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Abstract
Hardware acceleration is a well established solution to
accelerate computational intensive applications, in par-
ticular for embedded applications based on performance
constrained processors. However, the effort for designing
hardware architectures capable of effectively improving the
execution time of a software application, makes this ap-
proach almost exclusively affordable to experienced hard-
ware designers. This paper describes a case study on how
effective an automated high-level synthesis tool can be for
the creation of RTL architectures from untimed software
algorithms. The high-level synthesis tool CatapultC from
Mentor Graphics was used for translating the most time
consuming sections of an image based navigation applica-
tion. The lack of support of floating point arithmetic was
identified as a major limitation of this tool, when synthesiz-
ing C code that really requires floating point computations.
To overcome this limitation, a set of floating point C rou-
tines available from an open source floating point emula-
tion C library was used to perform the floating point arith-
metic required. Although this approach does not allow to
make use of the optimized floating point arithmetic cores
provided by the FPGA design tools, it was demonstrated
that compiling to hardware C code that implements float-
ing point arithmetic can still lead to acceleration of soft-
ware applications. With the implementation of these criti-
cal functions synthesized by Catapult C, a global speedup
of 1.5 was measured for the whole application, when com-
pared to the original software version running in an em-
bedded PowerPC processor.

1. Introduction

The high abstraction level present in software program-
ming languages is a very appealing feature in the develop-
ment of complex embedded processing systems for most
real-life problems. The system designer is focused on a
structured description of what the system is expected to
perform. Then, he/she firstly relies on the performance ob-
tained by executing the compiled binary code on the micro-
processor (usually a General Purpose Processor - GPP) of
the target system. However, having to be sequentially ex-
ecuted by a GPP, the software application usually executes
in a very inefficient way, as the parallelism present in the

algorithms is not conveniently explored.
By using hardware description languages such as Ver-

ilog or VHDL, it is possible to develop hardware cores that
can effectively implement custom solutions with high de-
grees of parallelism that can execute at a fraction of the
time they would require in the GPP. There are many ex-
amples of the successful acceleration of applications with
custom hardware cores, such as the acceleration of a Monte
Carlo application [1] where hardware was designed to pro-
cess the same operations but 80 times faster than its soft-
ware counterpart. Another example [2] is the case where,
both an FPGA and a reconfigurable multimedia array co-
processor were used to achieve speedups ranging from 2.3
to 7.3 times.

However, hardware design is a much more complex task
than software programming, requiring a different way of
thinking and a solid knowledge of computer architecture.
Besides describing the desired functional description with
conventional hardware description languages (VHDL or
Verilog), the designer needs to take into account the target
platform’s architecture with its specific timing constraints.
As opposed to software development where inefficient cod-
ing of part of an application may impact only in the pro-
gram running time, in hardware design it is imperative to
meet strict timing requisites for the system components to
guarantee the correct behavior of the whole systems.

High-Level Synthesis (HLS) tools generate RTL
(Register-Transfer Level) designs from purely untimed al-
gorithms, where the timing of operations is not explicitly
specified. By doing this effectively and compiling stan-
dard programming languages such as C, even a software
programmer may take advantage of hardware acceleration.
Using a HLS tool, the developer only has to identify the
critical sections (usually named as hot-spots) of the soft-
ware application and provide them to the HLS tool. Then,
this tool generates the description of the hardware cores
with the original functionalities. These descriptions are
then given to low level back-ends that perform the logic
synthesis, mapping, and placement and routing stages to
produce the final implementation.

The work presented in this paper is part of REFLECT
[5], an FP7 European funded project whose main objective
is to research and develop novel approaches to reduce the
efforts for developing FPGA based embedded computing
systems. In this paper we report the results of accelerating



a software application (a Stereo Navigation application to
be used in autonomous vehicles), by making use of hard-
ware cores synthesized from computing intensive C func-
tions selected in the application, thus creating a hardware/-
software system with increased performance than the orig-
inal C code. The high-level synthesis was performed by
Mentor Graphics’s Catapult C [12], a commercially avail-
able HLS tool. Although the synthesis tool does not sup-
port floating point arithmetic, an open source floating point
software library was used and synthesized with the applica-
tion code, reaching to an effective speedup of the complete
application.

The remainder of this paper is organized as follows. In
Section 2, the software application is introduced. Section 3
describes the hardware platform used to implement the ap-
plication. Section 4 presents the profiling analysis that lead
to the identification of the most critical functions of the
application. The generation of the hardware cores is de-
scribed in Section 5. Section 6 analyses the results of the
FPGA implementation and the performance of the hard-
ware assisted solution and Section 7 concludes the paper.

2. Software Application

As mentioned before, the application considered in this
work is a stereo navigation application for autonomous ve-
hicles provided by Honeywell [6]. This application, in-
tended to run on the embedded processor of a vehicle, pro-
cesses images captured by a pair of cameras with a stereo
vision configuration, and using the Harris corner detection
technique identifies features in the images. These features
are points of interest of an image that may represent obsta-
cles in the path of the vehicle, or just reference elements in
both images that will be used to derive the vehicle move-
ment. By analyzing pairs of frames (from the two cameras)
and comparing, in consecutive images, how the features
in the pictures have changed through the time, the system
can calculate the relative translation, rotation and speed of
the vehicle as well as the position of relevant obstacles in
its path. Although in theory it could be possible to infer
the position of a feature in a three-dimensional space us-
ing only one picture from each camera, the probability of
having a correct match in a cluttered urban environment
is often around 20% [7]. The process of analyzing an ob-
stacle’s feature is represented in Figure 1. There, a lamp
pole is identified as a potential obstacle and represented as
a feature. This feature is compared across the two cameras
and across the time (process called circular check). After
eliminating the mismatched features, a 3D Reprojection 1

representing the vehicle’s surroundings is created.
As a computationally demanding image processing is

the basis of this system and as the data coming from the 3D
reprojection of the features in the image have to be readily
available and with minimal delay for an efficient vehicle
navigation, this application proved to be an interesting ba-
sis for analyzing the effectiveness of hardware acceleration

1Process to analytically derive 3D coordinates of a point from image
projections of the point

Figure 1. Feature extraction process (image from [7]).

from the original C code.

3. Hardware Platform

The reconfigurable characteristic of FPGAs makes this
a convenient technology for the early stages of a digital
design development, since various implementation alterna-
tives can be experimented in the same physical platform
without incurring in fabrication costs.

Due to the complexity of the original algorithm, replac-
ing completely the software application with its hardware
equivalent would result into a solution requiring too much
hardware resources of a target FPGA. Although this is natu-
rally possible, the acceleration degree provided by convert-
ing the less critical parts of the application, when compared
with the scenario where only the most critical functions are
selected to accelerate the application, would not justify the
need for a large FPGA required to host the whole imple-
mentation. Also, because of the nature of some sections of
the code (e.g. variable length loops) not all the functions
could be replaced by efficient digital cores, or, in some
cases, the replacing hardware blocks may also be less ef-
ficient than the corresponding software functions.

Because of this, the focus of the hardware acceleration
was concentrated into the most time consuming functions,
leaving the rest of the application to be executed by a GPP.
Having the basic architecture concept well defined, we de-
veloped the hardware/software system in a Xilinx ML507
development board containing a XC5VFX70T (Virtex-5
family FPGA). This FPGA includes a 32-bit embedded
RISC PowerPC440 processor, indispensable to execute the
software component of the application, and the reconfig-
urable area that will host the custom computing cores for
the most time consuming functions. This embedded pro-
cessor has a maximum frequency of 400 MHz and its Pro-
cessor Local Bus (PLB), which is responsible for the con-
nection and data transaction between the processor and all
the peripherals (including the designed hardware modules),
is capable of running with frequencies of up to 100 MHz.
Although this processor does not have native hardware sup-
port for floating point data types, Xilinx provides an opti-
mized Floating Point Unit (FPU) for the PowerPC, con-
nected via its FCB (Fabric Co-processor Bus). The FPU
implementation supports the IEEE-754 floating-point arith-
metic operations in single or double precision [8]. This



FPU however, is implemented in the FPGA reconfigurable
fabric and operates at lower frequency when compared to
the embedded processor (200 MHz).

4. Profiling the Application

To simplify porting the software application to the em-
bedded CPU, a Linux kernel specific for the processor [9]
was used as a base operating system. This provides a series
of convenient services such as access to a (RAM-based)
disk file system, remote network access, virtual memory
management, and also simplified procedures for profiling
the application to estimate the execution time of each func-
tion. Although the underlying operating system always
consumes some of the CPU processing power, it eases the
software development task and allows the utilization of the
standard Linux libraries, thus making the code portable for
compilation in any other Linux computer. Another alter-
native would be to adapt the original code to run as a stan-
dalone application, but where specific parameters of the de-
velopment board and target FPGA would have to be taken
in account.

Table 1. Summary of profiling results for the stereo
navigation application, compiled with -O3 optimization
and executed by the PowerPC at 400 MHz.

function times Execution time
name called % seconds

convRepl2 144 24.5 3.30
convRepl1 144 24.0 3.22
convConst 96 13.9 1.86

Having the software application being executed by the
FPGA embedded processor, the critical functions were
identified using powerpc-linux-gprof, a variant of
the well known gprof profiling tool for the embed-
ded Linux kernel. From the results present in Table 1,
we can see that the application contains three functions
that consume most of its execution time: convConst,
convRepl1 and convRepl2. These three functions
have high similarities between them. All of them execute
a series of convolutions over a matrix of 96×96 elements,
with single precision floating point data types. With the
aid of smaller matrices and arrays of constant values (with
nine elements for convConst and eleven elements for
convRepl), also in single precision floating point, each
function outputs a 96× 96 matrix. This convolution pro-
cess is highly demanding, involving a series of floating-
point multiplications and additions, as shown in equation 1,
where U [u] represents the element u of the U matrix (larger
matrix) and H[h] represents the h element of the H matrix
(smaller, constant matrix).

accn =U [u]×H[h]+accn−1 (1)

Due to the nature of the floating-point data types used in
these functions, and because the PowerPC processor does
not have native support for floating point, a floating-point
auxiliary processor was attached to the main CPU.

Figure 2. Harris data flow.

As the three most time consuming functions always an-
alyze the same sized input matrix with the same sized
constant array/matrix and include a small computing core
based on multiply-accumulate operations, they were se-
lected as good candidates to be implemented as specialized
hardware cores.

These three functions are part of the Harris process and
the sequence of their invocation is presented in Figure 2
as a simplified dataflow diagram. The input for the whole
process is a tile of the image represented by a matrix in
8 bit gray-scale. Making use of a fixed value vector, the
convConst function analyses that tile and, after convolv-
ing the 96×96 matrix, stores the values in another 96×96
matrix that will itself be convoluted by the convRepl1
function. The process repeats then for the convRepl2
function. When convRepl2 finishes the convConst
function is called again to process the input matrix with
a different constant array, following the order shown in the
Figure 2. The process is repeated for every tile analyzed by
the application.

5. Generating the Hardware Cores

Catapult C is a mature HLS tool used to compile algo-
rithms described in C into RTL implementations (see, e.g.,
the examples presented in [3] and [4]). Although Catapult
C can generate RTL from entirely untimed C algorithms,
some minor changes to the original application had to be
made such as defining the size of the vectors that are passed
as arguments to the functions. Also, dynamic memory al-
location is not supported.

As implementing floating-point arithmetic in custom
hardware leads to complex logic circuits that, in general,
require more logic resources than fixed point arithmetic op-
erators and exhibit longer propagation delays or clock la-
tency. Because of this, the use of fixed point arithmetic is
preferable whenever it is enough to accommodate the pre-



cision and range requirements of the application. Catapult
C does not synthesize floating-point operations and instead
automatically converts floating-point data types present in
the algorithm to fixed-point representations. It is possible
for the designer to specify the fixed-point data type rep-
resentation to be used by redefining a pragma specifying
the total number of bits of the data type, the number of
bits that will be used for the fractional part, the rounding
method, and whether saturated arithmetic is used. With
a careful analysis of the convConst function, we have
found that, although the data types present in this function
were declared as floats, the actual values used were only
8-bit unsigned integers and the fixed value array contains
only elements equal to 1, 0 and −1. This change alone pro-
vided some acceleration to this function, as referred in the
next section.

However, for the other two functions, we have found
that fixed-point arithmetic would not give the necessary
precision and range, even for data formats with 64 bits,
with 32 fractional bits. Thus the use of floating-point was
mandatory to build hardware cores capable of executing
these two functions. As the high-level synthesis tool used
does not support this data type, the solution was to perform
the floating point arithmetic in software as fixed point op-
erations and let the CatapultC compile that code along with
the application.

5.1. Soft Floating-Point Library

To turnaround the unsupported floating-point data types
by Catapult C, we opted to adopt the use of a software li-
brary with implementations of the necessary floating-point
operations. Simplified versions of the add and multiply
elementary operations were adapted from the softFloat li-
brary (obtained at [10]), originally designed to emulate the
floating-point operations in processors that do not contain
hardware support for floating-point arithmetic. As only in-
teger data types are used to store the same binary data that
represent floats, Catapult C is thus able to generate hard-
ware implementations for the soft float operations. To sim-
plify the original software implementation we removed the
treatment of special IEEE-754 cases such as NaNs (Not-
a-Number) and consider only the rounding to the nearest
even.

By using this software emulation of the floating point
operations the performance of the application was reduced,
compared to the initial profiling done the original code and
the FPU attached to the processor, almost doubling the ex-
ecution time for the two most demanding functions. On
contrary, the execution time of the integer version of func-
tion convConst was reduced to only 7% of the original
code (Table 2).

5.2. Generating the Hardware Cores using the
SoftFloat Library

With the solution for the no floating-point problem
found, tested and validated, the three functions could be
analyzed and compiled by Catapult C to RTL logic. Cata-

Table 2. Execution times of the selected functions,
with FPU and using the emulation floating point library
and integer arithmetic for the function convConst.

function FPU SoftFloat & int
name % time seconds % time seconds

convConst 13.9 1.86 0.7 0.13
convRepl1 24.0 3.22 27.2 5.96
convRepl2 24.5 3.30 27.2 5.96

pult C interprets the header of the function and, in the case
of non pointer arguments, they are automatically inferred
as inputs; in the case of a pointer argument or arguments
such as arrays, Catapult C infers input, output or input/out-
put ports, depending if they are read, written, or read and
written within the function [11].

Thus, in the case of the function convRepl1, after an-
alyzing its header (listing 1) as all the variables are repre-
sented by vectors and as U and H are defined as constants,
these two values are automatically determined as the mod-
ule’s inputs. By analyzing the body of the function it is
determined that Y is only used to store data in the function
and, therefore, is identified as an output.

Listing 1. convRepl1 function header
void convRepl1 ( c o n s t U[ u ] , c o n s t H[ h ] ,Y[ y ] )

At this point, the interfacing ports can be designed to
obtain and store their values from RAMs or registers. De-
signing the modules to use data from registers is advisable
when accessing scalar variables or small arrays, since only
a bus is built to connect the module to the register. How-
ever, for functions using as arguments large arrays, the ac-
cess as registers would translate into wide buses, providing
in parallel all the input elements. Therefore, in this case it is
advisable to use RAMs for these cases as only the buses for
address, data and read/write control are synthesized. Be-
cause of the size of the matrices involved in the computing
process, the interface between the core and the PowerPC
was implemented with RAMs.

This way, each hardware module will be connected to
two DPRAMs (Dual-Port RAM), one for receiving the in-
put values that would originally be passed to the software
function and a different DPRAM for storing the results of
the computation. One of the memory ports is attached to
the PowerPC peripheral bus (PLB) and the other port is
connected to the memory interface of the hardware mod-
ule. The reason why DPRAMs were used was because the
PLB bus could drive one set of the ports and the hardware
module could drive the other, thus each one could operate
over the data independently. Each module also has a “start”
input and a “done” output which serve as handshake sig-
nals to be controlled by the code running in the PowerPC,
through a small set of memory mapped ports (refer to Fig-
ure 3).

To operate the hardware module the application execut-
ing in the PowerPC has to fill the input memory with the
data to be processed by the core, issue a start signal and
wait for the completion of the execution. The PowerPC
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Figure 3. Organization of the PowerPC peripheral in-
terface to the hardware modules.

will be idle until the module issues a done signal, when the
processor can start reading all the result values from the
module’s output DPRAM.

After the creation of each function’s hardware core, they
can be validated via ModelSim simulation. Again, Cata-
pult C can help to reduce the test, debug and verification
time, since, after analyzing all the rest of the application, a
testbench is automatically created where all the values that
would be passed to the function are used as input signals of
the module, and the output signals of the module (including
the results) are retrieved and analyzed. In the end, the ob-
tained values are automatically compared with the original
software based results.

6. Experimental Results

For each of the three hardware modules, we have im-
plemented four solutions with increasing target operating
frequencies, as shown in Table 3. For frequencies greater
or equal than 450 MHz, Catapult C was not able to gen-
erate solutions and after logic synthesis with XST the de-
signs created for 200 MHz and 400 MHz fail to reach by
far those target frequencies. As the target frequency in-
creases, the number of clock cycles also increases, due
to the way the algorithms are scheduled by Catapult C in
order to try to reach the specified clock period. For the
function convConst, the synthesis results indicate that
the higher the clock frequency, the better the performance.
However, for the other two modules (convRepl1 and
convRepl2), higher clock frequencies do not necessarily
lead to smaller execution times. According to these results,
and assuming that the specified target frequencies are satis-
fied, the clock frequency among the 4 cases that minimizes
the overall execution time of these functions is 100 MHz.

However, the target clock frequency referred in Table 3
is only specified as a target for the high-level synthesis pro-
cess and we have verified that the actual maximum clock
frequency allowed for each implementation is very differ-
ent from the specified values. To verify whether the syn-
thesized cores would actually reach the desired target clock
frequencies, we have synthesized the four versions of each
module with XST in order to have a first estimate of the
maximum clock frequency actually allowed for each de-
sign. As presented in Table 4, the designs created by Cat-

Table 3. Timing results of the hardware modules syn-
thesized by Catapult C and estimated execution times
based on the target clock frequency.

module Target Latency Execution
Frequency (MHz) (clock cycles) time (ms)

convConst 50 97,937 1.95
100 106,845 1.07
200 142,485 0.71
400 196,569 0.49

convRepl1 50 839,233 16.78
100 1,447,489 14.47
200 3,080,065 15.40
400 6,159,745 15.40

convRepl2 50 837,889 16.76
100 1,446,145 14.46
200 3,078,721 15.39
400 6,150,509 15.38

apultC for 200 MHz and 400 MHz will not reach these
frequencies when implemented in the target FPGA. If we
consider that each module runs with the maximum clock
frequency reported by XST, the execution times show that,
besides the simplest module convConst, the best solu-
tions are those created for the lower target frequency (50
MHz). However, after Place&Route the maximum clock
frequencies reached for the 100 MHz and 50 MHz versions
show that the solution that minimizes the overall execution
time, using a common clock for all modules, are the circuits
synthesized for 100 MHz.

Table 4. Maximum clock frequencies estimated by
XST and execution times for the three modules.

module Required Clock Frequency Execution
frequency (MHz) (MHz) time(ms)

convConst

50 120.5 0.82
100 125.2 0.85
200 177.0 0.81
400 179.3 1.10

convRepl1

50 66.0 13.32
100 103.8 14.05
200 162.6 19.01
400 163.7 37.79

convRepl2

50 63.3 13.30
100 103.8 14.04
200 159.3 19.36
400 168.7 36.61

As the arrays used for the convolution process of each
function were composed by constant values, there was no
need for the modules to obtain them from the main proces-
sor, through the dual-port memories. Instead, these con-
stant values could be embedded into the module’s logic
circuit, thus potentially reducing the logic complexity and
increasing the maximum clock frequency. With this ad-
ditional optimization, the best implementations among the
four solutions generated by Catapult C were still the mod-
ules created for a target clock frequency of 100 MHz. A
slight increase in performance was observed for functions
convConst and convRepl1, as shown in Table 5.

To evaluate the real gain in performance with the hard-
ware modules integrated in the application, including the



Table 5. Comparison of the number of clock cycles for
the original and optimized versions (100 MHz target
frequency).

module Clock cycles
original optimized optimized/original

convConst 106,845 80,265 75%
convRepl1 1,447,489 1,346,113 93%
convRepl2 1,446,145 1,446,145 100%

time used for data transfer, the original code was modi-
fied in order to interface them with the PLB through the
dual port RAM blocks. The real execution time of the tar-
get functions was measured, including also the time taken
to transfer data between the main memory of the Pow-
erPC and the interface memories. The speedups obtained
for each function, both for the modules compiled from
the original code and for the versions with the embed-
ded constants, is presented in Table 6. In this table we
present the speedups obtained by equation 2, where tSW is
the execution time of the software version and tHW + tdata
represents the sum of the execution time of the hardware
module and the total time used by the data transfer be-
tween the PowerPC and the module. To measure the im-
pact in performance due to the utilization of the software
emulation of the floating point arithmetic operations, Ta-
ble 6 includes the values of speedup obtained by compar-
ing to the software execution time taken by the original
C code (column “original”) and the execution time of the
software versions using the softFloat library (for functions
convRepl1 and convRepl2) and integer arithmetic (for
the function convConst).

speedup = tSW/(tHW + tdata) (2)

Table 6. Execution time including data transfer and
speedups obtained.

solution Name Execution Speedup: HW core vs.
time (s) SoftFloat+int original

Original
convConst 0.33 0.40 5.72
convRepl1 2.35 2.54 1.37
convRepl2 2.34 2.55 1.41

Constant
convConst 0.27 0.48 6.89
convRepl1 2.20 2.71 1.46
convRepl2 2.34 2.55 1.41

The results in Table 6 show that the convRepl hard-
ware modules are approximately 2.5 times faster when
compared with the software function that was used by Cat-
apult to create them, using the software library for the float-
ing point operations. Regarding the original software appli-
cation, the speedup values are more modest. Nevertheless,
these results still demonstrate the effectiveness of using a
high-level synthesis tool to improve the performance of a
C application with floating point arithmetic.

Concerning the convConst module, although the
hardware version presents a relevant speedup when com-
pared to the original software version, there is an effec-
tive reduction of the processing speed when compared with

the optimized convConst function (in software) that uses
only integer arithmetic. This is mainly due to the overhead
caused by the data transfer between the software and the
hardware and suggests that in this case it would be better to
keep this function implemented in software rather then in
hardware.

6.1. FPGA Implementation

Table 7 presents the summary of the Virtex 5 FPGA re-
source utilization. The values refer only to the optimized
hardware modules with embedded constants and do not
comprise the block RAMs used to implement the DPRAM.

Table 7. Resource utilization for the optimized hard-
ware modules (FPGA XC5VFX70T).

Resources used convConst convRepl1 convRepl2
Slice Registers 1,032 5,987 5,899used as Flip Flops

Slice LUTs 1,180 11,676 11,709
Occupied Slices 726 4,492 4,304

DSP48Es 3 7 7

Figure 4. Parallel flow.

These hardware cores were used in a complete hard-
ware/software system of the Stereo Navigation applica-
tion. This implementation allowed a global speedup of 1.36
times when executing them sequentially, i.e., following the
same execution order as in the original software version,
according to the data flow illustrated in Figure 2. Further
exploiting the possibility of allowing the hardware mod-
ules to operate in parallel, an improved version was built



that schedules the execution of each function as depicted in
Figure 4. This implementation obtained a speedup of 1.5
times over the original Stereo Navigation application.

7. Conclusion

This paper studied a design flow to build hardware
blocks to improve the processing speed of an application
making use of a commercial C-RTL high-level synthesis
tool. The steps that have to be followed to create a fully
functional hardware block for a specific operation can help
reducing the development time and time-to-market of hard-
ware design.

Using simple source-to-source optimizations and Cata-
pult C, the hardware implementations of the selected func-
tions were able to achieve speedups of almost 1.46 times,
operating at a quarter of the processor clock frequency.
The whole hardware/software implementation achieved a
global speedup of 1.5 times over the pure software imple-
mentation.

Ongoing work is considering further improvements in
order to achieve hardware cores with higher performance
and on other hot-spots that can be migrated to hardware
cores to produce higher global speedups. A special effort
is being made to reduce the overhead impact caused by the
soft float implementation.
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