Library Functions in Reconfigurable Hardware for Matrix and Signal Processing Operations in MATLAB

*

Suresh Peri yacheri Anshuman Na yak Alex Jones

Nagaraj Sheno yAlok Choudhar yPrithviraj Banerjee

Center for Parallel and Distributed Computing

Department of El ectrical and Computer Engineering

Technological Institute, Northwestern Universit y

2145 Sheridan Road, Evanston IL 60208-3118.

Phone: (847) 491-3641 Fax: (847) 491-4455.

E-mail: {suresh, na yak, akjones, nagaraj, choudhar, banerjee}@ece.nwu.edu

Abstract

Reconfigurable or adaptive computing is an emerging area of computer science, which promises supercomputing performance from small, relatively low cost systems composed of re-programmable hardware such as field-programmable gate arrays (FPGA). But large scale reconfigurable computing is yet to become a reality, mainly due to the limitations of available reconfigurable hardware and the lack of the tools to aid in the fast development of applications to run on them. The MATCH project at Northwestern University is an attempt to make this application development process easier by providing tools that can quickly map programs written in a high-level language (MATLAB ) to code that can be executed simultaneously on a collection of commercialoff-the-shelf (COTS ) components that include DSPs and embedded processors, apart from FPGAs. The test bed for such a system has been built and one of its components is the WILDCHILD

+ multi-FPGA system from

Annapolis Microsystems Inc. To aid in the development of MATLAB-based applications, a library of matrix and

signal processing functions is being developed for reconfigurable hardware that can be used as building blocks

for these applications. In this paper we describe four such functions that were developed and their interfaces to

the MATLAB compiler which forms the core of our efforts in this project.

1 Introduction

Reconfigurable or adaptive computing is an emerging area of computer science, which

promises super-computing performance fromsmall, relatively low cost systems composed of re-

programmable hardware such as field-programmable gate arrays (FPGA). Reconfigurable computing

* T his research was supported byDARP A under Contract F30602-98-2-0144.

+

WILDCHI LD is a registered trademark of Annapolis Microsystems Inc.

blurs the traditional boundaries between software and hardware by introducing the concept of

hardware/software co-design where the underlying hardware to execute an application changes with

the needs of the application. In effect, it provides the programmer with a customprocessor for each of

his/her applications.

But large scale reconfigurable computing is yet to become a reality, mainly due to the

limitations of available reconfigurable hardware and the lack of the tools to aid in the fast

development of applications to run on them. The MATCH project [1] at Northwestern University is

an attempt to make this application development process easier by providing tools that can quickly

map programs written in a high-level language (MATLAB) to code that can be executed

simultaneously on a collection of commercial-off-the-shelf (COTS) components that include DSPs

and embedded processors, apart fromFPGAs.

The test bed for such a systemhas been built and one of its components is the WILDCHILD

multi-FPGA s ystem[2] fromAnnapolis Microsystems Inc. As part of the MATCH proj ect, a

compiler is being developed that would read in a high-level application written in MATLAB and

generate code running on a host processor that would spawn of parallel tasks on the FPGAs, DSPs

and the embedded processors. The current effort on the FPGA side is to develop library functions for

matrix and signal processing operations in hardware on the FPGAs and to provide simple interfaces to

themfor the MATLAB compiler. This paper outlines these efforts and describes the functions and

their implementation on the WILDCHILD system. More details of these libraries are discussed in

[13].

1.1 The MATLAB Compiler

The initial version of a MATLAB compiler for the MATCH systemrelies on a library-based

approach to execute sections of the programin FGPA-based hardware. The libraries have a C

language interface that consists of a single function call with arguments of a common pre-defined

data type used by the compiler to ship data and results between different functions. In the initial

version of these library interfaces, the FPGA configuration loading and evaluating functions occur in

sequence within a single interfacing function. This is not necessary, though, because the FPGA

configuration required to implement a function is independent of the data and hence can be loaded

much in advance of the actual computation. Potentially, it is useful in hiding the long loading times

by executing the loads in parallel with other operations. This will be included in the next version of

the compiler and library interfaces.

In p ut M A TL A B

P ro gr a m

+

U se r D ir ec ti ve s

Pa r se r C o m p iler

F PG A

a n d

D S P

L i b ra r ie s

I nt e rf a c e F u nc t i o n St r in g

O p e ra t io n , D ir e c t iv e s

T ar ge t

C la ng ua g e

C od e

Figure 1 MATLAB Compiler

1.2 Compiler Interface toLibraries

The initial stages of the compiler identify tasks in the input MATLAB program(assisted by

directives entered by the user) that are suitable for execution in FPGAs. This information is passed

through several phases of the compiler while extracting dependencies among the various tasks to be

executed in the FPGAs and other components of the system. The final phase of the compiler

generates target C code embedded with the function calls to the FPGA and DSP libraries. Sample

compiler generated C code showing this functional interface to the FPGA and DSP libraries is shown

in Figure 2.

:

matrix_multiply (FPGA, arg _ matA , arg _ matB , arg _ matC );

:

:

:

fft _2D (DSP, arg _ matC , arg _ matD );

void matrix_multiply ( int target, argtype A, argtype B, argtype C){

:

if(target==FPGA){

wf _ matmul _interface (A,B,result);

}

elseif(target==DSP){

dsp _ matmul _interface (A,B,result);

}

:

:

/*AsignresulttoapropriatefieldofC(oftype argtype )*/

:

}

FPGAlibraryinterface

function

DSPlibraryinterface

function

Figure 2 Compiler-Library Interface

2 Related Work

In the past few years there have been significant developments in the general area of adaptive

and reconfigurable computing architectures, systems and software platforms. Some of these

developments have been in the software engineering side in the formof tools which enable easy

mapping of applications on reconfigurable systems and the development of such applications

themselves. Some of these developments are explained below.

The Cameron project [3] at the Colorado State University is an attempt to develop an automatic

tool for image processing applications in Khoros, an advanced and widely used software development

environment for signal processing. It is specifically focused on Image Processing (IP) applications.

The Cameron compiler targets an abstract architecture that consists of a set of parameterized

hardware modules implemented in VHDL and mapped to a variety of FPGA-based reconfigurable

platforms. Towards this end, they have implemented the IP components of a standard signal-

processing library called VSIPL (Vector Signal Image Processing Library) in hardware using FPGAs.

Annapolis Micro Systems Inc., the manufacturer of the customcomputer board used in the

MATCH project, intends to develop a hybrid computing engine called WASPP (WILDFORCE(TM)-

based Adaptive Digital Signal Processing Project). WASPP [4] combines the performance advantages

of a Field Programmable Gate Array (FPGA)-based computer to the floating-point arithmetic and

complex algorithmexecution capabilities of a Digital Signal Processor (DSP). The goal of the

research is to define a methodology for developing applications and to prove that a FPGA/DSP hybrid

architecture is better suited for solving certain classes of problems than FPGAs or DSPs alone can

solve. They plan to integrate the COTS FPGA and DSP development tools into a seamless design

environment and a library of design components will be provided to make FPGA/DSP algorithmco-

design easy to use and understand.

The CHAMPION proj ect [5] at University of Tennessee, Knoxville, also focuses on providing

tools to automate the process of mapping image processing applications in Khoros onto

reconfigurable systems. The approach taken is to build a library of pre-compiled primitives that can

be used as building blocks of image processing applications.

3 The WILDCHILD System: An Overview

The WILDCHILD customcomputing engine is an integrated systemconsisting of the

WILDCHILD multi-FPGA reconfigurable hardware unit and a host that controls it and provides a

conventional software interface to the complete system. The WILDCHILD FPGA unit is a VME-

compatible board that is installed in a standard chassis along with a VME-compatible host computer.

The host, Force 5V, is a SPARC processor-based systemrunning a version of the Solaris OS. The

host and the WILDCHILD unit communicate through the VME bus, which is also shared by other

components of the MATCH adaptive computing system.

3.1 The SystemHardware

P E 1

4 0 1 0

1 /2 M B R A M

1 6

3 6

3 6 P E 2

4 0 1 0

1 /2 M B R A M

P E 3

4 0 1 0

1 /2 M B R A M

P E 4

4 0 1 0

1 /2 M B R A M

P E 8

4 0 1 0

1 /2 M B R A M

1 6

3 6

3 6

P E 7

4 0 1 0

1 /2 M B R A M

P E 6

4 0 1 0

1 /2 M B R A M

P E 5

4 0 1 0

1 /2 M B R A M

C r o s s B a r N e t w o r k

P E 0

4 0 2 8

1 M B R A M

3 2

F I F O - 1

3 6

F I F O - 2

3 6

F I F O - 0

V M E b u s

H a n d s h a k e 2

Figure 3 WILDCHILD SystemArchitecture

The WILDCHILD board consists of 9 FPGAs of the popular Xilinx 4000 family. Eight of these

are 4010 FPGAs, referred to as Processing Elements 1 through 8 (PE1-PE8), with 400 CLBs (about

10,000 gates) each and are identical. The ninth is a 4028 FPGA referred to as Processing Element 0

(PE0) with 1024 CLBs (about 30,000 gates). The nine FPGAs are arranged in a master-slave

configuration as shown in Figure 3. Each FPGA on the board is connected to a pseudo dual-ported

memor y, which can be accessed by both the FPGA and the host. The memories connected to the 4010

FPGAs are 16 bits wide and contain 2 18 addressable locations. The memory connected to PE0 is 32

bits wide and contains 2 18 addressable locations. The architecture of the systemenables high-

throughput systolic computation using the 36-bit bus that connects each 4010 FPGA to its neighbors

and also to the on-board FIFOs. There is also a crossbar network that can be used to realize any

arbitrary interconnection of the FPGAs thus enabling irregular computations. As shown in Figure 3,

two of the 3 on-board input/output FIFOs are connected to the systolic bus at each end of the PE1-

PE8 chain. The FIFOs can be read or written directly by the host program. In addition to the crossbar,

PE0 can communicate control and status information to each FPGA using a set of global handshake signals. The systemclock rate is completely configurable to operate at any frequency though the

board can only support operations up to a maximumfrequency of 40 MHz.

3.2 The Host Interface Software

The host interface to the WILDCHILD on the FORCE 5V consists of a set of drivers that

communicate with the WILDCHILD board using other drivers that talk to the VME back-plane. A set

of customheaders and library functions for the WILDCHILD systemare installed for application

development in C using the gcc compiler.

The software interface to the WILDCHILD systemconsists of a set of application program

interfaces (APIs) provided by the manufacturer. These are in the formof a library of function calls in

C that are included in the programrunning on the host. These functions performvarious tasks like

loading a circuit on an FPGA to implement a function, configuring the crossbar, loading memories

with data etc. Some of the important functions that are used to performthe basic tasks involved in

running any application are listed below.

� WFResetBoard Resets the systemboard.

� WfireOpen Opens an interface to the WILDCHILD board.

� WFireMaskPEInt Masks the interrupt froma specified FPGA.

� WfireProgramPE Programs FPGA with the bit streamfor a circuit.

� WfireXBarConfig Loads in a set of crossbar configurations.

� WFireClearPEInts Clears any pending interrupts on the host fromthe FPGAs.

� WFireUnMaskPEInts Unmasks FPGA interrupts.

� WfireSetMemoryMode Sets the mode of operation of the dual-port memor y controller.

� WfireClearMem Clears the specified FPGA´s memory.

� WfireWrite Loads the specified FPGA´s local memory with data.

� WfireRead Reads the specified PE’s local memory.

� WFireClkSetFreq Configures the systemclock frequency.

� WfireResetPE Resets the specified FPGA.

� WFireGetPEIntEvents Reads the interrupt status register on the board.

� WFireCloseBoard Closes the WILDCHILD board.

4 Library Development on the WILDCHILD System

Four functions have been implemented in hardware using the WILDCHILD systemwhich forms part of an ongoing library development effort for the MATCH proj ect. Two of these ˘ Filter and Fast Fourier Transform-are signal processing functions that occur frequently in kernels of signal processing applications. Two other functions implement the addition and multiplication operators for vector and matrix data types. In the following sections, we describe these functions and compare their execution times in FPGA hardware against execution times of the C language version of the functions compiled and run on the host processor. The performance of each library function is characterized for the configuration and runtimes and this information is used by the MATCH compiler for automated mapping of application tasks.

6

4.1 Filter Function

Using this function, FIR or IIR filtering of up to order 64 can be performed on vectors of maxi mumsize 250,000 elements at hardware speeds. The data precision used is 8 bits fixed-point in fractional 2´s complement format. Filtering is one of the most common operations performed in signal processing. MATLAB provides the filter function that can be used to performdifferent filtering operations on vectors of signal data. Most filters belong to one of two classes -FIR for Finite

Impulse Response and IIR for Infinite Impulse Response filter. While the actual implementation of these two classes of filters is different, mathematically they are quite similar. The general filter equation is shown in Figure 4.

å å

= =

- + - = N i

N i i i

i n y b i n x a n y

0 1

) ( ) ( ) (

Figure 4 General Filter Equation

An IIR filter can be used to performFIR filtering by setting all of the constants ’ b’ to 0.

MATLAB and C codes for a 4-tap IIR filter operation is shown in Figure 5.

[ ]

) , , (

] [

] [

4 3 2 1 0

4 3 2 1 0

1 0

X b a filter Y

b b b b b b

a a a a a a

x x x X n

=

=

=

=