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Abstract This paper describes a system for one-step
compilation of image processing (IP) codes, written
in the machine-independent, algorithmic, high-level
single assignment language SA-C, to FPGA-based
hardware. The SA-C compiler performs a variety
of optimizations, some conventional and some spe-
ctalized, before generating dataflow graphs and host
code. The dataflow graphs are then compiled, via
VHDL, to FPGA configuration codes. This paper
wntroduces SA-C and describes the optimization and
code generation stages in the compiler. The perfor-
mance of a target acquisition prescreener (ARAG-
TAP) and the Intel Image Processing Library run-
ning on the reconfigurable system are compared to
their performance on a PC.

1 Introduction

Recently, the computer vision and image processing
communities have become aware of the potential for
masasive parallelism and high computational density
in FPGAs. FPGAs have been used for, e.g., real-time
point tracking [?], stereo vision [?], color-based detec-
tion [?] and image compression [?]. Unfortunately, the
biggest obstacle to the more widespread use of reconfig-
urable computing systems lies in the difficulty of pro-
gramming them. FPGAs are typically programmed
in hardware description languages such as VHDL [25].
These languages require great attention to detail, in-
cluding issues such as timing and low level synchroniza-
tion. IP experts are usually not also hardware experts,
and prefer a higher level, algorithmic programmkng
language to express their applications.

The Cameron Project [16, 22] has created a high-
level algorithmic language, named SA-C [15], for writ-
ing image processing applications and compiling parts
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Figure 1. SA-C Compilation system.

of them to FPGAs. The SA-C compiler provides one-
step compilation from SA-C code to ready-to-run host
executable and FPGA configurations. The compiler
uses dataflow graphs to perform a variety of optimiza-
tions, some conventional and some unusual.

After parsing and type checking, the SA-C compiler
converts the program to a hierarchical graph represen-
tation called DDCF (Data Dependence and Control
Flow) graphs. DDCF graphs are used in many opti-
mizations, some general and some specific to SA-C and
its target platform. After optimization, the program
is converted to a combination of low-level dataflow
graphs (DFGs) and host code. DFGs are then com-
piled to VHDL code, which is synthesized and place-
and-routed to FPGAs by commercial software tools.

To aid in program development, the SA-C compiler
has two other modes. In the first, the entire SA-C
code is compiled to a host executable for traditional
debugging. In the second, the DFGs are executed by
a simulator for validation: the DFG is shown on the
screen and the user steps through its execution, watch-
ing the values flow through the graph. Figure 1 shows
a high-level view of the system. The SA-C compiler
can run in stand-alone mode, but it also has been in-
tegrated into the Khoros(T™) [19] graphical software
development environment.

The rest of this paper presents an overview of the
SA-C language in section 2. Compiler optimizations
and pragmas are discussed in section 3. Translations



to low-level dataflow graphs and then to VHDL are dis-
cussed in sections 4 and 5. The Cameron Project’s test
platform is described in section 6, and some applica-
tions with performance data are presented in section 7.
References to related work are given in section 8, and
section 9 concludes and describes future work.

2 The SA-C Language

The design goals of SA-C are to have a language
that can express image processing applications ele-
gantly, and to allow seamless compilation to recon-
figurable hardware. Variables in SA-C are associated
with wires, not with memory locations. SA-C is a
single-assignment side effect free language, each vari-
able’s declaration occurs together with the expression
defining its value. This avoids pointer and von Neu-
mann memory model complications and allows for bet-
ter compiler analysis and translation to DFGs. The IP
applications that have been coded in SA-C transform
images to images and are easily expressed using sin-
gle assignment. Data types in SA-C include signed
and unsigned integers and fixed point numbers, with
user-specified bit widths. SA-C has multidimensional
rectangular arrays whose extents can be determined
either dynamically or statically. The type declaration
intl4 M[:,6] for example, is a declaration of a matrix
M of 14-bit signed integers. The left dimension will be
determined dynamically; the right dimension has been
specified by the user.

The most important aspect of SA-C is its treatment
of for loops and their close interaction with arrays.
SA-C is expression oriented, so every construct includ-
ing a loop returns one or more values. A loop has three
parts: one or more generators, a loop body and one or
more return values. The generators provide parallel
array access operators, that are concise and easy for
the compiler to analyze. There are four kinds of loop
generators: scalar, array-element, array-slice and win-
dow. The scalar generator produces a linear sequence
of scalar values, similar to Fortran’s do loop. The
array-element generator extracts scalar values from a
source array, one per iteration. The array-slice genera-
tor extracts lower dimensional sub-arrays (e.g. vectors
out of a matrix). Finally, window generators allow
rectangular sub-arrays to be extracted from a source
array. All possible sub-arrays of the specified size are
produced, one per iteration. Generators can be com-
bined through dot and cross products. The dot prod-
uct runs the generators in lock step, whereas cross
products produce all combinations of components from
the generators.

SA-C loops provide a simple and concise way of

processing arrays in regular patterns, often making
it unnecessary to create loop nests to handle multi-
dimensional arrays or to refer explicitly to the array’s
extents or the loop’s index variables. They make com-
piler analysis of array access patterns significantly eas-
ier than in C or Fortran, where the compiler must an-
alyze index expressions in loop nests and infer array
access patterns from these expressions. In SA-C, the
index generators and the array references have been
unified; the compiler can reliably infer the patterns of
array access.

A loop can return arrays and reductions built from
values that are produced in the loop iterations, includ-
ing sum, product, min, max, mean, and median.
The histogram operator returns a histogram of loop
body values in a one-dimensional array.

int16[:,:] main (uint8 Imagel[:,:]) {
int16 H[3,3] = {{ -1, -1, -1}

{ 0, 0, 01}

1}

{1, 1, };
int16 V[3,3] = {{ -1, 0, 1},
{-1, 0, 11},
{-1, 0, 113}

int16 M[:,:] =
for window W[3,3] in Image {
int16 dfdy, int16 dfdx =
for h in H dot w in W dot v in V
return (sum (h*w), sum (v*w));
int16 magnitude =
sqrt (dfdy*dfdy+dfdx*dfdx) ;
} return (array (magnitude));
} return (M);

Figure 2. Prewitt Edge detector code.

Figure 2 shows SA-C code for the Prewitt edge de-
tector, a standard IP operator. The outer for loop
is driven by the extraction of 3x3 sub-arrays from ar-
ray Image. All possible 3x3 arrays are taken, one per
loop iteration. Its loop body applies two masks to the
extracted window W, producing a magnitude. An ar-
ray of these magnitudes is collected and returned as
the program’s result. The shape of the return array is
derived from the shape of Image and the loop’s gener-
ator. If Image were a 100x200 array, the result array
M would have a shape of 98x198.

3 Optimizations and pragmas

The compiler’s internal program representation is a
hierarchical graph form called the “Data Dependence



and Control Flow” (DDCF) graph. DDCF subgraphs
correspondend to source language constructs. Edges
in the DDCF express data dependencies, opening up
a wide range of loop- and array-related optimization
opportunities.
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Figure 3. DDCF graph for Prewitt program.

Figure 3 shows the initial DDCF graph of the Pre-
witt program of figure 2. The FORALL and DOT
nodes are compound, containing subgraphs. Black
rectangles along the top and bottom of a compound
node represent input ports and output ports. The
outer FORALL has a single window generator. The
WINDOW_GEN is operating on a two-dimensional im-
age, so it requires window size and step inputs for each
of the two dimensions. In this example, both dimen-
sions are size three, with unit step sizes. The output of
the WINDOW _GEN node is a 3x3 array that is passed
into the inner FORALL loop. This loop has a DOT
graph that runs three generators in parallel, each pro-
ducing a stream of nine values from its source array.
Each REDUCE_SUM node sums a stream of values
to a single value. Finally, the CONSTRUCT_ARRAY
node at the bottom of the outer loop takes a stream of
values and builds an array with them.

Dataflow analysis is performed on the DDCF graph,
and a number of conventional optimizations [3] are per-
formed as DDCF-to-DDCF transformations, including
Invariant Code Motion, Function Inlining, Switch Con-

stant Elimination, Constant Propagation and Folding,
Algebraic Identities, Dead Code Elimination and Com-
mon Subexpression Elimination. Another set of op-
timizations is more specific to the single assignment
nature of SA-C and to the target hardware. Many of
these are controlled by user pragmas.

Many IP operators involve fixed size and often con-
stant convolution masks. A Size Inference pass
propagates information about constant size loops and
arrays through the dependence graph. This pass is vi-
tally important in this compiler, since it exploits the
close association between arrays and loops in the SA-
C language. Source array size information can prop-
agate through a loop to its result arrays (downward
flow), and result array size information can be used to
infer the sizes of source arrays (upward flow). In addi-
tion, since the language requires that the generators in
a dot product have identical shapes, size information
from one generator can be used to infer sizes in the
others (sideways flow).

Full Unrolling of loops with small, compile time
assessable numbers of iterations can be important
when generating code for FPGAs, because it spreads
the iterations in code space rather than in time. Small
loops occur frequently as inner loops in IP codes,
for example implementing convolutions with fixed size
masks.

Array Value Propagation searches for array ref-
erences with constant indices, and replaces such refer-
ences with the values of the array elements. When the
value is a compile time constant, this enables constant
propagation. As will be shown in the Prewitt example,
this optimization may remove entire user defined (or
compiler generated) arrays.

N-dimensional Stripmining extends stripmin-
ing [33] and creates an intermediate loop with fixed
bounds. The inner loop can be fully unrolled with re-
spect to the newly created intermediate loop. As an
example the following code shows the convolution of
an image with a three by three mask:

uint8[:,:] Conv (uint8 I[:,:], uint8 M[3,3]) {
uint16 Res[:,:] =
for window W[3,3] in I {
uintl6 ip =
for w in W dot m in M
return (sum (w¥m));
} return (array (ip));
} return (Res);

The inner loop computing ip gets unrolled. However,
this unrolled loop is still rather small and it is often
more efficient to execute a number of these inner loops
in parallel. If the outer loop is stripmined with a user
specified size of eight by eight, the compiler transforms
it to the following:



