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Abstract:

Many choices of processing components face the designer of today’ s real-time systems, including CPU, DSP,
FPGA, and ASIC. With such systemsincreasing in complexity it is often the development tools and runtime
environments that make or break a project.

This paper presents Handel-C and DK 1 which provide a new approach to rapid design that allows application
specidists (software or hardware professionals) to increase their productivity and implement and execute
agorithms directly on FPGA silicon. As design is so much faster than conventional methodologies, it is
routinely possible to investigate many more architectural possibilities within afixed design timeframe and so
produce improved designs. Thisisillustrated using an evaluation project where hardware acceleration of a
video encryption processing bottleneck was implemented using these tools and the subsequent throughput
improvement assessed.
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Introduction

A system designer is faced with a bewildering array of system components when architecting real time systems.
The processing requirements alone may require one or more technologies, such as CPU, DSP, FPGA, and
ASIC. Selecting the appropriate balance of components for speed, cost, flexibility and time to market can be a
daunting task, and implementation is no less so. With such systemsincreasing in complexity it is often the
development tools and runtime environments that can make or break a design project.

Handel-C and DK 1 provide a new approach to rapid design that allows application specialists (irrespective of
whether they are software or hardware professionals) to increase their productivity and to implement and
execute agorithms directly on FPGA silicon. Using this design methodology is so much faster than
conventional design flows, that it is routinely possible to investigate many more architectural possibilities
within afixed design timeframe. The natural outcome of thisis the creation of designs that are significantly
improved in terms of size, speed or functionality. Indeed it is not uncommon in our experience to find designs
that are improved in al three areas simultaneously.

FPGAs already have an established role in prototyping new systems. Astheir density and performance increase
and prices decrease, they are becoming increasingly viable also for production systems. Taken together with
our Handel-C based design approach, FPGAs closely coupled to conventional processors provide a cost-
effective, flexible and powerful system architecture.

Our basic approach is to use a software programming language for defining system functionality. In our view, it
iscrucia that the language is used in the same manner that a software designer uses a conventional
programming language. Thisisin contrast to using a conventional language to describe hardware architecture.
The latter approach may (or may not) help hardware engineers to design hardware architectures, but it does
nothing at al to help software engineersto realize their systemsin hardware, and it does almost nothing to help
software and hardware engineers to work together on defining functionality.

By using Handel-C, a software language closely conforming to the *C’ language, we enable software and
hardware engineers genuinely to work together on creating functionality, whether it is delivered in hardware or
software form. This can massively increase productivity, particularly given the skills shortage in hardware
design and the costs and timescal es usually associated with hardware design.

There are two essential innovations in the design of the Handel-C language which distinguish it from C. Firstly
istheintroduction of the *par’ construct which allows the designer to specify parts of the code to be executed in
true (rather than pseudo) parallelism. In abstract terms, this allows the designer to control the extent of the
implementation in space. The other innovation alows the designer to control the temporal characteristics of the
implementation. This is done by a single Handel-C language definition such that each and every assignment
statement takes exactly one clock cycle to execute, and that no other language structure takes any time at all.
With these two features, the designer has control over the time and space characteristics of the implementation.
Controlling both time and space simultaneously is precisely what a hardware designer does using a hardware
description language. In the case of Handel-C programming it is done at a much higher level of abstraction;
that is how productivity isimproved.

We couple our Handel-C design approach with implementations using a combination of conventional processor

and FPGA technologies. This means that total systems (that is both the hardware and the software) can be
compiled onto standard platforms within minutes. Far from this being a mechanism only for fast prototyping,
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our customers are already seeing that we support a new implementation paradigm for them, namely ‘the
prototypeis the product’.

In this paper, weillustrate our approach by describing the results of a collaborative project with Wind River
Systems to produce a reference design (hardware and software infrastructure) to explore the concept of closely
coupled reconfigurable logic and microprocessors. The chosen application was the real-time encryption,
simulated transmission, decryption and finally display of avideo stream.

Hardware Platform

The hardware architecture chosen was based around the PowerPC processor and Xilinx Virtex FPGAs. In
order to get the project running quickly, development was started using two COTS (Commercia Off The Shelf)
parts. These were a PPMC750 Single Board Computer from Wind River, and an RC1000-PP from Celoxica.
The PPMC750 single board computer contained a PowerPC 750 processor, and was plugged into a PCI
backplane to connect to an Ethernet card and RC1000-PP FPGA card. The RC1000-PP is a PCI based Xilinx
Virtex FPGA card with 8mb of local memory.

Whilst initial development for the software was being undertaken on the above configuration, a new reference
platform based on the PowerPC 405GP processor was developed. This*“405GP” board has PCI connectors (in
both slot and PMC forms) into which FPGA based cards are plugged. This card also had the advantage of a
custom connector that allows an FPGA daughter card to be plugged directly onto the processor’ s peripheral bus,
thus allowing higher bandwidths to be achieved. Figure 1 shows ablock diagram of the 405GP board. The
software infrastructure provides alayer of software and hardware functionality for every new platform
introduced. This ensures that porting an application from one hardware platform to another becomes little more
than are-compilation with the appropriate platform library.

64MB SDRAM
N . 2
X g
& 5
g - PPC405GP o
[
= o
= 3
L I (‘>f<)
PCI
2/4AMb Flash
PCI-PCI Bridge
I Note: JTAG and
Clock not
CPCI ~haun o

Figurel

030


研究会Temp 
－3－


A variety of FPGA daughter cards were used with the system, including the ADM-XRC card from Alpha Data
Systems, and the Proteus card from Wind River. For these cards a simple DAC interface was also provided so
that we could use the FPGA to drive avideo monitor. The finished system was completed with aflat panel
LCD display so that it could run stand-alone demonstrations.

In this implementation the performance is measured by monitoring the amount of video data being passed
through the FPGA and displaying the results on an LCD screen attached to the FPGA board. The display part
of the application within the FPGA contains a sync generator for providing signals to the VGA adapter. In
order to meet the timing requirements of the 640 * 480 VGA display and to simplify system design, the speed
of the FPGA clock was set to exactly 25.407231 MHz.

Software Development

We report on two major aspects of the software development for this project. Thefirst isthe tooling used to
develop applications for the system, and the second is the run time environment that controls the system during
operation.

Development Tools

We chose to use the VxWorks real time operating system on the 405GP processor. We also used various
hardware bring-up tools from Wind River such as VisionClick and VisionDesktop. Thesetools alow for close
control of the boot cycle for the board in the time before control is passed to an operating system. We aso
used the PAVE API from Xilinx to program the FPGA with configuration files.

Application content for the FPGAs was developed using the Handel-C language and the DK 1 devel opment
suite. Thisalows C based code to be synthesized into a netlist that is suitable for FPGA implementation using
vendor Place and Route Tools.

Run Time Environment

One of the main issues we wanted to address was the ease with which developers with little or no hardware
knowledge should be able to develop applications for the hybrid CPU+FPGA system. We did not wish the
devel oper to be burdened with having to program at alow level of detail. Typically the FPGA is connected to
the CPU in a memory-mapped fashion, and we did not want the users to have to develop their own
communication protocols and data marshalling routines. We therefore developed a co-processing API that
would define how C code running under VxWorks on the CPU could access * hardware functions' running in
the FPGA.

Data Streaming Manager

The API isimplemented as a Data Streaming Manager (DSM). There are two parts of the DSM; one residing
on the processor (software) side (the S-DSM) and oneresiding in FPGA hardware (H-DSM). In our initia
implementation, the hardware functions are server functions that wait for data input before processing begins.
Asfar asthe developer of hardware functionsis concerned, the interface is relatively straightforward; a
standard RPC (Remote Procedure Call) in fact. The hardware function reads parameters from an input port and
then writes results data to an output port. The complexity of receiving commands over the PCI bus, routing
parameters to the correct hardware function, and then routing the responses back to the appropriate calling
software thread is handled entirely by the H-DSM.

On the software side there are two main aspects of the co-processing API, namely the configuration and then
the actual usage of the custom hardware function. Propertiesrelating to the SDSM areheldinaDSM_T
structure, and contain information on the base address of the FPGA in the processor address space, the number
of functions available, statusinformation etc. From the base address, the rest of thisinformation isretrieved by
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the S-DSM from the FPGA by reading a memory mapped register. Thisletsthe SSDSM know which functions
are contained in the current FPGA configuration.

Video Application Example

Our main application example in this project was based around streaming, compressed, encrypted video. We
used the FLI (AutoDesk animator pro file format for simple graphic animation) format for video compression,
and implemented an FLI player in hardware using Handel-C and DK1. A cartoon animation fileis loaded into
the memory on the PPMC750 card and used as reference data for encryption. A triple DES algorithm was
coded up in C and runs on the Power PC. The same code was also hand-converted into Handel-C and run in
hardware. The comparison between the software and hardware implementations of this triple DES function was
agoal of the project. A 64-bit key is used for the encryption and this same key allows correct decryption.
Implementing three single DES agorithms in sequence to produce Triple DES encryption further increases the
integrity of the DES standard. Naturaly, three separate 64-bit keys are used for encryption and decryption.
Thetriple DES agorithm is inherently sequential in software but can be heavily pipelined in hardware for
increased performance.
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In operation, the FLI cartoon specification file is decoded in FPGA hardware by a Handel-C program, with
each frame being encrypted, decrypted and displayed on a VGA monitor. Both software and hardware cycles
are triggered at the same time with the hardware cartoon being programmed to cycle continuoudy until the
software one finishes. The processed data from the microprocessor is fed to the FPGA that has also been
programmed to generate VGA signals. The output from both the hardware and software implementationsis
then merged to form a composite image on the monitor. A block diagram showing data flow around the FPGA
subsystemisgivenin figure 2.

Performance Comparisons

In order to measure the comparative performance of the hardware and software implementations of the triple
DES application we constructed a test harness that streamed data into either a software or hardware encryption
agorithm.

Thetheoretical performance of the system can easily be calculated since the triple DES implementation
produces a 64-bit word every 19 clock cycles. Thisfact is known by inspection of the Handel-C program as it
issimply a matter of counting assignment statements. Since the FPGA clock runs at a known rate of 25.4MHz
in order to satisfy the VGA display requirements, this immediately gives a data throughput of 85.6Mbps. The
system’'s actual performance was profiled using WindView, an application that |ets the user set trigger events at
different points in the code and then receive accurate timing information of when each trigger event occurred.
The performance figures are given in the table below.

Encryption Decryption
Software FPGA Co- | Software | FPGA Co-
processing processing
Elapsed timefor | 5,558.8 ms | 424.8 ms 5562.9 ms | 424.7 ms
1MB of data
Cryptography rate | 1.51 Mbps | 19.7 Mbps | 1.51 Mbps | 19.8 Mbps

It can be seen from these figures that, although the hardware implementation gives an impressive 13 times
speed improvement, it is still only running at 25% of the theoretical maximum rate, showing that in the total
system performance the triple DES encryption is nowhere near being the bottleneck. Note that this speedup is
also achieved using a 15 times slower clock. Thisis not an unusual result to have when implementing a
software algorithm directly in hardware; that is the power of true parallelism. What redlly is unusua is that
hardware implementation can be achieved quickly, reliably and effectively by software engineers. That isthe
true power of Handel-C

Conclusions

We initialy faced several issues relating to designing for this mixed system. Some of these were addressed by
creating new tools or APIs, whilst others are still largely amanual process performed by the designer.
Specifically:

« How to partition the application between software and hardware? Thisis currently a purely manual
process. In Celoxicait is the subject of further research and future tooling may address certain partitioning
issues. Profiling of the final system showed that the full speed-up benefits of placing core routinesin
hardware may be compromised by other system bottlenecks, such as RAM access or bus speeds. In our
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examples we ported larger blocks of functionality (such as a complete triple DES core, and a complete FLI
decoder) to the FPGA. Other architectures could be explored, such as porting fragments of these
applications to the FPGA.

How to port applications written in C to an FPGA? Normally creating functionality in an FPGA would
reguire hardware design skills and knowledge of a Hardware Description Language such as VHDL or
Verilog. These are generally outside the skill set of embedded software developers. By using Handel-C
and DK1 we are able to create FPGA functionality from a software programming language. The source
code for the software and hardware implementations are then substantially similar, and software engineers
may tackle both. Development times are similar to those using regular C. Asan example, the FLI player
took 2 man-weeks to implement in hardware, as did the triple DES functionality. The integration of these
two blocks to produce the cartoon demonstration took only half aday.

How to configure the FPGA with suitable functionality? Low-level hardware bring-up tools support
configuration of the FPGA from bit files produced by the DK1/Xilinx P&R flow. The Xilinx PAVE API
supports run-time configuration of FPGAs from within a C application running under VxWorks.

How to handle communications between the CPU and the FPGA? In order to simplify the co-processing
aspect of the system we developed an API and associated implementation in both VxWorks and Handel-C.
This provides a flexible mechanism for offloading functionality from a processor into an FPGA with
minimal overhead on the part of the designer. This systemis aso bus neutral, in that moving from say a
PCI connection between processor and FPGA to adirect memory mapped connection would be transparent
at the level of application source code.

How to measure where system bottlenecks are? Using the WindView tools enabled close monitoring of
the performance of the CPU. Matching up calls to the FPGA showed the overheads associated with
offloading functionality into hardware. Further timing analysisin this case showed that this was due to the
latencies of setting up and executing the PCI bus data transfer. By using DMA transfer of larger blocks the
overall throughput could have been increased, although this would require additional functionality to be
incorporated into the FPGA. A better alternative isto connect the FPGA directly to the CPU busin a
memory mapped fashion. Thisisthe next step in our development plans.

How to simulate and debug the combined system? Linking processor simulators with the Handel-C
simulator alows for the co-simulation of both hardware and software portions of the system. Thisisan
areafor further work to provide closer integration of awide array of simulators, and also to support both
functional simulation and cycle-accurate simulation.

How to provide portability of designs across different platforms? Having a defined API for
communications between the CPU and the FPGA greatly assists in the portability of applications. At the
application level it can completely abstract away from underlying architectural choices, such as PCI busvs.
peripheral bus. Using high-level languages (such as C, C++ and Handel-C) provides for a rapid means of
porting code from one processing platform (CPU or FPGA) to another.

Combining reconfigurable logic with microprocessors can enable significant speedups in system performance.
With the right devel opment tools and run time environment the process of developing applications that take
advantage of the hybrid systemis greatly ssimplified. However, care is needed in choosing which functionality
to place in the FPGA if the speed gains from hardware implementation are not to be swamped by the overhead
of transferring data to and from the FPGA and CPU.
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