled from the SPLASH system by a 256
word FIFO. Both FPGA devices are situated between the FIFOs and the SPLASH array, and
responsible for reading and writing data and control signals to and from the SPLASH board.
Although the two devices are symmetric, XL is usually programmed to read the input FIFO
data, and drive the SIMD data path to the SPLASH array board, and XR writes the data from
the last board to the output FIFOs. XL and XR can communicate with each other through

a 36-bit wide bi—-directional data path.



The system clock is controlled from the host by writing to a set of registers on the
interface board. The clock frequency is selectable from 100 Hz to 30 MHz in increments
of approximately 50 Hz. The control chips XL and XR also have the ability to start and stop
the clock distributed to the SPLASH arrays.

2.4 Xilinx 4010 FPGA

Xilinx FPGAs are user programmable and reprogrammable devices, and are capable
of implementing variety of user—defined logic. The Xilinx XC4000 family provides a flex-
ible architecture of Configurable Logic Blocks (CLBs). Each CLB has a pair of flip—flops
and three function generators. Figure 2.3 is a simplified block diagram of the XC4000 family
CLB cell. Two function generators FG1 and FG2 have four independent inputs (a—d and
e-h). The two function generators are implemented as memory look—up tables, each of
which is able to implement any 4-input Boolean function at high speed. The propagation
delay is independent of the function being implemented. The third function generator FG3
implements any function of the two outputs from FG1 and FG2: O1 and O2 and a third input
from outside of the block. The output signals from CLB include signals directly from func-
tion generators or registered signals from two D flip—flops. More detailed description about

the cell can be found in [9].

Each CLB is surrounded by a hierarchy of routing resources and a perimeter of pro-
grammable Input/Output Blocks (IOBs). The IOB provides interfacing between the package
pins and internal signal lines such as the boundary scan circuit. The routing resources pro-
vide routing paths to connect the inputs and outputs of the CLBs and IOBs onto the appropri-

ate networks. These types of connections are made by metal lines with programmable

10
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Figure 2.3. Simplified block diagram of XC4000 family CLB.

switching points and switching matrices. Figure 2.4 illustrates the basic single-length inter-

connect lines surrounding one CLB in the array.

The XC4000 family FPGAs also include on—chip static memory resources, and a li-
brary of macros. The fast on—chip RAMS create possibilities in the system design such as
index registers, DMA counters and status registers, etc. The macros contain information of
partitioning, placement and routing. These predefined and tested functions permit the user

to build timing—critical designs with optimized performance.

The XC4010 FPGA is a 84—pin device used as the major processing element on
SPLASH Il board. Each chip includes 400 CLBs and 144 IOBs, with a total number of 1120
flip—flops. The chip also has maximum of 12800 bits of on chip RAM.

11
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Figure 2.4. Typical CLB connections to adjacent single—length lines.
Each dot indicates the interconnection between CLB pins and its I/O
lines. Each switch matrix consists of programmable logic to establish
connections between the lines.

2.5 Data/Control path

The 36-bit linear data path connects all FPGA processing elements in a one dimen-
sional array. A 4-bit tag is added to the 32-bit data stream from the host in the input DMA
channels. The 36-bit data pass through the input FIFOs and XL onto the SIMD Bus, and
into PE X1 of the first SPLASH array board. On the interface board, the 4-bit tag is removed
by XR, and the remaining 32-bit data stream return to the host through output FIFOs and

their DMA channels.

The control paths between the SUN host and the SPLASH cabinet include a set of
handshake registers and a global AND/OR mechanism. These features add flexibility to the

SPLASH II system. However, these features are not used in this particular application.

12



2.6 SPLASH 1I software environment

The programming environment for SPLASH II is based upon the VHSIC (Very High
Speed Integrated Circuit) Hardware Description Language (VHDL). The implementation
of an application is first manually partitioned into a set of SPLASH computing elements.
The VHDL behavioral model for each element is then developed, and refined and debugged
within the SPLASH II simulator. During simulation, the VHDL model is able to interact
with the system exactly as it would with the actual hardware, including the timing and I/O

constraints.

Once the implementation is determined to be functionally correct, the Synopsys log-
ic synthesis tool converts the VHDL file into an EDIF format netlist file. The EDIF file is
then translated into the XILINX Netlist Format (XNF). The Xilinx Automated CAE Tool
(XACT) will conduct the process of Partitioning, Placement and Routing (PPR) automati-
cally. The completed design will be stored in a Logic Cell Array (LCA) file, from which
a Xilinx bitstream format (.bit) file can be generated. More details about the SPLASH pro-

gramming environment are covered in Chapter 6.

13



3. Image Pyramid Generation

Multiresolution and multirate image processing techniques have become increasing-
ly popular over the past decade because of the advantages of processing image data at differ-
ent scales. A basic data structure used in multiresolution and multirate processing ié the
image pyramid, which is a complete image representation at different levels of resolution.
A image pyramid is constructed by recursively applying two basic operations, filtering and
subsampling, to an input image, creating a set of images of decreasing size and spatial resolu-
tion. Filtering is performed to convolve the input image with a family of local, symmetric
weighting functions. Subsampling then produces samples for the two most common image

pyramids, the Gaussian (low—pass) and the Laplacian (band—pass) pyramids.

3.1 Gaussian pyramid

The sequence of images go, g1, ---» 8-1 as shown in Figure 3.1(a) is called a k—level
Gaussian pyramid [10]. A weighting function which resembles the Gaussian probability dis-
tribution is applied to each pixel of the original video image g to generate the lower—resolu-
tion image g;, which is used in turn to generate g, etc. The level-to-level filtering and

resampling can be expressed as a function REDUCE as shown below:
8 = REDUCE ( g1 )

where each pixel value in g is obtained by a weighted sum of pixels from g;_;, computed

over a 5 x5 neighborhood as follows [2]:

2 2
gy = D > wlm nge (2 — m2j — n) (1)

m=—-2n=-2

14
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Figure 3.1. (a) Gaussian (low—pass) and (b) Laplacian (band—pass) pyramids [10].



To simplify the computational requirements, the 5 x5 weighting function w is often chosen
to be separable: w(m, n) = w,(m) wy(n). Therefore, the image can be filtered by two one—di-
mensional (1D) filters w, and w, in sequence. As illustrated in Figure 3.2, each row of dots
represents an image row within one level of the pyramid. Each dot represents one image
pixel, which is computed as the weighted average of 5 pixel values from the level below it.

The same weighting pattern is used to generate all pyramid levels.

& [ ) o o
8l o o o ® ®

Figure 3.2. One dimensional representation of Gaussian pyramid generation.

The function REDUCE in Equation (1) is then split into two functions REDUCEX

and REDUCEY:

2

8cx (i, j) = REDUCEX (g 1) = D ompge,Qi — m,j) (2a)

m=-2
2

8 (i, j) = REDUCEY (g:) = D w,(mgu(i.2j = n) (2b)

n=-2

16



The 1D weighting function in the vertical direction, wy, is usually the transpose of the
function in the horizontal direction, wy. Functions wy and wy, commonly have the following

constraints [10]:

1. The function is normalized:

iw(i):l (3)

i=-2
2. It is symmetric:
w(i) = w(-i), fori=0,1, 2. (4)

3. The function follows the equal contribution rule. In this case the equal contribution

requires that
a+2c=2b, (5)
where a = w(0), b = w(-1) = w(1), c = w(-2) = w(2).
Although other solutions are possible, these three constraints are satisfied when
w(0)=a
w(-1)=w(l) = 1/4
w(=2) = w(2) = 1/4 - al2.

The equivalent weighting function is particularly Gaussian-like when a is around 0.4. For

implementation in digital logic, it is convenient to choose a = 3/8, b = 1/16, and c=1/4.

3.2 Laplacian pyramid

The Laplacian pyramid as illustrated in Figure 3.1(b) is a sequence of difference im-

ages, in which each image is the difference between two successive Gaussian levels. Two

17



types of Laplacian pyramid are in common use: the filter—subtract—decimate (FSD) structure

and the reduce—expand (RE) structure [2].

The FSD Laplacian is formed by subtracting a filtered image of the next higher Gaus-
sian pyramid level from the same level of the pyramid image. The kth level of the FSD La-
placian pyramid can be expressed as below:

L)) = gdin)) = giai(hs J) (6)

Where gf, | is the (k+1)th level of the filtered Gaussian image before subsampling. The FSD
Laplacian is very intuitive, and relatively easy to obtain. Itis appropriate for computer vision

applications.

The structure of the RE Laplacian is more complicated than for the FSD Laplacian.
An interpolated image is computed by convolving the same weighting function w over the

(k+1)thlevel of Gaussian image. The mathematical representation can be written as follows:

8i+1(26,2)) = gis1(ir)); (7a)

g (2i £ 1,2j £ 1) = 0; (7b)

2 2
gy =4 D wm) > w mgi.i—-mj—n.  (7c)

n=-2 m=-=2

Where g€is an expanded version of Gaussian image g by simply inserting a zero value be-
tween each row and column of the Gaussian image, and g is the interpolated image from
g¢. The operation above can be expressed as a function EXPAND referring as the reverse of

the function REDUCE.
gy (i,j) = EXPAND(g,.,(i.))) (8)

The RE Laplacian LKE is then computed as follows:

18



LEG.)) = 8ui)) — 877G ) (9)

Notice the kth level of the Gaussian pyramid can be recovered from the sum of L and g?

k+1°

Furthermore, the original image Iy can be recovered exactly by expanding each i thlevel La-

placian image (L) i times, and then summing all the levels: 1, = Z EXPAND'(L). Therefore,

i=1

the RE Laplacian structure is appropriate for image processing applications involving image

reconstruction and coding.

This thesis describes an implementation of a 5-level RE Laplacian pyramid. The

FSD pyramid has not been implemented.

3.3 Previous implementations for Gaussian and Laplacian pyramids

It is desirable to process the image data in real-time and in a cost—efficient manner.
A direct implementation for pyramid generation is to use a separate digital filter for each
filter stage, where all the filters are linearly pipelined. This linear pipeline configuration is
illustrated in Figure 3.3(a). The filters for the lower resolution levels will have to operate
atreduced clock rates to keep all calculations synchronized. This ensures the minimum proc-

essing time, at the expense of extra hardware.

An alternative configuration is to use only one digital filter and construct a pyramid
one level at a time as illustrated in Figure 3.3(b). This recirculating pipeline structure gener-
ates each level of the pyramid in sequence at the same clock rate. It requires extra memory
to store intermediate results, and a dual port memory is needed to support simultaneous read
and write operations. The processing time is directly proportional to the size of the image

level. Since each successive level has one quarter as many pixels, each takes one quarter the

19
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Figure 3.3. Three pyramid generation architectures: (a) linear pipeline structure,
(b) recirculating pipeline structure and (c) hybrid structure implemented in this re-
search. Each block represents a digital filter with resampling.
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time to generate. The upper bound on processing time can be mathematically calculated as

below:

AI'—
TN

1+ 1 +——+ i
i=0

1—2

If g1 requires T time units to be produced, then the total processing time for this procedure
is (4/3) T. Therefore, the linear pipeline architecture is 25% faster than the recirculating

pipeline design, but with less efficient use of hardware.

Figure 3.3 (c) shows a hybrid pipeline structure which was developed and imple-
mented in this research. It is composed of two stages. The first stage produces the first level
of the pyramid, and passes the data to the second stage. The second stage is a recirculating
pipeline which generates levels g5 to gx—;. This architecture provides the same data process-

ing speed as the the linear pipeline structure, but utilizes the hardware more efficiently.

A VLSI chip called PYR has been developed at the David Sarnoff Research Center
in Princeton, NJ, to perform the standard operations required in pyramid transforms [2, 11].
The chip is designed to build Gaussian, Laplacian, subband, and related pyramid structures,

including gradient and moment pyramids through some off—chip processing.

The functional components of the PYR chip are shown above in Figure 3.4. The chip
has 3 input ports and 2 output ports. Two images can be added/subtracted before or after the
filter at P1 and P2, respectively. The Gaussian pyramid can be produced from output port
OUT]1 by passing the input image from IN1 through the filter module. The Laplacian pyra-
mid can be obtained from port OUT2 by subtracting the Gaussian level data from the by-
passed input data at P2. The third input port IN3 can be used in implementation of double
precision structures. Two PYR chips process 8 of the 16-bit input images, and the clip mod-

ule on one PYR chip combines the results at 16 bits.
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