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ABSTRACT

Champion is an Adaptive Computing System being developed as a means to
translate software-based image-processing applications into equivalent hardware
implementations targeted for multi-FPGA (Field Programmable Gate Array)
platforms. Using Cantata, an image-processing designer can develop a Khoros
workspace to implement an algorithm by connecting Khoros glyphs together.
Therefore, the objectives of Champion are to parse a Khoros workspace and au-
tomatically translate the design captured by the workspace into a form that can
be exécuted on a multi-FPGA platform. A library of hardware glyphs was de-
veloped for the Champion research project to use for its translations. It was
therefore necessary to ensure the same functionality between the Khoros glyphs
and the hardware glyphs. Design criteria were established so that all hardware
glyphs work together in a pipelined fashion. The hardware glyphs were developed
in a parameterized manner written in VHDL (Very High Speed Integrated Circuit
Hardware Description Language). The VHDL code was then synthesized using
the Synplify synthesis tool to generate XNF (Xilinx Netlist File) files. Each glyph
was simulated using Altera Max Plus II to insurel proper functionality. After suc-
cessful simulation of a hardware glyph was achieved, the glyph was executed on
a Xilinx FPGA to verify the glyph’s design. Finally, the verified glyphs were
collected together into a library which characterizes the glyphs by size, delay,

and I/O count.
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CHAPTER 1

Introduction

“1.1 Motivation

Champion is an Adaptive Computing System being developed by the Micro-
electronics Research Group at the University of Tennessee as a means to translate
software-based image-processing applications into equivalent hardware implemen-
tations targeted for multi-FPGA platforms. The software development platform
is the Khoros Cantata graphical programming énvironment. Using Cantata, an
image-processing designer can develop a Khoros workspace to implement an algo-
rithm by connecting Khoros glyphs together. These glyphs can be thought of as
C subroutines, while the Cantata workspace can be viewed as a main C program
that invokes these subroutines and controls the data flow from one subroutine to
another. Therefore, the objectives of Champion are to parse a Khoros workspace
and automatically translate the design captured by the workspace into a form
that can be executed on a multi-FPGA platform. The first multi-FPGA platform
chosen for Champion to target is a Wildforce board which contains five Xilinx
FPGAs.

The development of a library of Khoros glyphs is described in this thesis

for Champion to use for its translations. This libré,ry contains glyphs that are




referred to as hardware equivalent glyphs. A Khoros user who wishes to use
Champion must develop his workspace using these hardware equivalent glyphs.
A similar hardware glyph library of pre-compiled XNF files was also developed
for the targeted Xilinx FPGA architecture. Champion will partition, place, and

route these pre-compiled hardware glyphs as described in the Khoros workspace.

"To aid in the mapping procedure, an attempt was made to design the hard-

ware equivalent glyph library and the hardware glyph library to be as similar as
possible. By doing so, the mapping procedure will yield an almost one to one
correspondence between the Khoros workspace design and the mapped hardware
irnplen‘lentation. Some discrepancies will arise between the two platforms due to
the differences between software execution versus hardware execution of a design.

It was therefore necessary to ensure the same functionality between the hard-
ware equivalent glyphs and the hardware glyphs (XNF files). The first step
towards achieving this goal was defining precisely a glyph’s parameters and its
explicit functionality. A hardware equivalent glyph was developed using a high
level programming language such as C++. This developed glyph was then used
to generate output vectors for a set of applied input test vectors. These input and
output vectors together constitute a test bench that can be used for computer
simulations of the hardware glyph.

Once a hardware equivalent glyph was completed, the hardware description
language VHDL was used to model a hardware version of the glyph. By devel-

oping the hardware using VHDL, the same source code can be used to develop



hardware glyphs for other target architectures. Using CAD tools, this code was
synthesized to generate a digital circuit, which was then targeted for the Xil-
inx FPGAs using place and route CAD software. The synthesized circuit was
simulated with the previously generated test bench to ensure the validity of the
hardware glyph. At this stage, the hardware glyph was ready for execution on
"the FPGA platform. Verification of the hardware execution entailed applying the
same test bench to the hardware and observing its outputs. The hardware glyph
passed this final verification stage when its results concured with those of the
computer-aided simulations. Otherwise, the VHDL code was re-evaluated and
modiﬁt‘ad as necessary to correct the execution failure. Once verified, the hard-

ware glyph was characterized in terms of size, delay, I/O count, and functionality.
1.2 Development Flow

Many of the hardware glyphs needed for Champion’s mapping procedure
differed slightly in their combinational logic operations. Therefore, before the
hardware glyphs are developed, several hardware kernels were developed which
perform these combinational operations. These kernels were instantiated inside
the VHDL files for the hardware glyphs appropriately. The next development
step for the hardware glyphs was to establish a set of criteria of how the glyphs
operate with one another and establish a means of data flow from glyph to glyph.
To accommodate this, a set of control lines were established for means of clas-

sifying each pixel in a set of data that are passed from one hardware glyph to




another. This was necessary for the hardware glyphs to mimic the behavior of
Khoros glyphs as well as to operate within a hardware environment. Finally,
a set of hardware glyphs were developed, simulated, and executed on a Xilinx
FPGA platform when applicable. The results from the simulations and executions
were compared with expected résults from the hardware equivalent glyphs. All
" glyphs were developed using VHDL template files. These template files contained
VHDL generic statements to accommodate parameterized bit widths for input
and output ports. Finally, two test circuits were developed which invoked various
hardware glyphs to insure that the hardware glyphs worked together properly as
intended by design. Also, insights about Champion’s mapping procedure deal-
ing with data synchronization and data bit width alignments were gained from
investigating these two test circuits. Finally results, conclusions, and suggested

future works are presented.
1.3 Purpose and Expected Contributions

The purpose of this thesis is four-fold. First, it serves as a means of docu-
menting the development of the first set of hardware glyphs for use by Champion.
Second, it establishes a set of design criteria for developing a hardware glyph.
Third, it documents the procedure used in validating, verifying, and characteriz-
ing a hardware glyph. Finally, it serves as an investigation for developing design
aspects for the Champion project. Therefore, the author’s contributions to the

Champion project was also four-fold. The first contribution to the project was




the first set of developed library cells that Champion will use during its mapping
procedure. Also, it set the initial design criteria and established the methodol-
ogy for validating through simulation and verifying through hardware e:gecution
future library cells for the Champion project. Finally, lessons learned from devel-
oping these cells and using them to create operating circuits aided in the design

of the Champion software.



CHAPTER 2

Background

" 2.1 Champion

One of the main obstacles to the use of FPGA-based reconfigurable comput-
ing systems has been the difficulty inherent in implementing applications on this
hardware [1]. Current systems require the user to be familiar with digital hard-
ware design, hardware description languages, and device-specific tools such as
compilers and place and route software. The Microelectronic Systems Research
Lab at the University of Tennessee is developing a software development system,
called Champion, for the automated mapping of applications in the Khoros Can-
tata graphical programming environment to FPGA-based reconfigurable com-
puting hardware. Khoros is already widely used for algorithm development and
simulation. Champion, will be used to map Khoros applications to a reconfig-
urable co-processor, speeding execution of the application and greatly increasing
designer productivity. Since multiple hardware architectures can be targeted,
Champion should also be able to map a completed algorithm to reconfigurable
hardware to be used independently of a host computer.

The goal of this project is to automate the mapping of Khoros-based applica-

tions onto adaptive computing systems to improve designer productivity by 100




times [2]. Thus, more application designers will be able to achieve higher qual-
ity implementations in less time and adaptive computing systems will be utilized
more effectively and by a wider audience. The approach taken is to build a library
of pre-compiled primitives that can be used as building blocks of image process-
ing applications. The Khoros flow graph will be automatically mapped onto the
adaptive computing hardware by partitioning and floor-planning software that
will be developed as part of the project. The library primitives in Khoros will
be pre-compiles into FPGA configuration files and then characterized for area,
delay, etc. in advance. This will not only accelerate the mapping process but will

assist the designer in exploring candidate solutions before final implementation.
2.2 Cameron

A similar project, called Cameron, is being developed at the Computer Science
Department at Colorado State University. The goal of the Cameron Project is
to shift the programming paradigm of Adaptive Computing Systems (ACS) from
hardware-centered to application-oriented, making them accessible to software
engineers and portable across platforms [3]. This is achieved by developing an
automated programming tool for Image Processing (IP) applications on Adaptive
Computing Systems. This tool is seamlessly integrated into Khoros, a visual
program development environment for IP applications. The approach consists of
developing a subset of the C language, SA-C (Single Assignment C) that has been

extended to support both IP applications and the mapping to ACS hardware;



an optimizing compiler for SA—C; a set of hardware modules implemented in
VHDL and mapped to a variety of FPGA-based ACS platforms; and an optimized

implementation of the IP components of the VSIPL standard library.
2.3 Reconfigurable Logic --

Both these two projects utilize reconfigurable logic. The advantage of the
reconfigurable hardware approach for digital signal processing implementation is
that application flexibility is provided by allowing the actual hardware design
to change rather than by adding —software programmable hardware to a design
[4]. That is, to change the application implemented by a reconfigurable hardware
system, the system need only be reconfigured through the reloading of SRAM bits
of an FPGA. This allows a completely new hardware design to be implemented.
No external hardware needs to be added to the initial design to provide this

flexibility.
2.4 Xilinx FPGA

The reconfigurable logic devices used by the Champion project are Xilinx
FPGAs. the XC4000 series provide the benefits of custom CMOS VLSI, while
avoiding the initial cost, long development cycle, and inherent risk of a conven-
tional masked gate array [5]. XC4000 Series devices are implemented with a reg-

ular, flexible, programmable architecture of Configurable Logic Blocks (CLBs),



interconnected by a hierarchy of versatile routing resources, and surrounded by a

perimeter of programmable Input/Output Blocks (IOBs). Because Xilinx FPGAs
can be reprogrammed an unlimited number of times, they can be used in inno-
vative designs where hardware is changed dynamically, or where hardware must
be adapted to different user applications. FPGAs are ideal for shortening design
“and development cycles, and also offer a cost-effective solution for production

rates will beyond 5,000 systems per month.
2.5 Wildforce ACS

Finally, the Adaptive Computing System used by Champion is a Wildforce
board, which is developed by Annapolis Micro Systems. The Wildforce board
contains one Control Processing Element and four Array Processing Elements
[6]. Each Processing element is a high speed XC4000XL Series Xilinx FPGA.
The Control Processing Element is a XC4036XL FPGA, and each Array Pro-
cessing Element is a XC4013XL FPGA. A memory daughter board is attached
to each processing element, and the board uses a high speed PCI bus interface

to communicate with a host computer and can run at clock speeds of up to 50

MHz.




CHAPTER 3

Hardware Kernel Development

"8.1 Hardware Kernels

Many of the hardware glyphs that need to be developed for use with Cham-
pion will differ from one another based on their combinational functionality. For
example, the hardware glyph for addition will be the same as the hardware glyph
for subtraction except for the circuitry that performs the respective arithmetic
operation. Therefore, it is logical to first develop hardware kernels to perform
these basic combinational operations that many of the hardware glyphs will re-
quire. These kernels can than be instantiated inside the VHDL source code for
the hardware glyphs. By using this approach, much of the VHDL source code
for the hardware glyphs can be re-used often.

Therefore, in this chapter, several hardware kernels were developed which will
be used by the hardware glyphs to perform basic arithmetic operations. These
kernels were either simulated or executed on an FPGA platform to insure proper
functionality. However, these kernels were not tested extensively since the hard-
ware glyphs in which these kernels were instantiated will be tested extensively.
Two of the kernels developed in this chapter were used in developing hardware

glyphs in Chapter 5.
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3.2 Kadd

The kernel kadd adds two numbers of bit width num_bits with a result of
num_bits +1 bits. The inputs and outputs for kadd are all unsiéned integers. By
making the output one bit larger than the inputs, overflow errors are avoided.
« Therefore, all possible combinations of inputs Wiﬂ yield a correct output value.
If a hardware glyph is designed to use fewer than num_bits +1 bits to represent
its result, then the most significant bits (MSB) or léast significant bits (LSB) of
result should be discarded as required by the hardware glyph. If the hardware
glyph uses more than num_bits +1 bits, then result should be zero-padded with
leading zeros.

The RTL layout and simulation for the kadd kernel are shown in Figures 3.1
and 3.2, respectively. The values of all ports in the simulation are listed in
decimal notation. The VHDL files for all hardware kernels developed are listed

in the Appendix.
3.3 Ksub

The kernel ksub takes two inputs (a and &) with bit widths of num_bits.
However, unlike the kadd kernel, the two inputs are signed integers using a two’s
complement representation with the most significant bit of each input being its
sign bit. As in the case with the kadd kernel, the output port is also 1 bit

larger than num_bits in order to in this case avoid both overflows and underflows.

11




‘

Figure 3.1: RTL Layout for Eight Bit Kadd Kernel.

Name: 500.0ns  1.0us 1.5us 2.0us 2.5us 3.0us 3.5us 4.0us 4.5us 5.0us 5.5
[ a 162 X 3 X 52 X 197 X 0 X 255
(b 179 X 241 X 33 X 7 X 0 X 255
[O]result 341 ¥ 244 Y 85 ) 204 y 0 M 510

Figure 3.2: Simulation Results of Eight Bit Kadd Kernel.
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Care must be taken to extend/discard the sign bit of the result when using a
larger/smaller number bits to represent the result in a hardware glyph to avoid
corrupting the computation. The RTL layout and a successful simulation for the
ksub kernel are shown in Figures 3.3 and 3.4, 1;espective1y. The ports shown in

Figure 3.4 are expressed in binary notation.
3.4 Kabs

The kabs kernel has only one input with num_bits bit width. This input is a
signed‘intéger. The MSB of this input is used as the sign bit with negdtive num-
bers expressed using the two’s complement notation. The output has a bit width
of num_bits +1 to accommodate the most negative input value with num_bits
bits. For example, if num.bits is eight, then the most negative number is -128.
The absolute value of -128 is +128 which requires nine bits to be represented as
a signed integer. The most significant bit of the output will always be zero since
the absolute value of a number always yields a positive result. The extra bit is
therefore mostly included in the kernel’s design as a means to keep consistency
when invoked inside a hardware glyph. For example, if the result was assumed
to be the same bit width as the input and signed, then -128 would yield -128
for the eight bit case. However, with the extra MSB, there is no possibility for
a sign error. The RTL layout and simulation for the kabs kernel are shown in
Figures 3.5 and 3.6, respectively. The values listed for the ports a and result are

both expressed as hexadecimal numbers.
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result[8:0

result[8:0]

Figure 3.3: RTL Layout for Eight Bit Ksub Kernel.

Name. 500.0ns  1.0Qus 1.5us  2.0Qus 2.5us 3.0us 3.5us 4.0us 4.5us 5.0us 5.5us 6.0
, (] a 10000000 ¥ 01111111 Y__ 00000111 { 11000010 X 01010010 X 11000010

b 00000001 ¥ 10000000 X 00110101 ¥ 11000001 Y 10000000 X 01111000

[Oesult| 101111111 ¥ o11111111 ¥ 111010010 ¥ 000000001 X 011010010 f 101001010

Figure 3.4: Simulation Results of Fight Bit Ksub Kernel.
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0 result[8:0

9] result[7:1]

Figure 3.5: RTL Layout for Eight Bit Kabs Kernel.

Name: 500.0ns 1.0us 1.5us 2.0us 25us 3.0us 35us 40us 45us 50us S55us 6.0
[l a 80 X 7F X F1 X OF X 00 X FF
[O]result 080 B 07F X 00F X 000 X 001

Figure 3.6: Simulation Results of Eight Bit Kabs Kernel.

15



3.5 Kabsdiff

The kabsdiff kernel has two signed input vectors of bit width num_bits with
a result that is num_bits +1 bits wide, which is also signed. The largest result for
its eight bit case is | -128 -127 {-= 255 The number 255 represented as a signed
- number nee’ds nine bits. Again, all outputs will be positive values, yet the output
is still represented using signed notation since the inputs to this kernel are signed.
The RTL layout and simulation in hexadecimal notation for the kabsdiff kernel

are shown in Figures 3.7 and 3.8, respectively.
3.6 Kdiv

The kdiv kernel returns the integer quotient of the division of an unsigned
integer dividend by an unsigned integer divisor. The binary division process used
for the kdiv kernel is similar to normal decimal division. Like decimal division,
an iterative process is executed in which it is determined whether the divisor will
”go into” manipulated values of the dividend [7].

Table 3.1 depicts the division process of two eight bit binary values. In this
example 105 (0110 1001) is divided by 11 (0000 1011). After initialization, the
process is basically an eight step loop since there are eight bits in the dividend.
The resulting quotient is held in the final value of a_var. Appropriately, the final
value for a_var is 9 (0000 1001). In the VHDL kernel source code, the values

of a, b, and result are all num_bits wide. Figure 3.9 depicts the RTL layout for

16




0 resut[8:0

71
[0}

[8d 7.0

1

result_temp[8:0] result{7:1]

' Figure 3.7: RTL Layout for Eight Bit Kabsdiff Kernel.

Name: 500.0ns 1.Qus 1.5us 20us 25us 30us 35us 40us 45us 50us 55us 6.0
10 a 80 X 7F X 07 X C2 X 52 X c2
b 01 X 80 X 35 X Ct X 80 X 78
[O}result 08t ) OFF X 02E ) 00t X 0D2 ) 0B6

Figure 3.8: Simulation Results of Eight Bit Kabsdiff Kernel.
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Table 3.1: [lustration of the Binary Division Process.

Step 1 Check to see if b = ‘0000 0000°. If so, then error = ‘1°. (b= ‘0000 1011’, so division
by zero does not occur in this example.)
Step 2 Initialize variables a_var= ‘01101001’ | p= ‘0000 0000’
Step 3a | Begin 8 iteration loop: adjust p a_var= ‘01101001’ | p = ‘0000 0000’
Step3b | p<b, .. a_var= ‘1101 0010° | p = ‘0000 0000’
Stepda | Adjustp - a_var= ‘1101 0010’ | p = ‘0000 0001’
Step4b | p< b, .. adjusta_var a_var = ‘1010 0100’ | p= ‘0000 0001
Step 5a | Adjust p a_var= ‘1010 0100° | p= ‘00000011’
StepSb | p< b, .. adjusta_var a_var= ‘0100 1000° | p= ‘00000011’
Step 6a | Adjustp a_var= ‘0100 1000’ = ‘0000 0110’
Step6b | p< b, ..adjusta_var a_var= ‘1001 0000’ = ‘0000 0110’
Step7a | Adjust p a_var= ‘1001 0000’ = ‘00001101’
Step7b [ p=b, .. adjusta_var & adjustp=p-b | a_var= ‘00100001’ | p = ‘0000 0010’
Step 8a Adjust p a_var= ‘0010 0001° | p= 00000100’
Step8b | p< b, .. adjusta_var a_var= ‘0100 0010’ | p= ‘00000100’
Step 9a Adjust p a_var= ‘0100 0010° = ‘0000 1000’
Step9b | p< b, .. adjusta_var a_var= ‘1000 0100 | p= ‘0000 1000’
Step 10a | Adjust p a_var= ‘1000 0100° | p= ‘0001 0001’
Step 10b | p> b, .. adjusta_var & adjustp=p-b | a_var= ‘0000 1001’ | p = ‘00000110’
) h_var_13[1 a_var(2:0]
‘1_un3 ° 717— <
| an L2-ine T

a_var_13[2]

un7i2-3] \3_p_8(2-1]

\3_un9
[

a_var_13(0}

Figure 3.9: RTL Layout for Three Bit Kdiv Kernel.
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Table 3.2: Execution Results of Eight Bit Kdiv Kernel.

Data in value Data out value
Execution1 | 105/11 (01101001 /00001011) 9 (00001001)
Execution 2 128 / 4 (10000000 / 00000100) 32 (00100000)
Execution 3 255/9 (11111111 /00001001) 28 (00011100)
Execution 4 8 /16 (00001000 / 00010000) 0 (00000000)
Execution 5 64/8 (0T000000 / 00001000) 8 (00001000)

kdiv with num_bits set to three. Due to technical limitations which are beyond
the scope of this thesis, kdiv is unable to be simulated using the Max Plus II
software. Therefore, unlike previous kernels, the kdiv kernel with num_bits set to
eight is executed on a Xilinx 4013XL FPGA to insure proper functionality. Five
execution results are listed in Table 3.2 giving a modest level of assurance that the
proper circuitry is synthesized. More adequate testing for functionality is done
when kdiv is invoked inside a hardware glyph. This kernel has two outputs. The

error output node is used to indicate that a division by zero error has occurred.
3.7 Kmod

The division process shown previously in Table 3.1 is also used to develop the
kmod kernel. This kernel outputs the integer remainder in the division of two
unsigned integer values. The final value of p = 6 (0110) in Table 3.1 is actually
the remainder of 105/11, Figure 3.10 shows the RTL layout for the kmod kernel
when num_bits is two.

Similar to the kdiv kernel, the kmod kernel is also unable to be simulated
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Figure 3.10: RTL Layout for Two Bit Kmod Kernel.

Table 3.3: Ezecution Results of Eight Bit Kmod Kernel.

Data in value Data out value
Execution1 | 105/11 (01101001 /00001011) 6 (00000110)
Execution 2 128 / 4 (10000000 / 00000100) 0 (00000000)
Execution 3 255/9 (11111111 /00001001) 3 (00000011)
Execution 4 8 / 16 (00001000 / 00010000) 8 (00001000)
Execution 5 64/8 (01000000 / 00001000) 0 (00000000)

using the Max Plus II software. Therefore, an eight bit kmod kernel is also
executed on the Xilinx FPGA to insure proper functionality. Five execution
results for this kernel are shown in Table 3.3. As is the case with the kdiv
kernel, the kmod kernel also has an error output node to indicate a division by

Z€ETo.

3.8 Kpow

The final hardware kernel discussed is the kernel kpow, which is used

for the exponential operation. The kpow kernel VHDL source code has one
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std_logic_vector input @ along with two VHDL generic assignments. The first
generic assignment is num_bits_a, and the second is pow which determines what
power input a will be taken to yield an output vector result. Figure 3.11 shows
the kpow kernel with num_bits_a = 8 and pow = 4. The resulting vector will have
a bit width of pow * num_bits_a. Similar to kdiv and kmod, the kpow kernel is
“ also not able to be simulated. Therefore, Table 3.4 depicts the execution results
of the kpow kernel with num_bits.a = 5 and pow = 6. Therefore, the outpﬁt

values are 30 bits wide (5%6).
3.9 Kernel Development

Seven hardware kernels were developed and either simulated with CAD tools
or executed in a Xilinx 4013XL FPGA. In addition to these seven kernels, over
twenty other combinational kernels were developed for use in designing hardware
glyphs. When designing hardware kernels, proper bit sizes are always allocated
to avoid errors such as overflows and underflows. The use of VHDL generics in
the kernels were employed to ease the development of hardware glyphs with pa-
rameterized bit widths. All kernels were developed using unsigned integer values
unless the combinational operation requires signed values such as the subtraction

or negation operations.




Figure 3.11: RTL Layout for Eight Bit Kpow Kernel.

Table 3.4: Ezecution Results of Eight Bit Kpow Kernel.

Data in value

Data out value

Execution 1

7 (00111)

117,649
(000000000000011
100101110010001)

Execution 2

3 (00011)

729
(000000000000000
000001011011001)

Execution 3

18 (10010)

34,012,224
(000010000001101
111110001000000)

Execution 4

23 (10111)

148,035,889
(001000110100101
101100100110001)

Execution 5

31 (11111)

887,503,681
(11010011100100
11101101000001)
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CHAPTER 4

Stream Representation of Images

"4.1 Data Synchronization

Several basic combinational kernels were developed in the previous chapter.
However, these hardware blocks cannot be used by themselves to replicate the
behavior of a Khoros workspace. These kernels must be instantiated in higher
VHDL components that operate in a sequential manner that is clock driven.
[t is important to keep in mind that the input data from the Khoros workspace
represent two-dimensional images, and that the input data values will correspond
to actual pixel values from these input images. The kernels were designed to
operate on only a fixed number of pixels from their respective inputs. Therefore,
it is necessary to translate the input images into a format that can be used as
inputs to the developed kernels. The format used to accomplish this is to translate
two-dimensional input images into one-dimensional data streams.

Figure 4.1 illustrates how two streams serve as inputs to Filter 1 and Filter2.
The outputs from these two filters are then fed into Filter3. This process is clearly:
sequential in nature and represents what most Khoros workspaces will entail. In
this fictitious example, Filter 1 finishes processing its input data long before Filter

2. Therefore, the two output streams must be synchronized together to feed as
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to help guide the hardware glyphs synchronize and control operations on data

streams.

4.2.1 Stream Valid Control Line

The Stream Valid control line will be used by Champion to indicate when a data
" stream is present at the input to a hardware glyph. Figure 4.3 illustrates two
data streams traveréiﬁg down a path. The first image stream has been broken
into two separate pieces while the second stream remains in tact. The cause for
the first stream being broken is due to a hardware glyph that produces output
values in a non-continuous fashion. For example, a hardware glyph may generate
a cyclic pattern of four output values in a row followed by a period with no
output value. Between the blocks of values the glyph’s output may either be
null or simply corrupt data depending on the hardware glyph. However, the
Stream Valid control line must remain high indicating that the data stream is
not yet complete. Only after all output pixel values for a given stream have been

generated by the hardware glyph will the Stream Valid control line be cleared.

Stream Valid

| lmége 2 ‘; l

01 SRR T i

1-D Stream Representation

Figure 4.3: Stream Valid Control Line.
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a clear Valid Pizel Location bit have no physical meaning to an image, the pixel
values during these periods may be discarded when a stream is written to RAM or
converted back to an image. Although a data stream is out-of-synch, it may still
be able to be used in this format due do the symmetry of many image processing

algorithms.
4.3 Simple Example of Control Line Use

Figure 4.6 shows how a data stream is used in conjunction with its control lines
in a simple mask convolution. For simplicity, the mask is set to a size of three by
three with all values being zero except the center pixel which has a value of one.
The original two-dimensional image is first converted into its one-dimensional
data stream representation along with its associated three control lines. This
data stream is first passed through a hardware glyph called ”Stream to Pixel
Neighbor Streams” to generate the proper input streams for the convolution
hardware glyph. The resulting output is shown as a two-dimensional image.
Notice that the border pixels from the convolution no longer represent actual pixel
values. The one-dimensional output data stream shown in Figure 4.6 illustrates
the second row of the image. In this stream, the Stream Valid line stays high
during the whole time. The Data Valid line only goes high during the two center
pixels which have remained uncorrupted after the convolution. Finally, The Valid
Pizel Location goes high whenever a period represents an actual geometric pixel

regardless of whether that pixel’s data is corrupt or not.
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Figure 4.7(b) shows the logic needed inside the most basic wrapper block. In
this example, all inputs are first latched for each clock cycle. The latched data
values are then transferred to the kernel to perform the glyph’s calculation. The
result from the purely combinational logic housed inside the kernel will then be
transferred back to the wrapper to be placed on the output lines of the hardware
" glyph.

The hardware glyphs developed in the next chapter are developed by join-
ing together a hardware kernel with an appropriate sequential wrapper to form
a hardware glyph. The approach taken is to simply instantiate the hardware
kernel‘and define the wrapper logic within the hardware glyph’s VHDL source
code. Since the hardware kernels are often similar in their port declarations, this
approach promotes the re-use of VHDL source code with only slight modification

for many of the hardware glyphs.
4.5 Stream Processing Modules

One final variation of hardware glyphs are those which require memory and
are therefore inherently sequential by nature. These glyphs therefore do not
require developing an underlying kernel to govern their operation. Many of these
types of glyphs will operate on an entire stream of data before generating a single
output. Figure 4.8 illustrates the hardware glyph Stream Max, which outputs the
maximum value of an input stream of pixels. This module must compare all input

values of a data stream before generating an output. Although its output will

32







Khoros glyphs operate inside a Cantata workspace in a synchronized manner. The
insertion of delay elements by Champion and the development of three control
lines served as a means to help synchronize the processing of data by hardware
glyphs. These design criteria were used in the next chapter to develop the first

set of hardware glyphs to be used by the Champion software.
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CHAPTER 5

Hardware Glyph Development

"5.1 Pre-compiled Glyphs

The purpose for developing these hardware glyphs is for the use of Cham-
pion. Champion’s goal is to substantially decrease the time needed to map a
software design developed in Khoros into a hardware implementation of that
design mapped over a multi-FPGA platform. One aspect for the decrease in
mapping time is that Champion will use a pre-developed hardware library in its
execution.

Champion’s initial library will contain the hardware glyphs developed in this
chapter. T{herefore, it was necessary to insure proper functionality for each pre-
compiled hardware glyph. Champion will use several attributes including size,
1/O count, and delay from the hardware glyphs in its library during the map-
ping process. Algorithms developed in Khoros required the hardware equivalent
glyphs to be parameterizable to accommodate various bit widths. For the li-
brary of pre-complied hardware glyphs to be complete, different versions of the
each hardware glyph were necessary which differ only in bit size. Therefore, all
hardware glyphs were developed using parameterized VHDL templates to ac-

commodate this necessity efficiently. These templates were modified using the
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hardware glyph’s parameters and then synthesized to generate XNF files. These
XNF files are what will be stored as the library of pre-compiled hardware glyphs.

Figure 5.1 shows the methodology for developing a hardware glyph. The first
step in this process was to clearly establish the glyph’s functionality. Second, a
hardware equivalent glyph was developed using a high level programming lan-
" guage such as C++. This hardware equivalent glyph was supplied with a set of
input test vectors (an input image) to generate a set of output test vectors. Then,
a hardware glyph was developed in VHDL to have the same functionality as the
hardware equivalent glyph. This VHDL code was synthesized and simulated with
the sa‘me test vectors used previously. Finally, the hardware glyph was placed
and routed for a.XilinX FPGA platform. Once again, the same set of test vectors
were used to insure proper functionality of the hardware glyph on the hardware
device. If the hardware simulation or execution did not generate the same output
test vectors generated by the hardware equivalent glyph, then the VHDL source
code for the hardware glyph or the source code for the hardware equivalent glyph

were modified to correct the discrepancy.
5.2 Hardware Glyph Kadd

The first VHDL hardware glyph template developed is called cham-
pion_kadd_#gnum nput_bits#. This VHDL template adds two input streams of
the same bit width together to generate an output stream which is one bit larger

than the input streams. The attribute #g_num_input_bits# determines the bit
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Figure 5.1: Hardware glyph design methodology.

widths of the two input streams. The output stream is one bit larger to avoid
any overflows from the addition. Both input streams and the output stream are
unsigned integers. The addition of the two streams is accomplished by invoking
the kadd VHDL kernel developed in Chapter3. The template could easily have
been developed without invoking a kernel and simply performing the addition
within the VHDL template file. However, this approach was not taken in an
attempt to keep the VHDL template files consistent. By doing this, many other
VHDL hardware glyph templates were developed rapidly by simply replacing the
kadd kernel with a different combinational kernel and changing file names and
generics appropriately. The source code for this template and all other source

code mentioned is listed in the Appendix.

The first hardware glyph developed from this template was champion.kadd_8.




The RTL layout for this hardware glyph is shown in Figure 5.2. The inputs to

this hardware glyph, as well as most other hardware glyphs, are latched during
the rising edge of each clock pulse. These latched values supply the input to
the kadd kernel. The result from the current clock cycle will be present on the
output g_result during the rising edge of the next clock cycle. The output control
"lines for this glyph is simply the result of and-ing the two input control lines.

Figure 5.3 illustrates the simulation of the RTL layout of champion kadd_8.
Two input streams are applied to the hardware glyph at the ports g_a and g_b
at t = 8.0us. The values for these two ports are shown in hexadecimal notation.
From ‘close inspection of Figure 5.3, it clear that the input values are not yet
applied during the rising clock edge at t = 6.0us. Therefore, it is the values held
at t = 8.0us which are the first non-zero values to be latched as inputs. Soon after
t = 8.0us, the resulting value is placed on the port g_result, which is also shown
in hexadecimal notation. However, this output value would not be latched by a
following glyph until the next rising clock edge, which is at t = 10.0us. Therefore
this glyph has a one clock cycle latency, since each clock cycle in this simulation
1s 2.0us.

Two 32-kilo-pixel image files were generated using random pixels with a range
of 0-255. These two images' are shown in Figure 5.4a and Figure 5.4b. These
two random images were added together in Khoros using an addition hardware
equivalent glyph to generate the iﬁlage shown in Figure 5.4c. The same two input

image files were used in the simulation shown previously in Figure 5.3. The full
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Figure 5.2: RTL Layout for champion_kadd_8.
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Figure 5.3: Simulation of champion_kadd_8 RTL Layout.







resulting stream from the port g_result from the simulation in Figure 5.3 is shown
in Figure 5.4d. Finally, the hardware glyph champion kadd_8 was executed on
the Wildforce board. Again, the same two input images were applied as inputs to
the hardware glyph. The execution results are shown in Figure 5.4e. The images

in Figure 5.4c, Figure 5.4d, and Figure 5.4d are identical to one another pixel

" for pixel. It was therefore concluded that the VHDL hardware glyph template

is designed successfully to meet the its design criteria. Attributes from this
hardware glyph and all hardware glyphs developed are listed at the end of this

chapter.
5.3 Hardware Glyph Kdiv

The second hardware glyph template developed was the hardware glyph for
division called champion kdiv_#g num.input_bits#. The RTL layout for cham-
pion_kdiv_8 is shown in Figure 5.5. This glyph invokes the kdiv kernel developed
in Chapter 3 to perform its combinational calculation. The resulting control line
differs from the previous hardware glyph since the division operation can yield a
divide by zero error. If the dividend g¢_b is zero, the error output from the kdiv
kernel is asserted high. With this case, the Data Valid line must be cleared to
indicate corrupted data in the output image stream. As mentioned in Chapter 3,
the kdiv kernel was not able to be simulated due to technical limitations. There-
fore, this hardware glyph which uses this kernel was not able to be simulated.

Figure 5.6a and Figure 5.6b illustrate two 32-kilo-pixel images. The last six
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columns of Figure 5.6b have zeros for their pixel values. Figure 5.6¢ is the re-

sulting image generated by Khoros from dividing Figure 5.6a by Figure 5.6b.

The last six columns of this image all have pixel values of 255 due to division

by zero. Figure 5.6d shows the result from implementing champion kdiv_8 us-
ing the same two input imagefiles. The pixels from the first 250 columns are
“identical to the first 250 columns of Figure 5.6¢c. The last six columns of Fig-
ure 5.6d differ from Figure 5.6c, but they also have their associated Data Valid
pixels cleared, implying corrupted data in these columns. Therefore, the template
champion kdiv_#gnum_input_bits# was assumed to be accurate in its descrip-

tion.
5.4 Stream Processing Glyphs

So far the hardware glyphs developed required no memory of previous pixels.
Therefore, combinational kernels were developed and used in conjunction with
registers to form a sequential circuit. In this manner, every input pixel generated
an output pixel or value. However, some hardware glyphs require memory, are
inhere'ntly sequential in nature, and use all pixel values of an input stream before
generating a result. Often, the result of such hardware glyphs is no longer an
image stream, but instead represents some information of the input stream such
as 1ts sum or maximum value. These types of hardware glyphs are referred to
as stream processing glyphs. The major difference between stream processing

glyphs and the glyphs developed previously is that they output values only after
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the entire input stream is completed. These output values are held until a new
stream is applied at the input. Therefore, state machines are required to develop

these glyphs.

5.5 Hardware Glyph Stream Sum

The first stream processing hardware glyph template developed was cham-
pion_stream_sum_#g num_ input_bits#_#g num_output_bits#. Hardware glyphs
were synthesized from this template for specific number of input and output bits.

The number of output bits for this hardware glyph is expressed by Equation 5.1.

# of output bits = loga(# of inputs pizels) + # of input bits (5.1)

The RTL layout for champion.stream._sum_8_23 is shown in Figure 5.7. When
the glyph’s reset line is asserted, all output lines are cleared. Once the reset line
goes low, the glyph moves into its normal mode of operation. The glyph waits
for an input stream. Once the input stream is completed, the glyph outputs
the stream’s sum and the appropriate control lines. The glyph then holds the
value of the sum until a new input stream is applied. Once applied, the output
of the glyph returns low until the new stream is completed. Figure 5.8 shows
the final clock cycles of a simulation with an input stream corresponding to the
image shown previously in Figure 5.6a. After a latency of the number of input
pixels plus two additional clock cycles, the glyph outputs the sum of 5,556,910.

This value obtained in simulation of the hardware glyph was also obtained from
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Figure 5.7: RTL Layout for champion_stream_sum_8_23.
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Figure 5.8: Simulation of champion_stream_sum_8_23 RTL Layout.
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a Khoros hardware equivalent glyph and from executing the hardware glyph on
the Wildforce board, indicating that the VHDL hardware glyph template cham-
pion_stream _sum_#g num input_bits# _#g num output_bits# was correct in its

design.

. 5.6 Hardware Glyph Stream Max

The hardware glyph for stream max is similar to that of stream sum except
that the glyph outputs the input stream’s maximum value, the row index for the
maximum value, and the column value for the maximum value. Therefore, the
hardwé,re glyph template file has parameters for the number of bits needed to
represent the input pixels, the number of bits needed to represent the number of
rows, the number of bits needed to represent the number of columns, and also the
number of columns in the input image. The VHDL template developed is called
champion_stream_max_#gnum_input_bits# #g num r_bits#_#g-num_c_bits#-

gnum_cols#. The RTL layout for champion_stream.max_-8_7_8256 is shown
in Figure 5.9. If the input stream has two or more pixels with the same maxi-
mum value, the hardware glyph outputs the row and column indices for the first
occurrence of that pixel value. The order for this search starts with the first
row, then the second, and so forth. \Figure 5.10 shows the final few clock cycles
of the RTL simulation of champion stream_max 8 7_8_256. The hardware glyph
outputs the input streams maximum value, its row index, and its column index

three clock cycles after the input stream is complete. Therefore, this hardware
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Figure 5.10: Simulation of champion_stream_maz_8_7.8_256 RTL Layout.

glyph t;emplate has a latency of three clock cycles plus the number of input pixels
in the stream. The same output data was obtained from executing a hardware
equivalent glyph in Khoros and from executing the hardware glyph on the Wild-

force board.
5.7 Compile-time Glyphs

Some hardware equivalent glyphs have one input stream which is operated
on using a constant. An example of this is a hardware glyph which adds a
constant to each input pixel. It is not feasible to generate a hardware glyph
for each possible constant that a user of Champion may require. Therefore,
VHDL template files are created for compile-time glyphs. When a user invokes
a compile-time hardware glyph in Cantata, Champion must first substitute the

constant into the VHDL template file and then synthesize the hardware glyph.
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The newly synthesized XNF file is saved in a user library, rather than in the pre-
compiled library, so that it can be used in future designs. This option requires
the user of Champion to have the necessary synthesis as well as place and route

tools to develop a user library.

5.8 Compile-time Hardware Glyph Kadd

The first compile-time hardware glyph template developed was cham-
pion_kadd_#g num_input._bits# _#g_constant#. The parameters for the number
of input bits and the constant are substituted with values of 8 and 17, respectively.
Figure 5.11 shows the RTL layout for this hardware glyph, champion kadd_8_17.
This hardware glyph uses the kadd kernel. The constant value is generated only
when the input stream has its stream valid, valid pixel location, and data valid
lines asserted high. Figure 5.12 compares the results between Khoros, RIL simu-
lation, and Wildforce execution of this hardware glyph. In this case, Figure 5.12a
shows the original input image used for all three cases. When compared pixel
by pixel, each of the three output images shown in Figures 5.12b, c, and d are
identical. When a Khoros user requires the use of the hardware equivalent glyph
champion _kadd with a constant, Champion will modify the VHDL template ﬁle; to
insert the value of the constant, in this case 17, for the parameter #g_constant#.
Therefore, for a user of Champion to use compile-time hardware glyphs, he must

have synthesis and place & route tools to create a user library of glyphs.
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5.9 Hardware Glyph Development Status

Table 5.1 shows the resulting attributes from the five hardware glyphs de-

veloped in this chapter. Champion will use these attributes for its partitioning

algorithms and for data synchronization of Khoros workspaces. Over twenty other

“hardware glyph templates have been developed in addition to these first five to

server as the first set of library cells for Champion to use. Other cells will be de-

veloped in VHDL, validated through simulation, verified through execution, and

characterized by their attributes using the same procedures and design criteria

as were used to design these first five library cells described in this chapter.

Table 5.1: Hardware Glyph Attributes

Hardware Glyph Frequency Inputs Outputs CLB Latency (# of clock
(MHz) Utilization cycles)
kadd_8 94.3 g.a8,2b8 g_result 9 11 1
kdiv_16 10.6 g_al6,g blé g_result 16 31 1
stream_sum_8_23 62.1 gal g_result 23 36 32,770
g_result 8
stream_max_8_7_8_256 50.5 g_as8 g_row7 49 32,771
g_column 8
kadd_8_17 g_result 9




CHAPTER 6

Hardware Glyph Library

" 6.1 Library Files

The VHDL template files were used to generate XNF files for each hardware
glyph. These synthesized XNF files were targeted to a specific hardware architec-
ture. The XNF files generated in Chapter 5 were all targeted for Xilinx 4013XL
FPGAs. These XNF files when grouped together were what actually constitute
the library cells for Champion to use in its mapping and partitioning algorithms.
Along with each XNF file generated, a simple text file was written to document
each library cell. Each text file contained information pertaining to the maximum
clock speed, number of CLBs, I/O names and sizes, and latency for its associ-
ated XNF file. Champion will parse these simple text files to determine how to
generate a structural VHDL file which will connect the hardware glyphs together

as dictated by a Khoros workspace and the target multi-FPGA platform.

6.2 Manual Mapping of Hardware Glyphs

The purpose for developing hardware glyphs is for use by Champion to map

these glyphs from a Khoros workspace to an ACS environment. Champion will
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map these glyphs automatically together using a structural VHDL file. To accom-
plish this task, Champion must extract the entity declarations from the VHDL
files of the hardware glyphs used in the Khoros workspace. It must then gener-
ate a structural VHDL file invoking each hardware glyph entity as a black box
component. By instantiating the hardware glyphs as black boxes, the hardware
glyphs will not be re-synthesized during the mapping procedure. Instead, only
the high level structural VHDL file is synthesized to generate an XNF file which
connects the hardware glyphs (which are just XNF files themselves) together.
In this chapter, two examples were investigated by mapping the glyphs together
ma,nuajlly. This manual process not only gave insight into the requirements for
Champion’s automatic mapping process, but it insured that the glyphs worked

together as intended by design.
6.3 Combining Hardware Glyphs

The first example is shown in Figure 6.1. The three addition hardware glyphs
used in this figure were mapped together manually using a structural VHDL file.
The circuit developed adds four input image streams together. The images on the
input lines w and = as well as y and z are added together first by the components
u? and u2, respectively. These intermediate results are then added together one
clock cycle later by the component u8. Figure 6.2 shows a brief simulation of
four input image streams each containing four pixels. The port final_result in the

simulation represents the output of the circuit, which indeed corresponds to the
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champion_kadd_8

u1_champion_kadd_8

champion_kadd_9

champion_kadd_8

g_controi_a[2.0]
g_control_b{2 0]

u2_champion_kadd_8

g_clk

g_reset

g_a(7.0} g_resuiys.o—22l
_b[7:0] g_control_resuit[2:0)—22

u3_champion_kadd_9

Figure 6.1: Ezample 1: Addition Hardware Glyph Layout.

_clk g_clk
g_reset g_reset
g_a[7.0] g_result(8 0 80 180 g_af8.0 g_result[9.0] 29 [0
g_b[7 0] g_control_result{2:0] 29l 89, g_b{e-0) g_control_result[2:0) 20)_[20)
g_control_a[2'0] [20] g_control_a[2.0]
g_control_b{2 0] 29, g_controi_b{20]

Name: 20us 40us 6.0us 8.0us 10.0us 12.0us 14.0us 16.0us 18.0us 22.¢
(1] clk

[I] reset |
(1] w 0 X 54 Y 124 X 162 Y 129 Y 0

(1] w_control 0 X 7 X 0

M x 0 X 54 X 124 Y 162 X 129 ¥ 0

(1] x_control 0 X 7 X 0

0y 0 X 190 X 72 X 83 X 254 X 0

[1] y_control 0 X 7 X 0

0z 0 Y 190 Y 72 53 254 0

(1] z_control 0 X 7 X 0

[O)int1_result 0 X 108 X 248 { 324 X 258 ¥ 0
[Olint1_resuit_control 0 X 7 X 0
[Olint2_result 0 X 380 X 144 X 108 Y 508 X 0
[O]int2_result_control 0 X 7 X 0
[Olfinai_result 0 X 488 Y 392 X 430 X 766 )
[O]final_result_control 0 X 7 X

Figure 6.2: Simulation Results of Fzample 1.
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addition of the four input streams, after a two clock cycle delay.

The second example is shown in Figure 6.3. The four hardware glyphs used in
this circuit are also chained together using a structural VHDL file. A 32 kilo-pixel
input image is applied to this circuit for simulation. The final few clock cycles of
this simulation is shown in Fig—tlfe 6.4. The component ui holds its value at its

‘. output until a new input stream is applied. Therefore, once the input stream is
finished, it outputs a value of 5,556,910 and holds it at its output. This number
is right shifted fifteen places by u2 to yield 169. Component u8 adds one to this
input to generate a stream of 170’s. Finally, component u4 shifts the stream of
170’s }:;y one binary digit to generate an output of 85. This value, which is the
input image’s mean value, is held at the output during the simulation until the
reset line is asserted high for a clock cycle.

From the simulation diagrams of these two examples, it is clear that the glyphs
do work according to their intended design. However, it is clear from these two
examples that the hardware glyphs used were generated specifically to match
each others input and output bit widths. Also, both circuits did not have any
latency/synchronization issues to deal with. However, a Khoros workspace file
may be generated where hardware glyphs are not synchronized and/or do not
have proper bit alignment.

In the first example, if the inputs to the first addition component u1 were
seven bits wide, then its output would be eight bits wide. However, the addition

component u8 is expecting its inputs to be nine bits wide. Therefore a zero
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Figure 6.3: Ezample 2: Mean Calculation Hardware Glyph Layout.

Name:

fl] clk

[1] reset

] x

[1] x_control
[O]int1_resuit
[O]int1_resuit_control
[Olint2_result
[Q]int2_result_control
[Q}int3_result
{O]int3_result_control
[Offinal_resuit
[Offinal_result_control

65.53ms 65.54ms 65.55ms 65.56

e JaF Y 4o Y as X__ap o
X

0 X 5556910 X 0
0 X 7 X 0
0 X 169 X 0

0 X 7 X 0

0 X 170 X 0

0 X 7 X 0

0 X 8 X 0

0 X 7 X 0

Figure 6.4: Simulation Results of Example 2.
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padding element would need to be inserted between these two components to
properly align their interconnection. In the opposite case, the if input to vl were
nine bits, then its output would be ten bits wide. If the Khoros workspace called
for component u8 to have only a nine bit input, then a truncating element would
need to be inserted to either drc—Jﬁ the MSB, drop the LSB, or saturate the output
value of component «].

Also, in these two examples, there were no synchronization glitches to deal
with. However, there can arise a situation where data will not arrive from two
different sources at the same time to a hardware glyph. Therefore, before a
structural VHDL can be generated by Champion, a check must be done on the
Khoros translated netlist to determine if all data is properly synchronized to arrive
to each hardware glyph at the proper times based on the latencies of the hardware
glyphs used in the Khoros workspace. If this not the case, delay elements will
need to be inserted by Champion to accommodate the required synchronization
of data. For small discrepancies in synchronization, registers may be used to
delay the arrival of a stream of data to a hardware glyph. For large differences
in synchronization, the data stream will need to be stored in RAM until required

by the next hardware glyph in the design’s pipeline.
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CHAPTER 7

Summary, Conclusion, and Future Work

" 7.1 Summary

The purpose of developing hardware glyphs is for use by Champion to map de-
signs developed in a software environment to a hardware platform. The method-
ology for developing a hardware glyph is a three-fold process entailing the de-
scription, simulation, and execution of each hardware glyph. For the description
stage, the VHDL hardware description language was used to develop the hardware
glyphs. Using CAD tools, the code was synthesized to generate a Xilinx Netlist
File (XNF) for each glyph. During the simulation stage, each glyph’s VHDL code
was simulated using test vectors generated by an associated hardware equivalent
glyph to ensure proper design functionality. This hardware equivalent glyph was
developed using a high level programming language such as C++. Finally, during
the execution stage, synthesized glyphs were downloaded into an AMS Wildforce
Board to executed on a Xilinx 4013-XL FPGA. Execution results were compared
to the expected output values obtained during simulation.

Using this methodology, five hardware glyph templates were developed in
VHDL using generics for parameterized bit widths. All templates were written

with adequate output bit sizes to avoid overflows and underflows. The VHDL
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source code was written with integer inputs and outputs using unsigned logic.
The RTL netlist for each glyph is simulated with Altera Max Plus II. Also, each
glyph was synthesized using Synplify to generate an XNF file for a 4013-XL
FPGA. These XNF files were instantiated for execution on a Wildforce board
with the execution results comi)ared to simulation results.

The development of hardware glyphs was mostly governed by the differences
between Khoros and an FPGA hardware platform. For example, some Khoros
glyphs have multiple functions for the user to choose from. Data between these
glyphs are stored on a host system as temp files. Cantata handles data movement
betweén these glyphs. Each glyph begins its execution only after all its inputs
have been written to a host file system when running inside a Cantata workspace.
A single Khoros glyph can handle all input dimension sizes. Finally, these glyphs
can handle inputs of any data type. Conversely, for hardware execution, each
‘hardware glyph has only one specific function. Data is transferred from hardware
glyphs sequentially one pixel at a time per clock cycle. Synchronization of data
arrival to hardware glyphs is necessary through the insertion of delay elements by
Champion. Also, some hardware glyphs were developed for specific image sizes.
Finally, each hardware glyph was developed for specific I/O bit widths.

In addition to testing the hardware glyphs individually, the glyphs were used
to develop test circuits to ensure that they work together as intended. This
process employs the use of a structural VHDL file to instantiate pre-compiled

hardware glyph entities to synthesize a high level XNF file. This XNF file consists
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of only the interconnects between each hardware glyph. The structural VHDL
file uses Black Box Attributes for each hardware glyph to avoid re-synthesizing
the hardware glyphs. Since the hardware glyphs were already synthesized, this
synthesis process was accomplished quickly. Xilinx M1 Place and Route Tools
were used to merge the top level XNF file with the XNF files of each hardware
) glyph employed. This process was investigated as a means to develop a procedure
for the automatic mapping of a design to an FPGA platform by Champion.
The hardware glyphs developed in this thesis will server as the first set of li-
brary cells for Champion to use during its partitioning and mapping procedures.
Also, £he development of these library cells set the initial design criteria and
establishes the methodology for validating through CAD simulation and verify-
ing through hardware execution future library cells for the Champion project.
Finally, lessons learned from developing these cells and using them to create

operating circuits aid in the design of the Champion software.
7.2 Conclusion

It is concluded that the adaptive computing system Champion will greatly
decrease the time for a design engineer to map an algorithm from a software pro-
totype to a multi-FPGA implementation of the algorithm. One major cause for
this decrease in mapping was due to the use of pre-compiled library cells by Cham-
pion in this mapping procedure. Since the library cells are pre-compiled, the user

can also gain valuable estimated knowledge of a design’s hardware implementa-
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tion and execution metrics before actually mapping the design to a multi-FPGA
platform. Such estimates will be based on the latency, makimum clock speed,
usage of CLBs, and number of I/O ports for each hardware glyph that is used in
a design. Based on these parameters for the glyphs used in a design, Champion
will be able to give its users estimates for information such as the number of FP-
" GAs and FPGA reconfigurations needed for a given hardware platform, as well
as the maximum circuit operating clock speed. For a manual mapping of a design
without the use of primitives from a pre-compiled library, such estimates are not
available since the hardware building blocks are not yet developed. Also when
mappi;lg a design manually, development time is needed to develop the necessary
hardware circuits for a design. However, Champion’s use of a pre-compiled library

therefore eliminates this hardware development time from the design cycle.
7.3 Future Work

For this library of hardware glyphs to be useful, they were modeled in Khoros
using hardware equivalent glyphs. This way, a designer can develop an algorithm
using these hardware equivalent glyphs in a high level of abstraction without
making hardware implementation decisions. Therefore, a developer can design
an algorithm using these hardware equivalent glyphs just as if they were native
Khoros glyphs. Upon design completion, the user can invoke Champion to map
the Cantata workspace which uses hardware equivalent glyphs to a hardware im-

plementation of the design using the actual hardware glyphs developed in this
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thesis. Therefore, it is important to not only develop the hardware glyphs, but
to also adequately develop the hardware equivalent glyphs. This task is quite
necessary since the user will input his design in a Cantata workspace using a
hardware equivalent glyph toolbox. Therefore, the development of a hardware
equivalent toolbox is necessary that can be accessed through the Cantata graph-
“ical user interface. Another aspect tha;t can be explored is the development of
hardware glyphs for data types other than unsigned integers. Finally, macro-level
hardware glyphs for more intricate image processing routine must be developed

from the basic hardware glyphs developed in this thesis project.
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Appendix

-- kadd.vhd
-- by: senthil natarajan

-- description: inpﬁts two unsigned std_logic_vectors and returns
-- a std_logic_vector that is one bit larger than the
-- input vectors

library ieee;
use ieee.std_logic_1164.all;
use jeee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;
entity kadd is
" generic (num_bits : positive);
port ( a,b: in std_logic_vector (num_bits -1 downto 0);
result: out std_logic_vector(num_bits downto 0) );

end kadd;

.architecture behave of kadd is

signal a_ext, b_ext : std_lpgic_vector(num_bits downto 0);
begin

a_ext <= '0’ & a;

b_ext <= 0’ & b;

result <= a_ext + b_ext;
end;

-- ksub.vhd
-- by: senthil natarajan

-- description:

-- inputs two signed std_logic_vectors with a bit width of
-- ’'num_bits’ and returns a signed std_logic_vector with
-- bit width of ’num_bits +1’.

library ieee;
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use ieee.std_logic_1164.all;
use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity ksub is

generic (num_bits: positive:= 8);

port (a,b: in std_logic_vector(num_bits -1 downto 0);
result: out std_logic_vector(num_bits downto 0));

end ksub; B

“architecture behave of ksub is

signal a_ext, b_ext: std_logic_vector(num_bits downto 0);
begin

a_ext <= a(num_bits-1) & a;

b_ext <= b(num_bits-1) & b;

result <= a_ext - b_ext;

end; '

-- kabs.vhd
-- by: senthil natarajan

~-- description:

-- inputs a signed std_logic_vectors and returns

-- a signed std_logic_vector that is one bit larger
-- than the input vector. It is one bit larger to
-- accomidate -128 => +128 (8 bit example).

library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_arith.all;

use ieee.std_logic_unsigned.all;

entity kabs is

generic (num_bits: positive:= 8);

port (a: in std_logic_vector (num_bits -1 downto 0);
result: out std_logic_vector(num_bits downto 0) );

end kabs;

architecture behave of kabs is
begin
process (a)
variable a_sig: std_logic_vector(num_bits downto 0);
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begin
if (a(num_bits -1) = ’1’) then
a_sig := ’1’ & a;
result <= not(a_sig) + 1;
else
result <= 0’ & a;
end if;
end process;
end;

-- kabsdiff.vhd
-- by: senthil natarajan

-- description:

-- inputs two signed std_logic_vectors with bit widths ’num_bits’
-- and returns an signed std_logic_vector that is one bits larger
-- than the input vectors, ’num_bits +1°.

library ieee;

use leee.std_logic_1164.all;

use ieee.std_logic_arith.all;

use ieee.std_logic_unsigned.all;

entity kabsdiff is

generic (num_bits: positive:= 8); ‘

port (a,b: in std_logic_vector(num_bits -1 downto 0);
result: out std_logic_vector(num_bits downto 0) );

end kabsdiff;

architecture behave of kabsdiff is
signal a_ext, b_ext, result_temp :
std_logic_vector(num_bits downto 0);
begin
a_ext <= a(num_bits-1) & a;
b_ext <= b(num_bits-1) & b;
result_temp <= a_ext - b_ext;
process (result_temp)
begin
if (result_temp(num_bits) = ’1’) then
result <= not(result_temp) + 1;
else
result <= result_temp;

68




end if;
end process;
end;

-~ kdiv.vhd
-- Senthil Natarajan

,=— description:

-- inputs two unsigned std_logic_vectors of bit widths
-~ ’num_bits’ and returns a std_logic_vector with the
-- same bit width that is the result of a/b.

library ieee;

use ieee.std_logic_1164.all;

use i¢ee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity kdiv is
generic (num_bits: positive:= 3);
port (a,b: in std_logic_vector(num_bits -1 downto 0);
error: out std_logic;
result: out std_logic_vector (num_bits -1 downto 0));
end kdiv;

architecture behave of kdiv is
begin
process (a,b)
variable a_var,b_var,b_neg_var,p:
std_logic_vector (num_bits -1 downto 0);
variable sign: std_logic;

begin

error <= ’0’;

a_var := a;

b_var := b;

p := (others => ’0’);
b_neg_var := not b_var + ’1’;

if (b_var = 0) then

error <= ’17;

result <= (others => ’0’);
else

for 1 in 1 to num_bits loop
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p := p(num_bits -2 downto 0) & a_var(num_bits -1);
if (p >= b_var) then
p := p + b_neg_var;

‘ a_var := a_var(num_bits -2 downto 0) & ’1’;
else
a_var := a_var(num_bits -2 downto 0) & ’0’;
| end if;
| end loop;
end if; -

result <= a_var;
end process;
end behave;

| == kmod.vhd
| -- Senthil Natarajan

-- description:

-- ilnputs two unsigned std_logic_vectors of bit widths
-- ’num_bits’ and returns a std_logic_vector with the
-- same bit width that is the remainder of a/b.

library ieee;

use leee.std_logic_1164.all;

use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity kmod is
generic (num_bits: positive:= 2);
port (a,b: in std_logic_vector(num_bits -1 downto 0);
error: out std_logic;
result: out std_logic_vector (num_bits -1 downto 0));
end kmod;

architecture behave of kmod is

begin

process (a,b)
variable a_var,b_var,b_neg_var,p:

std_logic_vector (num_bits -1 downto 0);

variable sign: std_logic;

begin
error <= '0’;
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a_var := a;

b_var := b;
p := (others => ’0’);
b_neg_var := not b_var + ’1’;

if (b_var = 0) then
error <= ’'1’;
result <= (others => ’0’);
else o
for i in 1 to num_bits loop
p := p(num_bits -2 downto 0) & a_var(num_bits -1);
if (p >= b_var) then
p := p *+ b_neg_var;

a_var := a_var(num_bits -2 downto 0) & ’1’;
else
a_var := a_var(num_bits -2 downto 0) & ’0’;
end if;
end loop;
end if;

result <= p;
end process;
end behave;

-- kpow.vhd
-- by: senthil natarajan

-- description: inputs an unsigned std_logic_vectors with a generic
-- bit width of ’num_bits_a’. The result is the input vector taken
-- to the generic ’pow’-power. The result is an unsigned

-- vector of length pow * num_bits_a.

library ieee;
use ieee.std_logic_1164.all;
use ieee.std_logic_unsigned.all;

entity kpow is
generic (num_bits_a : positive:= 8;
.pow: positive:= 4);
port (a: in std_logic_vector(num_bits_a -1 downto 0);
result: out std_logic_vector(pow * num_bits_a -1 downto 0));
end kpow;
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architecture behave of kpow is
constant size_a : integer := a’length;
begin
process(a)
variable r,q : std_logic_vector(2048 downto 0);
-- Synplify will not compile this code unless the variables
-- r and q have a high width.
-- It has a problem invoking the right size multipliers when
-- the vectors are to small.

begin

r(size_a -1 downto 0) := a;

r(31 downto size_a) := (others => ’0’);
q := r;

for i in 2 to pow loop
r((size_ax(2%*x(i -1)))=-1 downto 0) :=

r((size_a*x(2%x(i-2)))~-1 downto 0) *
q((size_a*x (2*%x (i-2))) -1 downto 0);

end:loop;

result <= r(pow * num_bits_a -1 downto 0);

end process;

end;

-- champion_kadd_#g_num_input_bits#.vhd
-- by: senthil natarajan

-- description:

-- hardware equivalent for glyph kadd with two inputs
-- of #g_num_input_bits# bits.

-- result is #g_num_input_bits# +1.

library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity champion_kadd_#g_num_input_bits# is
generic (g_num_input_bits: positive:= #g_num_input_bits#;
g_num_control_bits: positive:= 3);
port (g_a,g_b: in std_logic_vector(g_num_input_bits -1 downto 0);
g_control_a, g_control_b: in
std_logic_vector(g_num_control_bits -1 downto 0);
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g_clk, g_reset: in std_logic;
g_result: out std_logic_vector(g_num_input_bits downto 0);
g_control_result: out
std_logic_vector(g_num_control_bits -1 downto 0));
end champion_kadd_#g_num_input_bits#;

architecture behave of champion_kadd_#g_num_input_bits# is
component kadd 1is ~
generic (num_bits: positive);
port (a,b: in std_logic_vector (num_bits -1 downto 0);
result: out std_logic_vector(num_bits downto 0) );
end component;
signal reg_a, reg_b:
std_logic_vector(g_num_input_bits -1 downto 0);
signal reg_control_a,reg_control_b:
std_logic_vector(g_num_control_bits -1 downto 0);
begin
process (g_clk, g_reset)
begin
if g_reset = ’1’ then
reg_a <= (others => ’0’);
reg_b <= (others => ’0’);
reg_control_a <= (others => ’0’);
reg_control_b <= (others => ’0’);
elsif rising_edge(g_clk) then
reg_a <= g_a;
reg_b <= g_b;
reg_control_a <= g_control_a;
reg_control_b <= g_control_b;
end if;
end process;
g_control_result <= reg_control_a and reg_control_b;
ul_kadd: kadd generic map(num_bits => g_num_input_bits)
port map(a => reg_a, b => reg_b, result=> g_result);
end; :

-- champion_kdiv_#g_num_input_bits#.vhd
-- by: senthil natarajan

-- description:

-- hardware equivalent for glyph kdiv with two
-- inputs of #g_num_input_bits# bits.
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-- result is #g_num_input_bits# also #g_num_input_bits# bits.

library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity champion_kdiv_#g_num_input_bits# is
generic (g_num_input_bits: positive:= #g_num_input_bits#;
g_num_control_bits: positive:= 3);
port (g_a,g_b: in std_logic_vector(g_num_input_bits -1 downto 0);
g_control_a, g_control_b: in
std_logic_vector(g_num_control_bits -1 downto 0);
g_clk, g_reset: in std_logic;
g_result: out std_logic_vector(g_num_input_bits -1 downto 0);
g_control_result: out
std_logic_vector(g_num_control_bits -1 downto 0));
end champion_kdiv_#g_num_input_bits#;

architecture behave of champion_kdiv_#g_num_input_bits# is
component kdiv is
generic (num_bits: positive:= 3);
port (a,b: in std_logic_vector(num_bits -1 downto 0);
error: out std_logic;
result: out std_logic_vector (num_bits -1 downto 0));
end component;
signal reg_a, reg_b:
std_logic_vector(g_num_input_bits -1 downto 0);
signal reg_control_a,reg_control_b:
std_logic_vector(g_num_control_bits -1 downto 0);
signal sig_error: std_logic;
begin
process (g_clk, g_reset)
begin '
if g_reset = ’1’ then
reg_a <= (others => ’0’);
reg_b <= (others => ’0’);
reg_control_a <= (others => ’07’);
reg_control_b <= (others => ’0’);
elsif rising_edge(g_clk) then
reg_a <= g_a;
reg_b <= g_b;
reg_control_a <= g_control_a;
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reg_control_b <= g_control_b;
end if;
end process;

g_control_result(2) <= reg_control_a(2) and reg_control_b(2);
g_control_result(l) <= reg_control_a(l) and reg_control_b(1l);
g_control_result(0) <= reg_control_a(0) and reg_control_b(0)

and (not sig_error);
ul_div: kdiv generic map(hum_bits => g_num_input_bits)

port map(a => reg_a, b => reg_b,

error => sig_error, result=> g_result);

end;

-- champion_stream_sum_#g_num_input_bits#_#g_num_output_bits#.vhd
== by: senthil natarajan

—-- Description: Calculates the total value of

-- a stream and holds its output until

-- a new stream is applied at the input.

library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity champion_stream_sum_#g_num_input_bits#_#g_num_output_bits# is
generic (g_num_input_bits: positive:= #g_num_input_bits#;
g_num_output_bits: positive:= #g_num_output_bits#;
g_num_control_bits: positive:= 3);
port (g_a: in std_logic_vector(g_num_input_bits -1 downto 0);
g_control_a: in
std_logic_vector(g_num_control_bits -1 downto 0);
g_reset: in std_logic;
g_clk: in std_logic;
g_result: out
std_logic_vector(g_num_output_bits -1 downto 0);
g_control_result: out
std_logic_vector(g_num_control_bits -1 downto 0));
end champion_stream_sum_#g_num_input_bits#_#g_num_output_bits#;

architecture behave of
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champion_stream_sum_#g_num_input_bits#_#g_num_output_bits# is
signal reg_a: std_logic_vector(g_num_input_bits -1 downto 0);
signal reg_result: std_logic_vector(g_num_output_bits -1 downto 0);
signal reg_init: std_logic_vector(g_num_output_bits -1 downto 0);
signal reg_control_a: std_logic_vector(2 downto 0);
signal reg_sv: std_logic;
signal reg_vpl: std_logic;
signal reg_dv: std_logic;
signal reg_sv_delay: std_logic;
type states

is(state_init, state_no_input_yet, state_input, state_no_input);
signal present_state: states;
signal next_State: states;

begin
reg_init <= (others => ’0’);
process (g_clk, g_reset)
begin
if g_reset = ’1’ then
present_state <= state_init;
reg_a <= (others => ’0’);
reg_result <= (others => ’0’);
reg_control_a <= (others => ’0’);
reg_sv_delay <= ’0’;
reg_sv <= ’1’;
reg_vpl <= ’0’;
reg_dv <= ’0’;
elsif rising_edge(g_clk) then
present_state <= next_state;
reg_a <= g_a;
reg_sv <= g_control_a(2);
reg_vpl <= g_control_a(l);
reg_dv <= g_control_a(0);
reg_control_a <= g_control_a;
reg_sv_delay <= reg_sv;
case reg_svV is
when ’1’ =>
if reg_sv_delay = ’0’ then
if reg_vpl = ’1’ and reg_dv = ’1’ then
reg_result <= reg_init + reg_a;
end if;
else
if reg_vpl = ’1’ and reg_dv = ’1’ then
reg_result <= reg_result + reg_a;
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end if;
end if;
when others =>
end case;
end if;
end process;
process (reg_sv)
begin
case reg_sv 1is
when ’1’ =>
g_result <= (others => ’0’);
when others =>
g_result <= reg_result;
end case;
end process;
process(present_state, reg_sv)
begin
case present_state is
when state_init =>
g_control_result <= (others => ’0’);
next_state <= state_no_input_yet;
when state_no_input_yet =>
g_control_result <= (others => ’07);
if reg_sv = ’0’ then
next_state <= state_no_input_yet;
else
next_state <= state_input;
end if;
when state_input =>
if reg_sv = ’1’ then
next_state <= state_input;
g_control_result <= (others => ’0°’);
else
next_state <= state_no_input;
g_control_result <= (others => ’17);

end if;
when state_no_input =>
if reg_sv = ’1’ then

next_state <= state_input;
g_control_result <= (others => ’07);
else
next_state <= state_no_input;
g_control_result <= (others => ’1’);
end 1if;
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end case;
end process;
end;

-- champion_stream_max_#g_num_input_bits#_
-~ #g_num_r_bits#_#g _num_c_bits#_#g_num_col#.vhd
-- by: senthil natarajan

- Description: Calculates the first maximum value of

-- a stream and holds its output until
-- a new stream is applied at the input.

library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity champion_stream_max_#g_num_input_bits#_
#g_num_r_bits#_#g_num_c_bits#_#g_num_col# is
generic (g_num_input_bits: positive:= #g_num_input_bits#;
g_num_r_bits: positive:= #g_num_r_bits#;
g_num_c_bits: positive:= #g_num_c_bits#;
g_num_col: positive:= #g_num_col#;
g_num_control_bits: positive:= 3);
port (g_a: in std_logic_vector(g_num_input_bits -1 downto 0);
g_control_a: in
std_logic_vector(g_num_control_bits -1 downto 0);
g_reset: in std_logic;
g_clk: in std_logic;
g_result: out std_logic_vector(g_num_input_bits -1 downto 0);
g_result_row_index: out
std_logic_vector(g_num_r_bits -1 downto 0);
g_result_column_index: out
std_logic_vector(g_num_c_bits -1 downto 0);
g_control_result: out
std_logic_vector(g_num_control_bits -1 downto 0));
end champion_stream_max_#g_num_input_bits#_
#g_num_r_bits#_#g_num_c_bits#_#g_num_col#;

architecture behave of champion_stream_max_#g_num_input_bits#_
#g_num_r_bits#_#g_num_c_bits#_#g_num_col# is
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component champion_row_column is
generic (g_num_input_bits: positive;
g_num_r_bits: positive;
g_num_c_bits: integer;
g_num_col: integer;
g_num_control_bits: positive);
port (g_a: in std_logic_vector(g_num_input_bits -1 downto 0);
g_control_a: in
std_logic_vector(g_num_control_bits -1 downto 0);
g_reset: in std_logic;
g_clk: in std_logic;
g_result: out std_logic_vector(g_num_input_bits -1 downto 0);
g_result_row_index: out '
std_logic_vector(g_num_r_bits -1 downto 0);
g_result_column_index: out
std_logic_vector(g_num_c_bits -1 downto 0);
g_control_result: out
std_logic_vector(g_num_control_bits -1 downto 0));
end component;
signal reg_result:
std_logic_vector(g_num_input_bits -1 downto 0);
signal reg_result_row:
std_logic_vector(g_num_r_bits -1 downto 0);
signal reg_result_column:
std_logic_vector(g_num_c_bits -1 downto 0);
signal reg_prior:
std_logic_vector(g_num_input_bits -1 downto 0);
signal reg_prior_row:
std_logic_vector(g_num_r_bits -1 downto 0);
signal reg_prior_column:
std_logic_vector(g_num_c_bits -1 downto 0);
signal sig_result:
std_logic_vector(g_num_input_bits -1 downto 0);
signal sig_result_row:
std_logic_vector(g_num_r_bits -1 downto 0);
| signal sig_result_column:
‘ std_logic_vector(g_num_c_bits -1 downto 0);
} signal sig_control_result:
std_logic_vector(g_num_control_bits -1 downto 0);
signal reg_sv: std_logic;
signal reg_sv_delay: std_logic;
signal reg_vpl: std_logic;
signal reg_vpl_delay: std_logic;
signal reg_dv: std_logic;
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signal reg_dv_delay: std_logic;
type states
is(state_init, state_no_input_yet, state_input, state_no_input);
signal present_state: states;
signal next_state: states;
begin
ul_row_column_count: champion_row_column
generic map (g_num_input_bits => g_num_input_bits,
g_num_r_bits => g_num_r_bits, g_num_c_bits => g_num_c_bits,
g_num_col => g_num_col, g_num_control_bits =>
g_num_control_bits)
port map(g_a => g_a, g_control_a => g_control_a,
g_reset => g_reset, g_clk => g_clk, g_result => sig_result,
g_result_row_index => sig_result_row,
g_result_column_index => sig_result_column,
g_control_result => sig_control_result);
process(present_state)
begin
case present_state is
when state_init =>
next_state <= state_no_input_yet;
g_control_result <= (others => ’0’);
when state_no_input_yet =>
if reg_sv = ’0’ then
next_state <= state_no_input_yet;
else
next_state <= state_input;
end if;
g_control_result <= (others => ’0’);
when state_input =>
if reg_sv = ’0’ then
next_state <= state_no_input;
else
next_state <= state_input;
end if;
g_control_result <= (others => '07);
when state_no_input =>
l if reg_sv = ’1’ then
| next_state <= state_input;
g_cohtrol_result <= (others => ’0’);
else
next_state <= state_no_input;
‘ g_control_result <= (others => ’1%);
end if;
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end case;
end process;
process (g_clk, g_reset, g_control_a, reg_sv, reg_sv_delay)
variable reg_max: std_logic_vector(g_num_input_bits -1 downto 0);
variable reg_max_row: std_logic_vector(g_num_r_bits -1 downto 0);
variable reg_max_column:
std_logic_vector(g_num_c_bits -1 downto 0);
begin
if reg_sv = ’0’ and reg:év_delay = 70’ then
g_result <= reg_max;
g_result_row_index <= reg_max_row;
g_result_column_index <= reg_max_column;
else
g_result <= (others => ’0’);
g_result_row_index <= (others => ’0’);
g_result_column_index <= (others => ’0’);
end if; ,
if g_reset = ’1’ then
present_state <= state_init;
reg_sv <= ’0’;
reg_sv_delay <= ’0’;
reg_vpl <= ’0’;
reg_vpl_delay <= ’0’;
reg_dv <= ’0’;
reg_dv_delay <= ’'0’;
reg_result <= (others => ’0’);
reg_result_row <= (others => ’0’);
reg_result_column <= (others => ’0’);

reg_max := (others => ’0’);
reg_max_column := (others => ’0’);
reg_max_row := (others => ’0’);

reg_prior <= (others => ’0’);
reg_prior_row <= (others => ’0’);
reg_prior_column <= (others => ’0’);
elsif rising_edge(g_clk) then
present_state <= next_state;
reg_sv <= g_control_a(2);
reg_sv_delay <= reg_sv;
reg_vpl <= g_control_a(l);
reg_vpl_delay <= reg_vpl;
reg_dv <= g_control_a(0);
reg_dv_delay <= reg_dv;
if g_control_a(2) =’1’ and reg_sv_delay = ’0’ then
reg_result <= (others => ’0’);
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reg_result_row <= (others => 70°);
reg_result_column <= (others => °07);

reg_max := (others => ’0’);
reg_max_column := (others => ’0’);
reg_max_row := (others => ’0’);

reg_prior <= (others => ’0’);

reg_prior_row <= (others => ’0’);

reg_prior_column <= (others => ’0’);

else T

reg_result <= sig_result;

reg_result_row <= sig_result_row;

reg_result_column <= sig_result_column;

if (reg_result > reg_prior) and (reg_vpl_delay =’1’)
and (reg.dv_delay =’1’) then

reg_max := reg_result;
reg_max_row := reg_result_row;
reg_max_column := reg_result_column;

else

reg_max := reg_prior;
reg_max_row := reg_prior_row;
reg_max_column := reg_prior_column;

end if;

reg_prior <= reg_max;
reg_prior_row <= reg_max_row;
reg_prior_column <= reg_max_column;
end if;
end if;
end process;
end;

—-- champion_kadd_#g_num_input_bits#_#g_constant#.vhd
-=- by: senthil natarajan

~- Description:

-- Hardware equivalent for glyph kadd

-- with one input of #g_num_input_bits# bits.

-- One input is a constant that is determined at compile-time.
~-- The result is #g_num_input_bits# +1 bits. Because of the use
-- of a compile-time constant, #g_constant#, this

-- hardware equivalent

-- glyph must be synthesized at compile-time.
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library ieee;

use ieee.std_logic_1164.all;

use ieee.std_logic_arith.all;
use ieee.std_logic_unsigned.all;

entity champion_kadd_#g_num_input_bits#_#g_constant# is
generic (g_num_input_bits: positive:= #g_num_input_bits#;
g_constant: positive:= #g_constant#;
g_num_control_bits: positive:= 3);
port (g_a: in std_logic_vector(g_num_input_bits -1 downto 0);
g_control_a: in
std_logic_vector(g_num_control_bits -1 downto 0);
g_clk, g_reset: in std_logic;
g_result: out std_logic_vector(g_num_input_bits downto 0);
g_control _result: out
std_logic_vector(g_num_control_bits -1 downto 0));
end champion_kadd_#g_num_input_bits#_#g_constant#;

architecture behave of champion_kadd_#g_num_input_bits#_#g_constant#
is
component kadd is
generic (num_bits: positive);
port (a,b: in std_logic_vector (g_num_input_bits -1 downto 0);
result: out std_logic_vector(g_num_input_bits downto 0) );
end component;
signal reg_a: std_logic_vector(g_num_input_bits -1 downto 0);
signal reg_control_a:
std_logic_vector(g_num_control_bits -1 downto 0);
signal sig_b: std_logic_vector(g_num_input_bits -1 downto 0);
signal sig_b_init: std_logic_vector(g_num_input_bits -1 downto 0);
begin
sig_b_init <= (others => ’07);
ul_kadd: kadd generic map(num_bits => g_num_input_bits)
port map(a => reg_a, b => sig_b, result=> g_result);
process (g_clk, g_reset,sig_b_init)
begin
if g_reset = ’1’ then
reg_a <= (others => ’0’);
reg_control_a <= (others => ’0’);
elsif rising_edge(g_clk) then
reg_a <= g_a;
reg_control_a <= g_control_a;
end if;
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if reg_control_a = "111" then
sig_b <= sig_b_init + g_constant;
else
sig_b <= (others => ’0’);
end if;
end process;

g_control_result <= reg_control_a;
end; -
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