1-4244-0630-7/07/$20.00 ©2007 IEEE.

5C-3

A Parameterized Architecture Model in High Level Synthesis for Image Processing
Applications

Yazhuo Dong, Yong Dou

Department of Computer Science, National University of Defence Technology
Changsha, P. R. China, 410073
Tel : 86-731-4573647
Fax : 86-731-4573647
e-mail : dongyazhuo@nudt.edu.cn
yongdou@nudt.edu.cn

Abstract - Most image processing applications are
computationally intensive and data intensive. Reconfigurable
hardware boards provide a convenient and flexible solution to
speed up these algorithms. To get a high performance design
without going through the time-consuming hardware design
process for each different algorithm, we present a universal
parameterized architecture in high level synthesis to generate the
hardware frames for all image processing applications
automatically. The value of the parameters which decide the
target architecture can be obtained from the compiler. The
algorithm how to get these parameters is also discussed in this

paper.

1. Introduction

The extreme flexibility of Field- Programmable- Gate-
Arrays (FPGAs) coupled with the wide spread acceptance of
hardware description languages have made FPGAs popular
used. Unfortunately, developing programs that execute on
FPGAs is extremely cumbersome, demanding that software
developers also assume the role of hardware designers [1]. In
order to deal with the problem, developers try to explore
design automation and tool support. It is desirable to
implement the system using behavioral level languages, as
opposed to register transfer level languages.

High Level Synthesis (HLS) tools provide a bridge between
the algorithm written in a high level language (Matlab, C, C++,
etc) and a lower level Hardware Description Language (HDL).
Some also partition into hardware and software components.
We can classify different design methods into two approaches:
the annotation and constraint-driven approach and the
source-directed compilation approach. The first approach
preserves the source programs in C or C++ as much as
possible and makes use of annotation and constraint files to
drive the compilation process, such as SPARK][2], Sea
Cucumber[3], SPC[4], Streams-C[5], Catapult C[6] and
DEFACTO[7]. The second approach modifies the source
language to let the designer to specify, for instance, the
amount of parallelism or the size of variables, such as ASC[§],
C2Verilog[9], Handel-C[10], Handy-C[11], Bach-C[12] and
SpecC[13] etc. All of these design automation tools aim to
raise the level of design.

Of particular interests to this research are image processing
applications where there are three kinds of operations: point
operations such as GST(Gray Scale Transformation), window
operations such as edge detectors, and some complicated

perpendicular transforms such as DFT( Discrete Fourier
Transform). All these operations have similar calculation
patterns: a loop or a loop nest operates with array variable.
There are multiple references to an array element in the same
or a subsequent iteration, so the memory structure can be
designed abortively, and data reuse can be exploited.

To this day, a standard strategy to explore data reuse is to
identify multiple memory accesses to the same memory
location this reuse identical data, keep these data in a group of
registers named smart buffer until the data will never be
reference  any  more[14][15][16][17][18][19].  Current
architecture generation efforts have several shortcomings.
Firstly, they would demand a large number of registers if the
reuse distance be potentially large. Secondly, while some tools
now incorporate internal RAM modules and the mapping of
array variables to them, they have mostly ignored system level
issues when dealing with external memories. Thirdly, it will
take a long time to initialize array variables into the internal
RAM before starting processing, which is unnecessary.

In this paper we will put forward a universal parameterized
architecture for signal processing applications. And we also
describe the application of how to use data dependence
analysis to develop a compilation and synthesis strategy which
will generate different parameters for different image
processing applications. This analysis aims at exploring a
wide range of program transformations with the goal of
reducing the number of required memory accesses to speed up
the processing, and at the same time employing a small size of
internal RAM blocks and smart buffer.

The main difference between our approach with others’ is
that we don’t wait all array variables for initializing into the
internal RAM to start the processing, but execute in a
data-driven mode which means starting current operations as
soon as possible. There are still pipelined off-chip memory
accesses controls during the whole period of performing, thus
it is possible to use a less number of internal RAM blocks.
And we also don’t keep all reused data in smart buffer, but
hold them in internal RAM blocks to debase the size of smart
buffer, so it is necessary to develop a more complicated
compilation strategy to send the right data to smart buffer at
the right time.

This paper makes the following contributions:

® |t presents a universal parameterized architecture for

image processing applications.

® |t presents an analysis algorithm for the automatic

derivation of these control structures. This algorithm
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uses the data access patterns in the loop nest to choose
a design with the lowest number of required memory
accesses, and the least size of RAM blocks and smart
buffer.

® [t describes a data scheme strategy between on-chip

and off-chip RAM blocks, and a data transmission
approach between on-chip RAM blocks with smart
buffers.

® |t presents preliminary experimental simulation results

for the automatic translation of a set of image
processing applications onto FPGA wusing our
synthesis strategy. These results indicate these control
structures can serve as the basis of a successful
compilation and synthesis tool.

The rest of the paper is structured as follows. We compare
different mapping approaches via an example in section 2.
Next we describe the universal parameterized architecture, the
control structures and their rationale. Section 4 describes our
compiler analysis algorithms for realizing the hardware design
automatically. Section 5 presents preliminary simulation
experimental results for a set of image processing applications.
In section 6 we give a conclusion.

II. Example

char img[SIZE][SIZE], edge[SIZE][SIZE];
int uhl, uh2, threshold,;
for (i=0; i < SIZE - 4; i++) {
for (j=0; j < SIZE - 4; j++) {
uhI=((¢-img[i][j (-2 *img[i+1][j])+-img[i+2][j]))+
((mg[i][j+2])+(2*img[i+1][j+2])+(img[i+2][j+2])));
uh2=(((-img[i][j+({img[i+2][j ) +(-(2*img[i][j+1]))+
(2*img[i+2][j+1])+H((- img[i][j+2])+(img[i+2][j+2])));
if ((abs(uh1)+abs(uh2))<threshold)
edge[i][j]="0xft”;
else
edge[i][j]="0x00;

Fig. 1. Sobel Edge detection computation example

We now illustrate the use of different storage and control
structures in the automatic mapping of an example
computation onto an FPGA-based computing engine. The
computation is written in C as depicted in Fig.1. It consists of
a single loop nest and computes the Sobel edge detection
algorithm over an 8 bit gray-scale image. The image is stored
as the 2-dimensional img array of characters. The output is
stored as the 2-dimensional edge array.

A native implementation of this computation is presented in
Fig.2. The reconfigurable computing compiler performs a
straightforward hardware generation, and the functional unit
would need to access all nine input data values in the current
window which would require a large amount of memory
bandwidth and involve pipeline bubbles in the data path.

A prevalent mapping strategy to reduce the number of
required memory accesses is shown in Fig.3. Smart buffer
hold the data input queues to exploit the fact that consecutive
iterations of the inner loop use data that previous iterations
have fetched. This strategy betakes more registers but

significantly reduces the number of memory accesses per
iteration.

Fig.4 below illustrates the target architecture design of our
strategy for the Sobel edge detection computation.

All data initialize into
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img[i,j]

O
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Fig. 2. Native memory structure generation
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Fig. 3. Prevalent strategy to data reuse
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Fig. 4. Our strategy for the Sobel edge detection computation

We contrive three (SIZE-4) deep RAM blocks, one of
which holds 1-dimensional img array data values. Once row i,
i+1,and the first three data of row i+2 are ready, the whole
processing can be started. In case the row i is done, the newer
input data of row i+3 will take the place of row i. Dataflow
controller 1 answers for the data transmission between
off-chip memory and internal RAM. At the same time,
transferring data from internal RAM to smart buffer which is
dominate by dataflow controller 2 can be carried through
simultaneity with sending data to processing elements, so the
target design wouldn’t slower the calculation speed, though
we use less number of internal memory elements and
registers.

III. Parameterized Architecture
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Fig.5 below presents the universal layout of the target
architecture design that our compiler uses to generate for
image processing operations. This architecture has several
internal RAM blocks to keep the reused data and smart buffer
to keep the computing operands, the rule of our approach to
hold data values in internal Ram blocks is that data that will
be reused in the following outer loop should be kept in the
internal RAM until the data will never be used again, and the
data to be used in the current loop will shift in the registers of
smart buffer.

There are also some auxiliary control structures to control
the execution. Dataflow controller 1 and 2 will keep track of
which iterations of the loop are currently in execution and
generates the appropriate control signal to realize the
pipelined memory accesses. The address generation unit is a
programmable array address generation unit the compiler
synthesizes with auto-increment and auto-decrement
capabilities. This unit is controlled by dataflow controller 2 to
steer the appropriate data into the appropriate registers of
smart buffer.

Off-chip memory
Smart buffer

i Intemal RAM 1 |¢—| Length*width
—«)‘ H ’.} ...... ﬂ N
Address Generation Units 1 (€

Internal RAM 2 i [p

datafow |
controll
element

1 Address Generation Units2 |¢—p| er2
L e I A Y 8

[ result
controll

Internal RAM n **U—DH—P ------ *H»A;
Address Generation Units n |¢—p|

Fig. 5. Target memory architecture for window operations

We have designed a parameterized FSM (finite state
machine) in the verilog library to control the whole processing.
The FSM has five states for all image processing applications:
primal state, data initialization into on-chip RAM, data
initialization into smart buffer, start processing and finish.

case (sending states)

1: Primal state: set the Token-Ring to the next on-chip RAM
block, if the current RAM is the number M™M... k set the
Token-Ring to the first block again;

2: Sending data request signal to the off-chip RAM, ready to
receive a new data values;

3: Receive a data and keep it in the current on-chip RAM
block who has the Token-Ring. The Counter increase to
register how many data values have been in the current RAM:
counter_num-++;

4: Judgment.

if (counter num< the depth of RAM block MtMiw) goto2;

else the current RAM block is full, goto 1;
endcase

Fig. 6. The FSM of sending data from off-chip RAM to on-chip
RAM

Fig.6 illustrates the parameterized FSM of dataflow
controller 1 which is used to deal with the data transmission
from off-chip RAM to on-chip RAM. The FSM make it
possible to parallel data transferring and calculation to speed
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up the processing.

Fig.7 gives the parameterized FSM of dataflow controller 2
who is master of sending the right data from on-chip RAM
blocks to smart buffer at the right time. The FSM also ensures
that the whole calculation processing can be carried through
accurately.

case (control states)

1:1dle state, waiting for
into the RAM blocks;

2: Sending P4 x DUller,un data values from smart buffer
to the processing elements;

3: Waiting for the result;

4: Sending result,

Increase the result counter, result _counter++;
If (result_count==image width)
result_counter=0;
Increase the row counter which registers how many rows
have been done; row_done++;
5: Increase counter;
RAM current dot+;

/I RAM-current-do records which RAM blocks data is
currently be deal with and at the same time shift the registers
in smart buffer.

If (RAM_current do= =image width)
RAM_current_done=0;
6. Receive the next data
If(row_done==image length) finish,
goto 1;
else goto 2;
endcase

data, " data values being initialized

Fig. 7. The FSM of sending data from on-chip RAM to smart
buffer

From the FSM, we can draw a conclusion that in order to
generate the target architecture automatically, there are five
parameters required: the number of RAM blocks needed

MEMi»ba"k, the depth of them MEMiws | the length and width of

smart buffer ™ %H"and bﬁ%‘fﬂl, and the number of data values
being initialized into the RAM blocks before starting the

processing data,, . This is the duty of the compiler to achieve
the five parameters. We will discuss the algorithm of compiler
support detailed in the following section.

IV. Compiler support

We provide a flexible strategy for the compiler to gain the
five parameters automatically. Part of the definitions in article
[14] will be adopted.

>
A dependence vector <dp, dy- d, refers to a vector

difference of the distance in an n-dimensional loop iteration

space where d, 20 A constant dependence vector entity c
means that the distance between two dependent array
references in the corresponding loop is c. For example, the
array references A[i][j] with A[i+2][j] and A[i][j+2] that
induce the dependence vectors <2,0> and <0,2> respectively.
We usually choose the longest distance, as in the code shown
in Fig.8, the dependence vector of data array A is <0, 4>.
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loopi 10, loopi_ip and loopi_inn are used to describe a loop,

which is from loopi i0 to loopi inn in step of loopi_ip. Y
refers to the number of steps of loop i,

I z‘loopiiinn—loopiiiy 4
where VOOPZ _ lp‘

In image processing operations, general dependences are
either loop-independent or loop-carried. The former occurs
between statements in the same loop iteration, and the latter
between statements in different iterations. As the example
shown in Fig.8, the dependences of array A is
loop-independent and the dependences of array B belongs to
the second type.

for(i=0;1<32,i=i+1)
for(j=0,j<64,j=+1)

B[i]=mO*A[i][j]+m1 *A[i][j+1 +m2*A[i][j+2]+m3*
AL[+3Fma* AR [+41;
DIiJFmO*Ci][j]+m1*C[i][j+1+m2*C[i+1][j]+m3*
Cli+1][[+2Hmad*Cli+2][L;
}

Fig.8. An example code

In the rest of this subsection, we describe how to compute
the five parameters for the two types of reuse categories.

A. Loop-independent

In this situation, the data will only be reused in the same
loop. When current loop is done, the data will never be reused
again. We can obtain the following expressions:

MEM,

i,bank s
MEM, ., =1,.if(d,.d,...,d, )=0and d, #0;
buffere, =d, +1, if(d,,dy,--d, ) =0and d,, #0

buffer, ., =1

>

data, =M., *(M., . —1)+buffer,
in i,deep i,bank length .

As the data array A[i][j] shown in Fig.8, one 64 depth RAM
block are designed, and there are 5 registers needed in smart
buffer. And 5 (64*(1-1)+5) data values should be initialized
before starting the processing.

B.  Loop-carried

In this situation, the data will not only be reused in the same
loop, but also in some outer loops. So the number of the
largest reused distance data array values will be kept in the
internal RAM blocks, and the data that is going to be
computed will shift in the registers of smart buffer. We can
obtain the following expressions:

MEM, =d +1,where(d,,d,..d ,)=0andd  +0;

m—1

MEM, ,,,, = Hl,, if(d,,d,...,d, )=0and d, #0,
I=1

buffe’/}ength =max {dm } + 1 .
bufferwidth = Mi,bank = dm + 1 .
datain = Mi,deep * (Mi,bank - 1) + buffer}ength .

As the data array C[i][j] shown in Fig.8, three 64 depth
RAM blocks are designed, and the length of the smart buffer
is 3, at the same time the width of the smart buffer is also 3, so
there are 9 registers in the smart buffer. And 131 (64*(3-1)+3)
data values should be initialized before starting the processing.

V. Experiments

This section presents experimental results that characterize
the impact of different algorithms for a set of image
processing applications written in C: image sharpening
(SHARP), Sobel edge detection (SOBEL), and
MedianFilter(FILTER).

A. Methodology

There are two parts of work in the experiments. Firstly, in
order to prove that our Parameterized architecture can use
fewer resources to realize data reuse, we compare three data
reuse schemes with the supposed limited resources: (1) no
data reuse (2) traditional strategy to data reuse which put all
reuse data in smart buffer and (3) our approach. We measured
three metrics: (1) the number of required memory elements,
(2) the number of registers to exploit data reuse, and (3) the
speedup over original programs. Secondly, to testify that the
architecture is effective, we compare the synthesis results of
our automatic approach with the manual code.

The first part heavily depends on the iteration counts of the
loops. For each program, thus, we compare three different
problem sizes in terms of iteration count of each loop in a nest
as shown in Table 1. We assume there are 32 registers and
1100 memory elements available in the target architecture.

Table 1. Problem size
SHARP SOBEL FILTER
Problem Size | 1 2 |3 1 2 |3 1 2 3
Outer loop 32132132064 | 64| 640 | 16 | 16 | 160
Inner loop 8 16 | 32 8 16 | 32 8 16 | 32

B.  Compared with other data reuse strategies

Table 2 below shows the number of registers in smart buffer
required to exploit data reuse in three data reuse schemes.

Table 2. Number of registers

SHARP SOBEL FILTER
ProblemSize | 1 [2 |3 |1 [2 |3 1 12 |3
Nodatareuse | 4 |4 |4 [10|10[ 10|10 [ 10| 10
Traditional 171191912531 [31]25]31]31
Our approach | 5 | 5 5 1010 10] 10|10 ] 10

We have assumed the number of memory elements and
registers in target architecture are respectively limited to 1100
and 32, so when the problem require more than 1100 memory
elements or more than 32 registers, the two methods will have
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fig.9. Speedups

to partition the data array into smaller blocks. For example,
to deal with the problem size 3 of image sharpening, the
traditional strategy require 10240 memory elements and 64
registers, so the data array will be partitioned into twelve

blocks of size 108%9

Fig.9 presents the speedup results of overall performance
on a single FPGA. Table 3 below shows the number of
memory elements required for three data reuse schemes.

Table 3. Number of memory elements

buffer which a data should be send into is followed strictly,
but for SHARP and Filter, the registers to hold the data
didn’t need to be distinguished definitely, so the synthesis
results of the manual code use less resources than our
automatic approach but have no much effective on clock
speed. From our experimental results, we observe that our
approach can achieve a design which is effective as much as
manual code.

Table 4. Synthesis results

SHARP SOBEL FILTER SHARP SOBEL FILTER

Problem logic 636 1082 1382

;IZ" — L 12 |3 L 3 1 12 |3 elements | /651 /1082 /1416

(0] ata A

reuse 256 | 512 | 1056 | 512 | 1024 | 1024 | 128 | 256 | 1088 | -PMS 43/43 45/45 44/44
Traditional | 256 | 288 | 972 | 512 | 640 | 1090 | 128 | 160 | 820 | | memory 16384 24576 24586

Our bits /16387 /24576 /24596

approach 16 | 32 | 65 25 | 48 96 16 | 48 | 96 clock 103.46 MHz | 139.04 MHz | 111.58 MHz

frequency /101.31MHz /139.04MHz /108.11MHz

Traditional approach observes speedups from 1.54 to 2.78,
and our approach observes speedups from 2.13 to 3.81. The
speedup of our approach relative to original and traditional
strategy roots in the following sources of benefits:

1. Require less time to initialize internal RAM data values;

2. Design data controller to ensure data transmission and
processing perform to execute synchronously.

Another important benefit of our approach is using a less
number of registers and memory elements than traditional
strategy.

C. Compared to manual code

The three test programs have been performed successfully

using ModelSim according to our approach and manual code.

And the Place and Route (P&R) of the designs is performed
with Quartus from ALTERA, and then integrated into a
single ALTERA Stratix 80 FPGA. Table 4 below shows the
synthesis results of the three test programs using our
automatic approach and the manual code, including the
resource employed and the clock frequency obtained. The
first data in each blank is the result of manual code and the
second data is the result of our automatic approach.

In our approach, a data is send to a specific register in
smart buffer, such as for Sobel program, the register in smart
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VI. Summary and Conclusions

In this paper, we have presented a parameterized
architecture to generate the target structure for image
processing programs. We employ data reuse to reduce the
number of accesses to the data memory. We design special
control unit to dominate the dataflow which makes it
possible to store a small part of the data values in internal
RAM and smart buffer while still providing sufficient
memory bandwidth for the custom data path.

We have applied our technique to a set of common signal
analysis and image tasks. The results show that the generated
memory architecture is able to provide sufficient memory
bandwidth for the custom data path using less number of
memory elements and registers. It can speed up the
processing with less time requiring for initialization.
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