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Abstract

Multiprocessor embedded System on Chips (SoCs) include at least one programmable proces-

sor Intellectual Property (IP) core and several other hardware blocks, attached as domain-speci�c

co-processors or peripheral units to the processor's data and control bus. Such a complex system ar-

chitecture can take advantage of the recon�gurable, parallel processing and low power consumption

features of modern FPGA devices. However these bene�ts cannot be fully delivered due to the lack

of mature hardware/software co-design and rapid prototyping tools of embedded multi-processor

SoCs.

In this doctoral dissertation we present a new methodology for the hw/sw co-design of multi-

processor embedded SoCs developed by exploiting the strengths of the popular Python scripting

language. We exploit the features of Python to rapidly prototype and validate processor-centric

SoC designs for Field Programmable Gate Arrays (FPGA). Speci�cally we developed methods to:

(a) describe hardware blocks in Python and automatically generate synthesizable VHDL code, (b)

describe in Python and simulate embedded systems both at the algorithmic/functional level as well

as at the Register Transfer level, and automatically generate digital waveforms recording the results

of the system's simulation that remains cycle-accurate and bit-true, (c) integrate into the design


ow software development tools for programming in C the microprocessor core, and (d) generate

scripts (Tcl) to ease integration of a complete hw/sw design with FPGA implementation tools that

use logic synthesis to construct a physical implementation of the multi-processor SoC.

The above described hw/sw co-design and veri�cation functionalities were implemented in the

developed System Python (SysPy) tool that targets the prototyping of processor-centric embedded

SoCs for FPGAs. In addition we have developed an Application Programming Interface (API)

which enables easy data transfer between a SoC design, running in an FPGA device, and a host

PC. The user can utilize Python software running on the PC and interact with C software running

on the processor IP core of the SoC and in this way control data processing and storage in the

FPGA.

Three sophisticated SoC's have been designed and implemented and are presented in detail as

SoC design cases to demonstrate and assess the new co-design and co-simulation features of SysPy

along with the supported design methodology. All three designs use a processor IP core as the main

programmable system controller along with domain-speci�c hardware accelerator units designed

for: a) image processing (edge detection), b) audio processing (music genre classi�cation), and c)

stochastic simulation of large-scale biochemical reaction networks (systems biology). These multi-

processor SoC design cases demonstrate the evolution of the design methodology and each one of
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them highlights di�erent features of it.

We believe that with our methodology, developed using Python, we contribute towards the

development of mature tools for the hw/sw co-design and rapid prototyping of FPGA-based em-

bedded multiprocessor SoCs. To get useful feedback from end users community and contribute to

the hw/sw co-design e�orts we provide SysPy as an open source tool through GitHub, which is the

largest online code repository.
Subject Area: Digital Design, Embedded Systems

Keywords: Python, Processor-centric SoCs, hw/sw co-design, VHDL, FPGA, SysPy.
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Ðåñßëçøç

Ôá ÅíóùìáôùìÝíá ÓõóôÞìáôá óå Øçößäá õëéêïý (embedded Systems on Chip - SoC) ðåñéÝ÷ïõí

ôïõëÜ÷éóôïí Ýíáí ðñïãñáììáôéæüìåíï åðåîåñãáóôÞ áëëÜ êáé äéÜöïñåò ìïíÜäåò (IP cores) ðïõ äéá-

óõíäÝïíôáé óôïõò äéáýëïõò åëÝã÷ïõ êáé äåäïìÝíùí ôïõ ùò ðåñéöåñåéáêÜ Þ óõíåðåîåñãáóôÝò åéäéêïý

óêïðïý. ¸íáò ôÝôïéïò ôýðïò óýíèåôçò øçöéáêÞò áñ÷éôåêôïíéêÞò ìðïñåß íá áîéïðïéÞóåé ôéò äõíáôüôç-

ôåò åðáíáðñïãñáììáôéóìïý (recon�guration) ôùí ìïíÜäùí FPGA ãéá íá åðéôý÷åé õøçëÝò åðéäüóåéò

êáé ÷áìçëÞ êáôáíÜëùóç åíÝñãåéáò. Ôéò ðñïïðôéêÝò áõôÝò üìùò ðåñéïñßæåé ç Ýëëåéøç åñãáëåßùí

óõó÷åäßáóçò õëéêïý/ëïãéóìéêïý ãéá ôç ãñÞãïñç ðñùôïôõðïðïßçóç (rapid prototyping) åíóùìáôùìÝ-

íùí ðïëõåðåîåñãáóôéêþí SoCs.

Óôçí ðáñïýóá äéäáêôïñéêÞ äéáôñéâÞ ðáñïõóéÜæïõìå ìåèïäïëïãßá óõó÷åäßáóçò õëéêïý/ëïãéóìéêïý

ãéá åíóùìáôùìÝíá ðïëõåðåîåñãáóôéêÜ SoCs ðïõ õëïðïéåßôáé ìå ôç ÷ñÞóç ôçò äçìïöéëïýò scripting

ãëþóóáò ðñïãñáììáôéóìïý Python. Áíáäåéêíýïõìå åêåßíá ôá ÷áñáêôçñéóôéêÜ ôçò ãëþóóáò Python

ðïõ äéåõêïëýíïõí ôç ó÷åäßáóç åíóùìáôùìÝíùí SoC ìå ðñïãñáììáôéæüìåíï åðåîåñãáóôÞ (processor-

centric) êáé ôçí õëïðïßçóç ôïõò óå ìïíÜäåò FPGA. ÓõãêåêñéìÝíá áíáðôýîáìå ìåèüäïõò ãéá: (á) õðï-

óôÞñéîç ðåñéãñáöþí óôïé÷åßùí õëéêïý óå Python êáé áõôüìáôç ìåôáôñïðÞ ôïõò óå VHDL, (â) ÷ñÞóç

ðåñéãñáöþí Python ãéá ôçí ðñïóïìïßùóç åíóùìáôùìÝíïõ óõóôÞìáôïò ôüóï óå áëãïñéèìéêü åðßðåäï

ëåéôïõñãéêüôçôáò üóï êáé óå åðßðåäï áñ÷éôåêôïíéêÞò RTL (Register Transfer level) êáé áõôüìáôç

ðáñáãùãÞ áñ÷åßùí øçöéáêþí êõìáôïìïñöþí ìå ôá áðïôåëÝóìáôá ôçò áêñéâïýò ðñïóïìïßùóçò (cycle-

accurate êáé bit-true) ôïõ óõóôÞìáôïò. (ã) ÕðïóôÞñéîç ôùí áðáñáßôçôùí ëåéôïõñãéþí ãéá ôïí ðñï-

ãñáììáôéóìü ôïõ åðåîåñãáóôÞ óå ãëþóóá C êáé (ä) ðáñáãùãÞ áñ÷åßùí script (Tcl) ãéá ôçí åýêïëç

óõíåñãáóßá ìå õðÜñ÷ïíôá åñãáëåßá ëïãéêÞò óýíèåóçò ãéá ôç öõóéêÞ õëïðïßçóç ôïõ óõóôÞìáôïò óå

FPGA.

Ïé ðáñáðÜíù ëåéôïõñãßåò óõó÷åäßáóçò êáé ðñïóïìïßùóçò õëéêïý/ëïãéóìéêïý åíôÜ÷èçêáí óôï

åñãáëåßï System Python (SysPy) ðïõ óôï÷åýåé óôçí áðïäïôéêÞ ðñùôïôõðïðïßçóç åíóùìáôùìÝíùí

processor-centric SoCs ãéá FPGAs. ÅðéðëÝïí áíáðôýîáìå äéåðáöÞ ðñïãñÜììáôïò (API: Applica-

tion Programming Interface) ãéá ôçí åýêïëç áíôáëëáãÞ äåäïìÝíùí ìåôáîý ôïõ åíóùìáôùìÝíïõ

åðåîåñãáóôÞ óôï FPGA êáé äéáóõíäåäåìÝíùí Ç/Õ. Ìå áõôÞ ï ÷ñÞóôçò ìðïñåß íá áëëçëåðéäñÜ ìå

áíôßóôïé÷ï ðñüãñáììá óå C ðïõ åêôåëåß ï åíóùìáôùìÝíïò åðåîåñãáóôÞò, ðñïêåéìÝíïõ íá åëÝã÷åé

ðñïãñáììáôéóôéêÜ ôçí åðåîåñãáóßá êáé êáôá÷þñçóç äåäïìÝíùí óôï õëéêü.

Ãéá ôïí Ýëåã÷ï ôùí äõíáôïôÞôùí ôçò ìåèïäïëïãßáò ó÷åäéÜóáìå êáé õëïðïéÞóáìå ìå ôç ÷ñÞóç ôïõ

SysPy ôñßá åíóùìáôùìÝíá ðïëõåðåîåñãáóôéêÜ SoCs, ôá ïðïßá áíáäåéêíýïõí ôéò íÝåò äõíáôüôçôåò

óõó÷åäßáóçò êáé ðñïóïìïßùóçò. Êáé ôá ôñßá áõôÜ SoCs ÷ñçóéìïðïéïýí ðõñÞíá ìéêñïåðåîåñãáóôÞ ùò

êýñéï åëåãêôÞ ôïõ óõóôÞìáôïò áëëÜ êáé åéäéêÝò ìïíÜäåò õëéêïý ðïõ ó÷åäéÜóôçêáí ãéá ôçí: á) åðåîåñ-
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ãáóßá åéêüíùí, â) åðåîåñãáóßá áñ÷åßùí Þ÷ïõ êáé ã) óôï÷áóôéêÞ ðñïóïìïßùóç âéïëïãéêþí äéêôýùí.

Ç äéáäéêáóßá õëïðïßçóçò ôùí ôñéþí ðïëõåðåîåñãáóôéêþí SoCs Ýãéíå óôá ðëáßóéá ôçò åîÝëéîçò êáé

âåëôéóôïðïßçóçò ôïõ ßäéïõ ôïõ åñãáëåßïõ, åíþ êÜèå ó÷Ýäéï ÷ñçóéìïðïéåß êáé áíáäåéêíýåé óõãêåêñéìÝíá

ôïõ ÷áñáêôçñéóôéêÜ.

Ðéóôåýïõìå üôé ç ìåèïäïëïãßá ó÷åäßáóçò ðïõ áíáðôý÷èçêå ìå ÷ñÞóç ôçò Python óõíåéóöÝñåé

óçìáíôéêÜ ðñïò ôçí êáôåýèõíóç ôçò óõó÷åäßáóçò õëéêïý/ëïãéóìéêïý êáé ðñùôïôõðïðïßçóçò ãéá

åíóùìáôùìÝíá óõóôÞìáôá óå øçößäá õëéêïý, ôïìÝá üðïõ óÞìåñá äåí õðÜñ÷ïõí þñéìá äéáèÝóéìá

åñãáëåßá. ÅðéðëÝïí ôï ðñùôüôõðï åñãáëåßï SysPy, áðïôÝëåóìá áõôÞò ôçò Ýñåõíáò, ðáñÝ÷åôáé åëåýèåñá

ìÝóù ôïõ GitHub ðïõ áðïôåëåß ôçí ìåãáëýôåñç äéáäéêôõáêÞ ðëáôöüñìá ðáñï÷Þò ëïãéóìéêïý áíïé÷ôïý

êþäéêá (open source) ðñïêåéìÝíïõ íá ëÜâïõìå ÷ñÞóéìåò ðëçñïöïñßåò áðü ôïõò ôåëéêïýò ÷ñÞóôåò ãéá

ôçí âåëôßùóç ôùí ëåéôïõñãéþí êáé ôçò ÷ñçóôéêüôçôÜò ôïõ.

ÈåìáôéêÞ ðåñéï÷Þ: ØçöéáêÞ Ó÷åäßáóç, ÅíóùìáôùìÝíá ÓõóôÞìáôá

Keywords: Python, ðõñÞíåò åðåîåñãáóôþí, óõó÷åäßáóç õëéêïý/ëïãéóìéêïý, VHDL, FPGA, SysPy.
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ÓõíïðôéêÞ ðáñïõóßáóç  ôçò
ÄéäáêôïñéêÞò ÄéáôñéâÞò

1.1 ÅéóáãùãÞ

Ç äñáìáôéêÞ áýîçóç ôçò ÷ùñçôéêüôçôáò ôùí ìïíÜäùí ðñïãñáììáôéæüìåíçò ëïãéêÞò Field Programm-

able Gate Array (FPGA) ôá ôåëåõôáßá ÷ñüíéá Ý÷åé áõîÞóåé óçìáíôéêÜ êáé ôçí ðïëõðëïêüôçôá ôùí

óõóôçìÜôùí ðïõ ìðïñïýí íá õëïðïéçèïýí ìå ôç ÷ñÞóç ôïõò. Ç ÷ñÞóç Ýôïéìùí ðõñÞíùí åðåîåñãáóôþí

óå Ýíá óýóôçìá ìðïñåß íá åðéôá÷ýíåé óçìáíôéêÜ ôïí áðáéôïýìåíï ÷ñüíï ó÷åäßáóçò, áëëÜ ðñÝðåé åðßóçò

ç ìåèïäïëïãßá ó÷åäßáóçò íá ìðïñåß íá õðïóôçñßîåé ìßá ôÝôïéá áñ÷éôåêôïíéêÞ. Óå áõôü ôï êåöÜëáéï

áíáöÝñïíôáé ôá êßíçôñá ôá ïðïßá ìáò ïäÞãçóáí óôçí áíÜðôõîç ôïõ SysPy êáé åðßóçò ç óõíåéóöïñÜ

ôïõ åñãáëåßïõ êáé ôçò õðïóôçñéæüìåíçò ìåèïäïëïãßáò óôç ó÷åäßáóç System on Chip ìå ðõñÞíá åðå-

îåñãáóôÞ êáé ÷ñÞóç FPGA. Óôï ôÝëïò ôïõ êåöáëáßïõ áíáöÝñïõìå óõíïðôéêÜ ôï ðåñéå÷üìåíï ôùí

êåöáëáßùí ðïõ áêïëïõèïýí.

1.1.1 Âáóéêïß óôü÷ïé ôçò äéáôñéâÞò

Ï êýñéïò óôü÷ïò ôçò Ýñåõíáò Þôáí ç áíÜðôõîç åíüò åñãáëåßïõ øçöéáêÞò ó÷åäßáóçò êáé ðñïóïìïßùóçò

êÜíïíôáò ÷ñÞóç ðåñéãñáöþí õøçëïý åðéðÝäïõ óå ãëþóóá Python. Ôï SysPy óôï÷åýåé åéäéêüôåñá

ôç ó÷åäßáóç åíóùìáôùìÝíùí óõóôçìÜôùí ìå ðõñÞíá åðåîåñãáóôÞ äéåõêïëýíïíôáò ôç óõó÷åäßáóç

õëéêïý/ëïãéóìéêïý. Ôá ìïíáäéêÜ ÷áñáêôçñéóôéêÜ ôçò Python óå åðßðåäï áíÜðôõîçò ðñïãñáììÜôùí

script óå ðåñéâÜëëïí Linux óå óõíäõáóìü ìå ôéò äõíáôüôçôåò áíôéêåéìåíïóôñáöïýò ðñïãñáììáôéóìïý

(OOP: Object Oriented Programming) ðïõ åðßóçò ðáñÝ÷åé, ìáò âïÞèçóáí íá áíáðôýîïõìå ìåèüäïõò

ãéá ôçí:

• äçìéïõñãßá ìïíôÝëùí õøçëïý åðéðÝäïõ, ð.÷. áñéèìçôéêþí ìïíÜäùí, óôïé÷åßùí ìíÞìçò êáé

ëïãéêþí ìïíÜäùí, äéáóýíäåóç ôïõò ìå ôç ÷ñÞóç ðåñéãñáöþí Python êáé áõôüìáôç ìåôáôñïðÞ

17



ôïõò óå óõíèÝóéìåò ðåñéãñáöÝò VHDL óõìâáôÝò ìå õëïðïéÞóåéò óå FPGA.

• áíÜðôõîç åíüò ìÝóïõ ôï ïðïßï åëÝã÷åé üëá ôá õðüëïéðá åñãáëåßá ðïõ áðáéôïýíôáé ãéá ôçí

áíÜðôõîç õëéêïý êáé ëïãéóìéêïý êáôÜ ôçò äéáäéêáóßá ó÷åäßáóçò åíüò SoC ìå ðõñÞíá åðåîåñ-

ãáóôÞ.

• åðåîåñãáóßá ìåãÜëïõ áñéèìþí áñ÷åßùí ðïõ ðáñÜãïíôáé êáôÜ ôç äéáäéêáóßá øçöéáêÞò ó÷åäßáóçò,

ð.÷. áñ÷åßá áíáöïñþí, áñ÷åßá øçöéáêþí êõìáôïìïñöþí ê.á.

Áíôéëáìâáíüìáóôå üôé ç ó÷åäßáóç åíüò ðïëýðëïêïõ øçöéáêïý åíóùìáôùìÝíïõ óõóôÞìáôïò äåí

ìðïñåß íá áõôïìáôïðïéçèåß óôï óýíïëï ôçò, ðñïäéáãñÜøáìå üìùò êáé áíáðôýîáìå Ýíá ëïãéóìéêü

ó÷åäßáóçò êáé ðñïóïìïßùóçò ôï ïðïßï äéáóõíäÝåé ôá ðåñéóóüôåñá åñãáëåßá ó÷åäßáóçò ðïõ áðáéôïýíôáé

ãéá ôçí õëïðïßçóç åíüò ôÝôïéïõò óõóôÞìáôïò. Ìå ôç âïÞèåéá ôçò Python êáé åñãáëåßùí ëåîéêÞò

áíÜëõóçò, êáôáöÝñáìå íá õðïóôçñßîïõìå ðåñéãñáöÝò õëéêïý êáé ëïãéóìéêïý óå õøçëü åðßðåäï, ïé

ïðïßåò üìùò õðïóôçñßæïõí êáé óôïé÷åßá áðü ôéò Þäç õðÜñ÷ïõóåò ãëþóóåò ðåñéãñáöÞò õëéêïý, üðùò

åßíáé ç VHDL êáé Verilog.

1.1.2 ÓõíåéóöïñÜ

Ç óõíåéóöïñÜ ôçò Ýñåõíáò ðïõ äéåîÞ÷èåé åðéêåíôñþíåôáé óôï íá áðïäåßîåé üôé ìßá õøçëïý åðéðÝäïõ

ãëþóóá üðùò ç Python ìðïñåß íá ÷ñçóéìïðïéçèåß ãéá íá ó÷åäéáóôåß, íá ðñïóïìïéùèåß êáé íá õëïðïéçèåß

Ýíá øçöéáêü óýóôçìá. Ïé äõíáôüôçôåò áõôÝò êñßíïíôáé ðïëý ÷ñÞóéìåò, åéäéêÜ óôá áñ÷éêÜ óôÜäéá

õëïðïßçóçò, üôáí ðïëëÝò ìïíÜäåò åíüò óõóôÞìáôïò äåí Ý÷ïõí áêüìá ðñïäéáãñáöåß ðëÞñùò êáé åðßóçò

äåí åßíáé ãíùóôüò ï êáôáìåñéóìüò ôùí âáóéêþí ëåéôïõñãéþí áíÜìåóá óå õëéêü êáé ëïãéóìéêü. ¼ðùò

èá äïýìå ç Python åßìáé ìéá éäáíéêÞ ãëþóóá ãéá íá äéá÷åéñéóôåß ôï ðëÞèïò ôùí åñãáëåßùí ðïõ

áðáéôïýíôáé ãéá ôç ó÷åäßáóç åíüò SoC. Äåßîáìå áêüìá ôïí ôñüðï ìå ôïí ïðïßï ôá áíôéêåéìåíïóôñáöÞ

êáé scripting ÷áñáêôçñéóôéêÜ ôçò ãëþóóáò ìðïñïýí åýêïëá íá äéá÷åéñéóôïýí ôçí ðáñáãùãÞ êáé åðå-

îåñãáóßá ASCII áñ÷åßùí, üðùò VHDL, Tcl scripts, áñ÷åßá XML ê.á. ìå óôü÷ï ôç ãñÞãïñç ðñïóï-

ìïßùóç êáé äéåñåýíçóç äéáöïñåôéêþí áñ÷éôåêôïíéêþí ãéá ôçí õëïðïßçóç åíüò SoC.

Ìåëåôþíôáò êáé óõãêñßíïíôáò ìå ôá åñãáëåßá ó÷åäßáóçò ðïõ Þäç õðÜñ÷ïõí, èåùñïýìå üôé ìüíï

ôï SysPy:

1. õðïóôçñßæåé ôç óõó÷åäßáóç õëéêïý/ëïãéóìéêïý ìå ôçí äõíáôüôçôá óõíðñïóïìïßùóçò ìïíôÝëùí

õëéêïý óå Python êáé áëãïñßèìùí ëïãéóìéêïý óå Python Þ C.

2. êÜíåé ÷ñÞóç ìéáò äçìïöéëïýò scripting ãëþóóáò ãéá ôçí ðåñéãñáöÞ ôçò áñ÷éôåêôïíéêÞò åíüò

øçöéáêïý óõóôÞìáôïò óå õøçëü åðßðåäï (ADL: Architectural Description Language) [68]
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êáé åðéðëÝïí õðïóôçñßæåé ôçí ðñïóïìïßùóç óå ÷áìçëü åðßðåäï ðåñéãñáöþí RTL áëëÜ êáé

óå áëãïñéèìéêü åðßðåäï óõìðåñéöïñÜò êáé áõôüìáôç ðáñáãùãÞ áñ÷åßùí êõìáôïìïñöþí Value

Change Dump (VCD) ãéá ÷ñÞóç ìå äçìïöéëÞ åñãáëåßá ðñïóïìïßùóçò, üðùò ôï ModelSim áðü

ôçí Mentor Graphics.

3. õðïóôçñßæåé ôçí áõôüìáôç ðáñáãùãÞ óõíèÝóéìïõ êþäéêá VHDL ìå ÷ñÞóç ðáñáìåôñïðïéÞóéìùí

óõíáñôÞóåùí Python.

4. õðïóôçñßæåé ó÷åäßáóç SoC ìå åíóùìÜôùóç äùñåÜí äéáèÝóéìùí ðõñÞíùí åðåîåñãáóôþí, üðùò ï

Leon êáé ï OpenRISC.

5. äéåõêïëýíåé ôç ÷ñÞóç ôùí åñãáëåßùí ó÷åäßáóçò FPGA ìå ôçí áõôüìáôç ðáñáãùãÞ áñ÷åßùí

script Tcl ãéá ôçí ïäÞãçóç ôùí åñãáëåßùí ëïãéêÞò óýíèåóçò êáé öõóéêÞò ó÷åäßáóçò êáé

åêôÝëåóç ôïõò óå ðåñéâÜëëïí Linux ãéá ôçí ðáñáãùãÞ áñ÷åßùí ðñïãñáììáôéóìïý ìïíÜäùí

FPGA ôçò åôáéñåßáò Xilinx.

Ìå áõôüí ôïí ôñüðï ôï åñãáëåßï ðïõ ó÷åäéÜóáìå êÜíåé ÷ñÞóç ôùí êáëýôåñùí ÷áñáêôçñéóôé-

êþí ôçò Python ãéá íá ðåñéãñÜøåé ôçí áñ÷éôåêôïíéêÞ åíüò SoC óå õøçëü åðßðåäï, áëëÜ êáé ãéá íá

áõôïìáôïðïéÞóåé ôá ðåñéóóüôåñá áðü ôá âÞìáôá ó÷åäßáóçò ðïõ áðáéôïýíôáé ãéá ôçí õëïðïßçóç ôïõ

óõóôÞìáôïò óôï õëéêü.

1.1.3 Óýíïøç êåöáëáßùí

Óôçí ðáñïýóá äéáôñéâÞ ðåñéãñÜöïõìå ôç ìåèïäïëïãßá áëëÜ êáé ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ ðïõ

ó÷åäéÜóôçêå êáé åðßóçò ðáñáèÝôïõìå éêáíü áñéèìü ðáñáäåéãìÜôùí ó÷åäßáóçò þóôå íá ãßíïõí êáôáíï-

çôÜ ôá ÷áñáêôçñéóôéêÜ ôïõ, áëëÜ êáé íá ðáñáêéíÞóïõìå ôïí ìåëëïíôéêü áíáãíþóôç íá êÜíåé ÷ñÞóç

ôïõ åñãáëåßïõ ðïõ äéáôßèåôáé åëåýèåñï. Ãéá ôïõò åðåîåñãáóôÝò ðïõ ÷ñçóéìïðïéïýìå óôá ðáñáäåßã-

ìáôá ó÷åäßáóçò êÜíïõìå ÷ñÞóç ôùí ðåñéãñáöþí ôïõò ãéá íá ôïõò õëïðïéÞóïõìå (soft IP cores), óå

áíôßèåóç ìå åðåîåñãáóôÝò ðïõ åßíáé Þäç õëïðïéçìÝíïé óôï õëéêü ìÝóá óå ìéá ìïíÜäá FPGA (hard-

wired cores). Ïé åðåîåñãáóôÝò ðïõ õðïóôçñßæïíôáé óôçí ôñÝ÷ïõóá Ýêäïóç ôïõ SysPy åßíáé á) ï

ìéêñïåëåãêôÞò 8-bit AVR ATmega128 ATmega128 [76], ï ïðïßïò ðáñÝ÷åôáé ìÝóá áðü ôçí êïéíüôçôá

ôïõ OpenCores [73] ãéá ôç ó÷åäßáóç åíüò óõóôÞìáôïò åðåîåñãáóßáò åéêüíùí êáé â) ï åðåîåñãáóôÞò

32-bit Leon3 [11], áðü ôçí Aero
ex Gaisler, ãéá Ýíá óýóôçìá åðåîåñãáóßáò Þ÷ïõ êáé Ýíá óýóôçìá

åðåîåñãáóßáò âéïëïãéêþí äåäïìÝíùí. ÄïêéìÝò ó÷åäßáóçò åðßóçò ðñáãìáôïðïéÞóáìå êáé ìå ôç ÷ñÞóç

ôïõ åðåîåñãáóôÞ 32-bit OpenRISC [29], åðßóçò áðü ôï OpenCores.
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Ôï åëëçíéêü êåßìåíï áðïôåëåß ìéá åõñåßá ðåñßëçøç ôïõ áããëéêïý êåéìÝíïõ ôçò äéáôñéâÞò. Ç

ïñãÜíùóç ôùí êåöáëáßùí ôçò äéáôñéâÞò óôï åëëçíéêü êåßìåíï Ý÷åé ùò åîÞò:

• óôï ÊåöÜëáéï 2 ãßíåôáé áíÜëõóç ôçò ó÷åôéêÞò âéâëéïãñáößáò êáé óõãêñßíïíôáé ïé äõíáôüôçôåò

ôïõ SysPy ìå Üëëá ó÷åôéêÜ åñãáëåßá øçöéáêÞò ó÷åäßáóçò. Ãßíåôáé áíáöïñÜ åðßóçò óôïõò

âáóéêïýò ëüãïõò ãéá ôïõò ïðïßïõò êÜíáìå ÷ñÞóç ôçò Python.

• óôï ÊåöÜëáéï 3 ðáñïõóéÜæïíôáé ôá êýñéá ÷áñáêôçñéóôéêÜ êáé ïé ëåéôïõñãßåò ôïõ åñãáëåßïõ.

• óôï ÊåöÜëáéï 4 áíáëýåôáé ç ìåèïäïëïãßá õëïðïßçóçò ôùí ôñéþí ðáñáäåéãìÜôùí ó÷åäßáóçò

êáé ï ôñüðïò ìå ôïí ïðïßï êÜíáìå ÷ñÞóç ôùí äõíáôïôÞôùí ðïõ ðåñéÝ÷åé óå êÜèå ðåñßðôùóç.

ÁíáöÝñïíôáé åðßóçò ôá áðïôåëÝóìáôá ôçò õëïðïßçóçò óôç ìïíÜäá FPGA ðïõ åß÷áìå óôç

äéÜèåóç ìáò. Ãßíåôáé áíáöïñÜ åðßóçò óôç ÷ñÞóç ôçò ìåèüäïõ BDTi ãéá ìßá áñ÷éêÞ ðïóïôéêÞ

áîéïëüãçóç ôùí ÷áñáêôçñéóôéêþí êáé ôçò ÷ñçóôéêüôçôáò ôïõ SysPy.

• óôï ÊåöÜëáéï 5 óõíïøßæïõìå ôá áðïôåëÝóìáôá ôçò äéáôñéâÞò êáèþò êáé ðéèáíÝò ìåëëïíôéêÝò

âåëôéþóåéò êáé åðåêôÜóåéò óôéò Þäç õðÜñ÷ïõóåò äõíáôüôçôåò.

1.2 Ó÷åôéêÞ âéâëéïãñáößá

Ãéá ôçí áíÜðôõîç ìéáò åöáñìïãÞò ðñÝðåé êÜèå öïñÜ íá åðéëÝãåôáé ôï êáôÜëëçëï ðñïãñáììáôéóôéêü

ðåñéâÜëëïí. Óôçí ðåñßðôùóç ìáò, ç Python ÷ñçóéìïðïéÞèçêå ãéá ôçí áíÜðôõîç ôïõ åñãáëåßïõ áëëÜ

êáé óáí ãëþóóá ðåñéãñáöÞò ãéá ôçí ìïíôåëïðïßçóç óôïé÷åßùí õëéêïý êáé ëïãéóìéêïý. Óå áõôü

ôï êåöÜëáéï áéôéïëïãïýìå ôç ÷ñÞóç ôçò Python ãéá ôçí áíÜðôõîç åíüò åñãáëåßïõ ðïõ óôï÷åýåé ôç

ó÷åäßáóç øçöéáêþí óõóôçìÜôùí. Åðßóçò êÜíïõìå áíáöïñÜ óôïí ôñüðï ìå ôïí ïðïßï ïé óýã÷ñïíåò

äéáôÜîåéò FPGA õðïóôçñßæïõí ôç ó÷åäßáóç ìå åíóùìáôùìÝíïõò ðõñÞíåò åðåîåñãáóôþí. ÅðéðëÝïí

ãßíåôáé áíáöïñÜ óå åöáñìïãÝò óôéò ïðïßåò Ý÷åé ÷ñçóéìïðïéçèåß ç Python, Ýôóé þóôå íá âïçèÞóïõìå

ôïí áíáãíþóôç íá åêôéìÞóåé ôéò äõíáôüôçôåò ôçò ãëþóóáò, åíþ åéäéêÞ áíáöïñÜ ãßíåôáé óå åñãáëåßá

øçöéáêÞò ó÷åäßáóçò óôá ïðïßá ÷ñçóéìïðïéåßôáé ç Python êáé ãßíåôáé óýãêñéóç ôùí ÷áñáêôçñéóôéêþí

ôïõò ìå ôá áíôßóôïé÷á ôïõ SysPy.

1.2.1 ÅíóùìáôùìÝíá óõóôÞìáôá ìå ðõñÞíåò åðåîåñãáóôþí

Óôá ðåñéóóüôåñá åíóùìáôùìÝíá óõóôÞìáôá ðïõ õëïðïéïýíôáé óå ìïíÜäåò ðñïãñáììáôéæüìåíçò ëïãé-

êÞò ÷ñçóéìïðïéåßôáé ðëÝïí ôïõëÜ÷éóôïí Ýíáò ðõñÞíáò ðñïãñáììáôéæüìåíïõ åðåîåñãáóôÞ. Ï åðåîåñãá-

óôÞò ëåéôïõñãåß óáí åëåãêôÞò ôùí äéáöüñùí ðñùôïêüëëùí åðéêïéíùíßáò ðïõ äéáóõíäÝïõí ôï óýóôçìá
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ìå åîùôåñéêÝò ìïíÜäåò. Ôï ëïãéóìéêü ðïõ åêôåëåß ï åðåîåñãáóôÞò õëïðïéåß ôá õøçëÜ åðßðåäá ôùí

ðñùôïêüëëùí åðéêïéíùíßáò, üðùò ð.÷. óôçí ðåñßðôùóç ôïõ Ethernet ôïí äéá÷ùñéóìü ôùí äåäïìÝíùí

óå ðáêÝôá äåäïìÝíùí, ç äéá÷åßñéóç ôùí ïðïßùí åßíáé áñêåôÜ äýóêïëç áí ðñÝðåé íá ãßíåé óôï õëéêü

ìå ÷ñÞóç ìç÷áíþí êáôáóôÜóåùí. Ï åðåîåñãáóôÞò åðßóçò äéá÷åéñßæåôáé êáé ôçí ñïÞ äåäïìÝíùí ðñïò

Üëëïõò åðåîåñãáóôÝò åéäéêïý óêïðïý ðïõ óõíäÝïíôáé óáí ðåñéöåñåéáêÝò ìïíÜäåò.

Ïé ðëÝïí ðñüóöáôåò \ïéêïãÝíåéåò" ìïíÜäùí FPGA, üðùò ç óåéñÜ Virtex-7 áðü ôçí Xilinx êáé ç

óåéñÜ Arria-V áðü ôçí Altera, åíóùìáôþíïõí äéðýñçíïõò åðåîåñãáóôÝò ARM áðåõèåßáò óôï õëéêü

(hardwire cores), ïé ïðïßïé åðéêïéíùíïýí ìå ôï õðüëïéðá óôïé÷åßá ðñïãñáììáôéæüìåíçò ëïãéêÞò óôï

FPGA ìÝóù åéäéêþí äéáýëùí åëÝã÷ïõ êáé äåäïìÝíùí. Ï íÝïò áõôüò ôýðïò FPGA áíáöÝñåôáé ùò

ðñïãñáììáôéæüìåíï SoC, üðïõ ìðïñïýí íá åðáíáðñïãñáììáôéóôïýí ôáõôü÷ñïíá óôïé÷åßá ëïãéóìé-

êïý êáé õëéêïý. Åðßóçò ïé áðáñáßôçôåò ôñïðïðïéÞóåéò Ý÷ïõí ãßíåé êáé óôï ðáñå÷üìåíï ëïãéóìéêü

ó÷åäßáóçò áðü ôéò åôáéñåßåò FPGA, þóôå íá õðïóôçñßæåé íÝåò ìåèïäïëïãßåò ó÷åäßáóçò âáóéóìÝíåò

óôéò íÝåò äõíáôüôçôåò ôùí FPGAs. Ôï íÝï ëïãéóìéêü ó÷åäßáóçò õðïóôçñßæåé ìåèüäïõò ó÷åäßá-

óçò ÷ñçóéìïðïéþíôáò ðëçèþñá Ýôïéìùí ìïíÜäùí (block oriented design) ðïõ åßíáé óõìâáôÝò êáé

ìðïñïýí íá óõíäåèïýí åýêïëá óáí ðåñéöåñåéáêÝò ìïíÜäåò ôïõ åðåîåñãáóôÞ. Áõôü ï ôñüðïò ó÷åäß-

áóçò åðéôá÷ýíåé óçìáíôéêÜ ôïí ÷ñüíï õëïðïßçóçò åíüò processor-centric SoC. Áí ëÜâïõìå åðßóçò

õðüøéí êáé ôç ìåéùìÝíç êáôáíÜëùóç éó÷ýïò ðïõ Ý÷ïõí ïé íÝåò ìïíÜäåò FPGA, ìðïñïýìå ðëÝïí íá

óõãêñßíïõìå ìéá õëïðïßçóç FPGA ìå ôçí áíôßóôïé÷ç óå ìïíÜäá Application Speci�c Integrated

Circuit (ASIC). Áí âÝâáéá áðáéôåßôáé ìáæéêÞ ðáñáãùãÞ åíüò ïëïêëçñùìÝíïõ êõêëþìáôïò, ôüôå áðü

Üðïøç êüóôïõò ç ëýóç ôïõ ASIC ðáñáìÝíåé ç ìüíç åðéëïãÞ.

Ôá ðñïãñáììáôéæüìåíá SoC èá ãßíïíôáé üëï êáé ðéï äçìïöéëÞ, óå ó÷åäéáóôÝò õëéêïý áëëÜ êáé ëï-

ãéóìéêïý, üóï ôï ðëÞèïò ôùí Ýôïéìùí ëïãéêþí ìïíÜäùí ðïõ åßíáé äéáèÝóéìåò óôá åñãáëåßá ó÷åäßáóçò

èá áõîÜíåôáé. ÅöáñìïãÝò ðïõ áðáéôïýí ìåãÜëç åðåîåñãáóôéêÞ éó÷ý, üðùò åöáñìïãÝò åðåîåñãáóßáò

Þ÷ïõ, åéêüíáò Þ åëåãêôÝò äéêôýïõ äåäïìÝíùí Ý÷ïõí Þäç õëïðïéçèåß óå ìïíÜäåò FPGA, êÜíïíôáò

÷ñÞóç ôïõ ìåãÜëïõ ðëÞèïõò Ýôïéìùí áñéèìçôéêþí ìïíÜäùí óôï õëéêü ðïõ ÷ñçóéìïðïéïýíôáé ãéá íá

åêôåëÝóïõí ôïõò áðáñáßôçôïõò õðïëïãéóìïýò. Âáóéêüò ðáñÜãïíôáò ðñïò áõôÞ ôçí êáôåýèõíóç åßíáé

ç åõêïëßá ðïõ èá ðáñÝ÷ïõí ôá äéáèÝóéìá åñãáëåßá ó÷åäßáóçò óôçí óýíäåóç ôïõ ðñïãñáììáôéæüìåíïõ

åðåîåñãáóôÞ ìå Üëëïõò åðåîåñãáóôÝò åéäéêïý óêïðïý êáé ôéò ðåñéöåñåéáêÝò ìïíÜäåò ðïõ äéá÷åéñßæïíôáé

ôá ðñùôüêïëëá åðéêïéíùíßáò ôïõ SoC.
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1.2.2 Ó÷åäßáóç õëéêïý ìå ÷ñÞóç ôçò Python

Ç ãëþóóá Python [2] åßíáé ìéá ãëþóóá áíïé÷ôïý ëïãéóìéêïý ç ïðïßá áíáðôý÷èçêå áðü ôïí Guido van

Rossum. Åßíáé ìéá ãëþóóá õøçëïý åðéðÝäïõ ðïõ ÷áñáêôçñßæåôáé áðü åýêïëç áíáãíùóéìüôçôá ôïõ

êþäéêá ëüãù ôçò åýêïëçò óýíôáîçò ðïõ Ý÷ïõí ïé åíôïëÝò ôçò. Õðïóôçñßæåé üëåò ôéò ãíùóôÝò ìåèüäïõò

ðñïãñáììáôéóìïý, üðùò ôç äçìéïõñãßá áêïëïõèéáêþí ðñïãñáììÜôùí (üðùò ç C), ðñïãñáììÜôùí

script êáé áíôéêåéìåíïóôñáöÞ ðñïãñáììáôéóìü. ¸íá ðñüãñáììá Python ìðïñåß íá åêôåëåóôåß óáí

script óå ðåñéâÜëëïí ëåéôïõñãéêïý óõóôÞìáôïò Linux Þ áêüìá êáé íá óõíäõáóôåß ìå ôçí åêôÝëåóç

ðñïãñáììÜôùí C/C++. H Python åßíáé åîáéñåôéêÜ äçìïöéëÞò óôïõò ó÷åäéáóôÝò ëïãéóìéêïý, êõñßùò

ëüãù ôçò áðëÞò óýíôáîçò ðïõ õðïóôçñßæåé êáé åßíáé äéáèÝóéìç óå üëåò ôéò åêäüóåéò ôïõ ëåéôïõñãéêïý

óõóôÞìáôïò Linux. ÐáñÝ÷åé åðßóçò ìÝóù ôùí âéâëéïèçêþí ôçò ìåãÜëï áñéèìü Ýôïéìùí ìåèüäùí ãéá

äéÜöïñåò ëåéôïõñãßåò. ÌåñéêÝò áðü ôéò ðéï ãíùóôÝò âéâëéïèÞêåò ôçò ãëþóóáò åßíáé: á) ôï NumPy êáé

ôï SciPy [62] ìå ôç ÷ñÞóç ôùí ïðïßùí ìðïñåß íá áíáðôõ÷èåß êþäéêáò óå Python, ìå óýíôáîç ðáñüìïéá

ìå ôçò ãëþóóáò Matlab, ãéá ôçí åêôÝëåóç õðïëïãéóìþí äéáíõóìáôéêÞò êáé ãñáììéêÞò Üëãåâñáò, â)

ôï matplotlib [43] ôï ïðïßï åðéôñÝðåé ôç äçìéïõñãßá ãñáöéêþí ðáñáóôÜóåùí ìå ôç âïÞèåéá ôïõ SciPy

êáé ã) ôï Scrapy ôï ïðïßï ðáñÝ÷åé ìåèüäïõò ãéá ôçí áíåýñåóç êáé åðåîåñãáóßá ðëçñïöïñéþí óôï

äéáäßêôõï.

Ç Python Ý÷åé ÷ñçóéìïðïéåß óôï ðáñåëèüí ãéá ôçí áíÜðôõîç äçìïöéëþí åñãáëåßùí ó÷åäßáóçò ëï-

ãéóìéêïý êáé õëéêïý, åéäéêüôåñá üðïõ áðáéôåßôáé ðáñáãùãÞ êáé åðåîåñãáóßá áñ÷åßùí ôýðïõ ASCII. Ôá

PyCells [22] åßíáé äïìÝò ãñáììÝíåò óå Python ðïõ åêöñÜæïõí ôç ëåéôïõñãßá øçöéáêþí êáé áíáëïãéêþí

ìïíÜäùí êáé ÷ñçóéìïðïéïýíôáé ãéá ó÷åäßáóç ASIC. Ôá PyCells ÷ñçóéìïðïéïýíôáé Þäç óå åñãáëåßá

ó÷åäßáóçò ïëïêëçñùìÝíùí êõêëùìÜôùí áðü ôéò åôáéñßåò Cadence êáé Synopsys. Ç Python åðßóçò

÷ñçóéìïðïéÞèçêå êáé óôçí áíÜðôõîç ôçò ðëáôöüñìáò VIPER [90] ðïõ ÷ñçóéìïðïéåßôáé ãéá ôïí ðñï-

ãñáììáôéóìü åíóùìáôùìÝíùí óõóôçìÜôùí, üðùò ôïõ óõóôÞìáôïò Arduino [12] [18], ðïõ ÷ñçóéìï-

ðïéåßôáé ãéá ôçí õëïðïßçóç åöáñìïãþí åëÝã÷ïõ.

Åöüóïí ï ôñüðïò óýíôáîçò ôçò Python Þôáí Þäç äçìïöéëÞò êáé áðïäåêôüò áðü Ýíá åõñý êïéíü,

ðñïóðáèÞóáìå êáôÜ ôçí áíÜðôõîç ôïõ SysPy íá êÜíïõìå ÷ñÞóç ôùí ðéï êïéíÜ áðïäåêôþí êáé

óõìâáôþí ÷áñáêôçñéóôéêþí ôçò ãëþóóáò êáé íá áðïöýãïõìå ôñüðïõò ðåñéãñáöÞò êáé ðñïãñáììáôé-

óìïý áóýìâáôïõò ìå ôç ãëþóóá êáé ôá êïéíÜ áðïäåêôÜ ðñüôõðá ôçò. Ôá äýï ðéï óçìáíôéêÜ ÷áñá-

êôçñéóôéêÜ ôçò ãëþóóáò ðïõ ìáò þèçóáí óôç ÷ñÞóç ôçò ãéá ôçí áíÜðôõîç åíüò åñãáëåßïõ øçöéáêÞò

ó÷åäßáóçò åßíáé ôá áêüëïõèá:

• ÅíóùìÜôùóç êáé ÷ñÞóç ìÝóá áðü Ýíá êïéíü ðñïãñáììáôéóôéêü ðåñéâÜëëïí üëùí ôùí äéáöï-

ñåôéêþí åñãáëåßùí êáé ðñïãñáììÜôùí ðïõ áðáéôïýíôáé ãéá ôç óõó÷åäßáóç õëéêïý/ëïãéóìéêïý
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êáôÜ ôç äéáäéêáóßá ó÷åäßáóçò åíüò SoC.

• ÕðïóôÞñéîç ôñüðïõ óýíôáîçò ìå ôïí ïðïßï ìðïñåß íá ðåñéãñáöåß ç ëåéôïõñãéêüôçôá ìïíÜäùí

õëéêïý óå ÷áìçëü åðßðåäï Register Transfer Level (RTL), áëëÜ êáé óå õøçëü åðßðåäï ìå ÷ñÞóç

ìåèüäùí óôçí Python ïé ïðïßåò ðáñÜãïõí áõôüìáôá ôéò áðáéôïýìåíå ðåñéãñáöÝò õëéêïý óå

ãëþóóá VHDL.

Óôï Ó÷Þìá Ó1.1 ðáñïõóéÜæïõìå ôïí ôñüðï ìå ôïí ïðïßï ÷ñçóéìïðïéïýìå ôçí Python ãéá íá

óõíäÝóïõìå Ýôïéìïõò ðõñÞíåò åðåîåñãáóôþí ìå Üëëåò ìïíÜäåò. Ìå ÷ñÞóç ìåèüäùí óôçí Python

ðáñÜãåôáé áõôüìáôá êþäéêáò VHDL ðïõ ðåñéãñÜöåé ôç ëåéôïõñãéêüôçôá åðåîåñãáóôþí åéäéêïý óêïðïý

êáèþò êáé ôéò áðáñáßôçôåò ìïíÜäåò äéáóýíäåóçò ìå ôïí ðñïãñáììáôéæüìåíï åðåîåñãáóôÞ. To SysPy

åðßóçò ðáñÜãåé áõôüìáôá ôá áðáñáßôçôá Tcl scripts ôá ïðïßá åéóÜãïõí üëá ôá áðáñáßôçôá áñ÷åßá

ðåñéãñáöÞò õëéêïý (HDL: Hardware Description Language) ôïõ åðåîåñãáóôÞ êáé åêôåëïýí óå ãñáììÞ

åíôïëþí ôéò äéáäéêáóßåò ëïãéêÞò óýíèåóç êáé öõóéêÞò ó÷åäßáóçò ìå ÷ñÞóç ôùí êáôÜëëçëùí åñãáëåßùí

FPGA. Ôá ðáñáãüìåíá script åßíáé óõìâáôÜ ìå ôï åñãáëåßï ISE ôçò Xilinx ãéá ó÷åäßáóç õëéêïý

ìå ÷ñÞóç ìïíÜäùí FPGA. Åðßóçò åêôåëåßôáé áõôüìáôá ç ìåôáãëþôôéóç ôùí ðñïãñáììÜôùí C ðïõ

áðáéôïýíôáé ãéá ôïí ðñïãñáììáôéóìü ôïõ åðåîåñãáóôÞ ìå ôç ÷ñÞóç êáôÜëëçëùí GCC [1] ìåôáãëùô-

ôéóôþí, ðïõ åßíáé óõìâáôïß ìå ôéò ðåñéóóüôåñåò äéáèÝóéìåò áñ÷éôåêôïíéêÝò åðåîåñãáóôþí.

Python

HDL
σε

Tcl
script

Μεταγλώττιση
λογισμικού

} Επικοινωνία με
άλλα συστήματα

FPGA

UART

GPIO

Ethernet

SDRAM

Περιφερειακή
μονάδα A

Πυρήνας
επεξεργαστή

+
εφαρμογή

λογισμικού
Linux

Υποσύστημα επεξεργαστή

glue
logic

Περιφερειακή
μονάδα Β

Ó÷Þìá Ó1.1: ÄïìÞ óõóôÞìáôïò SoC ìå ðñïãñáììáôéæüìåíï åðåîåñãáóôÞ.
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1.2.3 Óýãêñéóç ìå Üëëá åñãáëåßá øçöéáêÞò ó÷åäßáóçò

Áí êáé õðÜñ÷ïõí Þäç äéáèÝóéìá åñãáëåßá ðïõ õðïóôçñßæïõí ó÷åäßáóç øçöéáêþí óõóôçìÜôùí óå õøçëü

åðßðåäï, ôá ðåñéóóüôåñá áðü áõôÜ äåí õðïóôçñßæïõí ôç óõíýðáñîç óå Ýíá ó÷Ýäéï ìïíÜäùí õëéêïý êáé

ðõñÞíùí ðñïãñáììáôéæüìåíùí åðåîåñãáóôþí. Ìßá óùóôÞ ìåèïäïëïãßá ó÷åäßáóçò ðñÝðåé áí õðïóôç-

ñßæåé ôç ÷ñÞóç åñãáëåßùí áíÜðôõîçò ëïãéóìéêïý êáèþò åðßóçò êáé ôç óùóôÞ äéáóýíäåóç åðåîåñãáóôþí

åéäéêïý óêïðïý ìå ôïí ðñïãñáììáôéæüìåíï åðåîåñãáóôÞ, ðïõ áðïôåëåß ôïí êåíôñéêü åëåãêôÞ ôïõ óõ-

óôÞìáôïò. Ôá ðåñéóóüôåñá åñãáëåßá ó÷åäßáóçò ãéá FPGA [94], [87] áäõíáôïýí íá äéá÷åéñéóôïýí ìå

åíéáßï ôñüðï ôçí ó÷åäßáóç õëéêïý êáé ëïãéóìéêïý ðïõ áðáéôåßôáé ãéá ôçí õëïðïßçóç åíüò SoC. Åðßóçò

ïé åôáéñßåò FPGA õðïóôçñßæïõí ôçí åíóùìÜôùóç ìüíï åìðïñéêþí ðõñÞíùí åðåîåñãáóôþí óõìâáôþí

ìüíï ìå ôéò ìïíÜäåò FPGA ðïõ ðáñÜãïõí.

Óôç äéåèíÞ âéâëéïãñáößá õðÜñ÷ïõí åðßóçò áíáöïñÝò êáé óå Üëëá ìç åìðïñéêÜ åñãáëåßá ðïõ êÜíïõí

÷ñÞóç ôçò Python ãéá ôç ó÷åäßáóç øçöéáêþí óõóôçìÜôùí. Ôï åñãáëåßï PyHDL [39] õðïóôçñßæåé ôç

ó÷åäßáóç åíüò óõóôÞìáôïò ìå ÷ñÞóç ðåñéãñáöþí äïìÞò, üðïõ äïìÝò óå C++ ÷ñçóéìïðïéïýíôáé ãéá íá

ðåñéãñÜøïõí ôç ëåéôïõñãßá øçöéáêþí ìïíÜäùí. Ôï PHDL [63] åðßóçò õðïóôçñßæåé ðåñéãñáöÝò äïìÞò

óå Python êáé ðáñÜãåé êþäéêá RTL ãéá õëïðïßçóç åíüò óõóôÞìáôïò óå FPGA. ÌåéïíÝêôçìá áðïôåëåß

ç ÷ñÞóç Ýôïéìùí âéâëéïèçêþí ó÷åôéêÜ áðëþí ëïãéêþí ìïíÜäùí ð.÷. ëïãéêÝò ðýëåò, ðïëõðëÝêôåò,

êáôá÷ùñçôÝò ê.á.

Ôï PyMTL [58] ÷ñçóéìïðïéåß ôçí Python ãéá íá ðåñéãñÜøåé øçöéáêÝò ëåéôïõñãßåò óå ÷áìçëü

åðßðåäï ðåñéãñáöþí RTL áëëÜ êáé ðéï õøçëü áöçñçìÝíï åðßðåäï. Áí êáé õðïóôçñßæåé ôçí ìåôáôñïðÞ

ôùí ðåñéãñáöþí óå ãëþóóá Verilog, ôï PyMTL åóôéÜæåé ðåñéóóüôåñï óôçí ðñïóïìïßùóç øçöéáêþí

óõóôçìÜôùí, üðïõ ç ÷ñÞóç ìåôáãëùôôéóôþí C++ åðéôá÷ýíåé êáôÜ ðïëý ôïí ÷ñüíï ðñïóïìïßùóçò

ìéá ðåñéãñáöÞò õøçëïý åðéðÝäïõ Python. Ïé ðáñáãüìåíåò ðåñéãñáöÝò õëéêïý óå Verilog äåí åßíáé

óõìâáôÝò ãéá õëïðïßçóç óå FPGA Þ ASIC. Åðßóçò ôá ìïíôÝëá ðñïóïìïßùóçò ðïõ ÷ñçóéìïðïéïýíôáé

äåí ìïíôåëïðïéïýí ôçí êáèõóôÝñçóç äéÝëåõóçò ìÝóá áðü ôéò ëïãéêÝò ìïíÜäåò ðïõ ðáñáôçñåßôáé óôï

õëéêü, üðùò õðïóôçñßæåôáé óôá ìïíôÝëá ôïõ SysPy.

Aëëá åñãáëåßá üðùò ôï MyHDL [23] [71] êáé ôï PDSDL [97] õðïóôçñßæïõí ëïãéêÝò ðåñéãñáöÝò

äïìÞò êáé ðåñéãñáöÝò óõìðåñéöïñÜò óå Python êáé ìåôáôñïðÞ óå ãëþóóá HDL. Ôï MyHDL åðßóçò

õðïóôçñßæåé ôçí ðñïóïìïßùóç øçöéáêþí ìïíÜäùí êáé ðáñÝ÷åé áðïôåëÝóìáôá óå ìïñöÞ êåéìÝíïõ êáé

ü÷é ìå ÷ñÞóç áñ÷åßùí êõìáôïìïñöþí VCD üðùò êÜíïõìå óôï SysPy. Åðßóçò óôï MyHDL äåí

õðïóôçñßæåôáé ç ó÷åäßáóç ìå ÷ñÞóç Ýôïéìùí ìïíÜäùí óå VHDL Þ Verilog üðùò õðïóôçñßæåôáé óôï

SysPy, êáé üëåò ïé ëïãéêÝò ëåéôïõñãßåò ðñÝðåé íá ðåñéãñáöïýí ìå ôç ÷ñÞóç ôçò Python.

Óõíïøßæïíôáò ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ ðïõ ó÷åäéÜóáìå óå óýãêñéóç ìå ôá ðñïáíáöåñüìåíá
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Õðïóôçñéæüìåíåò äõíáôüôçôåò

Åñãáëåßá

Python

óå RTL

ÐáñáãùãÞ óõíèÝóéìïõ

êþäéêá ãéá FPGA

Äõíáôüôçôá

ðñïóïìïßùóçò

Óõó÷åäßáóç

õëéêïý-ëïãéóìéêïý

×ñÞóç ðõñÞíùí

åðåîåñãáóôÞ

×ñÞóç åñãáëåßùí

ëïãéêÞò óýíèåóçò ÁíáöïñÝò

PyHDL X - - - - - [39]

PHDL X X - - - - [63]

MyHDL X - X - - - [23]

PyMTL X X X - - - [58]

PDSDL X - - - - - [97]

SysPy X X X X X X [61]

Ðßíáêáò Ð1.1: Óýãêñéóç ÷áñáêôçñéóôéêþí ôùí åñãáëåßùí ó÷åäßáóçò.

åñãáëåßá, ìüíï ôï SysPy õðïóôçñßæåé:

1. ôç ó÷åäßáóç processor-centric SoC êáé äéá÷åßñéóç ôùí áðáñáßôçôùí åñãáëåßùí áíÜðôõîçò ëï-

ãéóìéêïý.

2. ÷ñÞóç ðáñáìåôñïðïéÞóéìùí ìåèüäùí Python ãéá áõôüìáôç ìåôáôñïðÞ ôïõò óå ðåñéãñáöÝò

VHDL.

3. ðñïóïìïßùóç õøçëïý åðéðÝäïõ ìå ÷ñÞóç ìåèüäùí êáé êëÜóåùí Python ãéá ôçí ðåñéãñáöÞ ôçò

ëåéôïõñãßá ìïíÜäùí ôïõ õëéêïý.

4. ôáõôü÷ñïíç ðñïóïìïßùóç ðåñéãñáöþí õëéêïý õøçëïý åðéðÝäïõ êáé ëïãéóìéêïý óå ãëþóóá C

5. êáôá÷þñçóç êõìáôïìïñöþí ðñïóïìïßùóçò óå áñ÷åßá ôýðïõ VCD.

6. áõôüìáôç ðáñáãùãÞ êáé ÷ñÞóç Tcl scripts ãéá ôç äéá÷åßñéóç üëùí ôùí áðáñáßôçôùí åñãáëåßùí

ãéá ôç óõó÷åäßáóç õëéêïý/ëïãéóìéêïý óå ìïíÜäåò FPGA.

Óôïí Ðßíáêá Ð1.1 ðáñïõóéÜæïõìå ìßá óýãêñéóç ôùí ðñïáíáöåñüìåíùí åñãáëåßùí. ¼ðùò öáßíåôáé

üëá ôá åñãáëåßá ìðïñïýí íá ðáñÜãïõí êþäéêá RTL áðü ðåñéãñáöÝò Python, áëëÜ ìüíï ôï SysPy

êáé ôï PHDL õðïóôçñßæïõí ôçí ðáñáãùãÞ êþäéêá óõìâáôü ìå õëïðïéÞóåéò FPGA. Åðßóçò åíþ ôï

MyHDL Ý÷åé äõíáôüôçôåò ðñïóïìïéþóåéò åíüò óõóôÞìáôïò óôï åðßðåäï ìéáò ðåñéãñáöÞò Python,

ìüíï ôï SysPy õðïóôçñßæåé ôçí ðáñïõóßáóç ôùí áðïôåëåóìÜôùí ðñïóïìïßùóçò ìïíôÝëùí Python ìå

÷ñÞóç áñ÷åßùí VCD, ðïõ áðïôåëïýí êáé ôïí ðéï äéáäåäïìÝíï ôñüðï êáôá÷þñçóçò áñ÷åßùí øçöéáêþí

êõìáôïìïñöþí êáé åßíáé óõìâáôÜ ìå üëá ôá åñãáëåßá øçöéáêÞò ðñïóïìïßùóçò. ÔÝëïò ìüíï ôï SysPy

õðïóôçñßæåé ôç óõó÷åäßáóç êáé óõíðñïóïìïßùóç óôïé÷åßùí õëéêïý êáé ëïãéóìéêïý óå õøçëü åðßðåäï,
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äßíïíôáò ôç äõíáôüôçôá ðáñÜëëçëçò ìïíôåëïðïßçóçò ôïõ ëïãéóìéêïý åíüò åíóùìáôùìÝíïõ åðåîåñãá-

óôÞ ìáæß ìå ôéò äéáóõíäåäåìÝíåò ìïíÜäåò õëéêïý.

1.3 Ìåèïäïëïãßá ó÷åäßáóçò

Óå áõôü ôï êåöÜëáéï ðåñéãñÜöåôáé ç ìåèïäïëïãßá ó÷åäßáóçò ðïõ áêïëïõèåßôáé óôï SysPy. Ðå-

ñéãñÜöïíôáé åðßóçò ïé äõíáôüôçôåò ãéá ôçí ðñïóïìïßùóç óõóôçìÜôùí SoC ìå ðõñÞíá åðåîåñãáóôÞ.

ÁíáöÝñïíôáé åðéðëÝïí ôá ÷áñáêôçñéóôéêÜ åêåßíá ðïõ õðïóôçñßæïõí ôçí ðñïóïìïßùóç ìïíÜäùí õëéêïý

êáé ëïãéóìéêïý êáé ôïí ôñüðï ìå ôïí ïðïßï óõíäõÜæïíôáé ôá áðïôåëÝóìáôá ôçò ðñïóïìïßùóçò óå

êïéíÜ ìïíôÝëá ðåñéãñáöÞò. ÐáñïõóéÜæåôáé åðßóçò êáé ç äõíáôüôçôá ðáñáãùãÞò áñéèìçôéêþí êáé

øçöéáêþí êõìáôïìïñöþí, ïé ïðïßåò ÷ñçóéìïðïéïýíôáé ãéá ôïí êáèïñéóìü âáóéêþí ðáñáìÝôñùí åíüò

óõóôÞìáôïò.

1.3.1 Ìåèïäïëïãßáò ó÷åäßáóçò

Ç ìåèïäïëïãßá ó÷åäßáóçò ðáñïõóéÜæåôáé óôï Ó÷Þìá Ó1.2. Ïé äõíáôüôçôåò ôçò êáëýðôïõí Ýîé êýñéá

÷áñáêôçñéóôéêÜ ðïõ èåùñïýìå üôé åßíáé áðáñáßôçôá ãéá ôç ó÷åäßáóç åíüò processor-centric SoC:

1. ÐåñéãñáöÞ óå HDL ìïíÜäùí õëéêïý, ðïõ óõíäÝïíôáé óáí ðåñéöåñåéáêÝò ìïíÜäåò ôïõ ðõñÞíá

åðåîåñãáóôÞ.

2. ×ñÞóç óå Ýíá ó÷Ýäéï Ýôïéìùí ìïíÜäùí õëéêïý áðü ó÷åôéêÝò âéâëéïèÞêåò Þ õëïðïéçìÝíåò óå

ãëþóóá Verilog Þ VHDL.

3. Ðñïóïìïßùóç ðåñéãñáöþí Python ðïõ ðñïäéáãñÜöïõí ôç ëåéôïõñãéêüôçôá ìïíÜäùí õëéêïý êáé

ëïãéóìéêïý ðïõ åêôåëåßôáé áðü ôïí åðåîåñãáóôÞ.

4. Áõôüìáôç ðáñáãùãÞ ðñïãñáììÜôùí script ãéá ôçí êëÞóç åñãáëåßùí áíÜðôõîç ëïãéóìéêïý, ð.÷.

êëÞóç ìåôáãëùôôéóôþí C, áñ÷éêïðïßçóç ðñïãñÜììáôïò ôïõ åðåîåñãáóôÞ óå ìïíÜäåò ìíÞìçò

(BRAM: Block RAM) óôï FPGA.

5. Áõôüìáôç ðáñáãùãÞ êáé åêôÝëåóç ðñïãñáììÜôùí Tcl script ãéá ôçí ïäÞãçóç ôùí åñãáëåßùí

ëïãéêÞò óýíèåóçò êáé öõóéêÞò ó÷åäßáóçò óå FPGA.

6. ÐáñáãùãÞ ìïíôÝëùí XML, ãéá ôçí ðåñéãñáöÞ ìïíÜäùí õëéêïý, óõìâáôÜ ìå ôï ðñüôõðï IP-

XACT [15].
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Ó÷Þìá Ó1.2: Ìåèïäïëïãßá ó÷åäßáóçò SoC ìå ÷ñÞóç ðõñÞíùí åðåîåñãáóôþí.

Óýìöùíá ìå ôçí ðñïôåéíüìåíç ìåèïäïëïãßá, ç ó÷åäßáóç åíüò SoC îåêéíÜåé ìå ôç äçìéïõñãßá ìï-

íôÝëùí ðåñéãñáöÞò ôïõ óõóôÞìáôïò. Ôá ìïíôÝëá ðåñéãñÜöïõí óå Python, ìå ôç ìïñöÞ øåõäïêþäéêá.

ôç ëåéôïõñãßá ôïõ ëïãéóìéêïý ôïõ åðåîåñãáóôÞ, åíþ ìðïñåß íá ðåñéãñÜöïõí êáé ôç ëåéôïõñãßá õëéêïý,

ãéá ôá ïðïßá áêüìá äåí åßíáé áñ÷éêÜ äéáèÝóéìç ç ðåñéãñáöÞ ôïõò óå åðßðåäï RTL. To SysPy üìùò

õðïóôçñßæåé êáé ðåñéãñáöÝò RTL óå åðßðåäï Python, óôéò ïðïßåò ï ÷ñÞóôçò ìðïñåß íá ìïíôåëïðïéÞóåé

êáé ôéò ðéèáíÝò ÷ñïíéêÝò êáèõóôåñÞóåéò ðïõ èá ðáñïõóéÜæïõí ìïíÜäåò óõíäõáóôéêÞò ëïãéêÞò, ð.÷.

áñéèìçôéêÝò ìïíÜäåò, ðïëõðëÝêôåò êôë. ¼óåò ìïíÜäåò ôïõ õëéêïý ðåñéãñáöïýí óå åðßðåäï RTL,

ôï åñãáëåßï ìðïñåß íá ìåôáöñÜóåé áõôüìáôá óå VHDL. Ôá áðáñáßôçôá óÞìáôá ÷ñïíéóìïý åðßóçò

ìðïñïýí íá ìïíôåëïðïéçèïýí óôï ðåñéâÜëëïí ðñïóïìïßùóçò ôïõ SysPy, ð.÷. Ýíá óÞìá ñïëïãéïý

20MHz, äßíïíôáò ôçí äõíáôüôçôá íá ðåñéãñáöïýí óõóôÞìáôá áêïëïõèéáêÞò ëïãéêÞò ìå óùëÞíùóç

(pipelined datapath) üðïõ ç ñïÞ ôùí äåäïìÝíùí åëÝã÷åôáé áðü ôï ëïãéóìéêü ôïõ åðåîåñãáóôÞ Þ áðü

ìç÷áíÝò êáôáóôÜóåùí óôï õëéêü. Ìßá ôÝôïéá ðåñéãñáöÞ åíüò ìïíôÝëïõ ðñïóïìïßùóçò áíôéêáôïðôñßæåé

ôç ëåéôïõñãßá ôçò ðëåéïíüôçôáò ôùí øçöéáêþí óõóôçìÜôùí. Óôï Ó÷Þìá Ó1.2 ôá ãêñßæá âÝëç äåß÷íïõí

ôá âÞìáôá ôçò äéáäéêáóßáò ðñïóïìïßùóçò, åíþ ôá ìáýñá âÝëç äåß÷íïõí ôç äéáäéêáóßá õëïðïßçóçò ôïõ
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óõóôÞìáôïò óôç ìïíÜäá FPGA.

Ç äõíáôüôçôá ðåñéãñáöÞò ðñïóïìïßùóçò õøçëïý åðéðÝäïõ, óå óõíäõáóìü ìå ôç äõíáôüôçôá ðñï-

óïìïßùóçò óõìâáôÞ ìå ôïí ÷ñïíéóìü åíüò óõóôÞìáôïò óå åðßðåäï ðåñéãñáöÞò RTL (cycle-accurate

simulation) äßíåé ôç äõíáôüôçôá óôïí ÷ñÞóôç íá ðÜñåé áðïöÜóåéò ãéá êñßóéìåò ðáñáìÝôñïõò åíüò

SoC, ðñéí îåêéíÞóåé ôç äéáäéêáóßá õëïðïßçóçò. Ïé ðáñáãüìåíåò êõìáôïìïñöÝò ðñïóïìïßùóçò äßíïõí

ôç äõíáôüôçôá ãéá ôçí åðßëõóç ðñïâëçìÜôùí ÷ñïíéóìïý ðïõ ìðïñåß íá ðáñïõóéáóôïýí, åéäéêÜ óôç

äéáóýíäåóç ôïõ ðñïãñáììáôéæüìåíïõ åðåîåñãáóôÞ ìå ôéò ðåñéöåñåéáêÝò ôïõ ìïíÜäåò êáé ôïõò åðåîåñ-

ãáóôÝò åéäéêïý óêïðïý. Óôéò ðáñáãñÜöïõò ðïõ áêïëïõèïýí ðåñéãñÜöïíôáé áõôÝò ïé äõíáôüôçôåò ìå

ìåãáëýôåñç ëåðôïìÝñåéá.

Python μεταγλωττιστές C

ISE Design Suite

φάκελος εγκατάστασης SysPy φάκελος εργασίας (work dir)

LEON3

sim VHDL Tcl λογισμικό IP-XACT

Tcl scripting περιγραφές IP-XACT

Ó÷Þìá Ó1.3: ÅãêáôÜóôáóç êáé ÷ñÞóç ôïõ SysPy óå ðåñéâÜëëïí ëåéôïõñãéêïý óõóôÞìáôïò

Linux.

Ôï SysPy áíáðôý÷èçêå êáé ç ëåéôïõñãßá ôïõ äïêéìÜóôçêå ìå ÷ñÞóç ôïõ ëåéôïõñãéêïý óõóôÞìáôïò

Debian Linux. Áñ÷åßá åãêáôÜóôáóçò (con�guration �les) ÷ñçóéìïðïéïýíôáé ãéá íá ïñßóåé ï ÷ñÞóôçò
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üëïõò ôïõò áðáñáßôçôïõò öáêÝëïõò ðïõ Ý÷åé ãßíåé ç åãêáôÜóôáóç ôïõ åñãáëåßïõ êáé ôïõ áðáñáßôçôïõ

ëïãéóìéêïý êáé ôùí öáêÝëùí üðïõ êáôá÷ùñïýíôáé ôá áñ÷åßá ó÷åäßáóçò (working directory). ¼ëá ôá

åñãáëåßá ðïõ êáëïýíôáé ìÝóù ôïõ SysPy êáèþò êáé ç äïìÞ ôùí öáêÝëùí ðïõ äçìéïõñãåß ôï åñãáëåßï

êáôÜ ôç äéáäéêáóßá ó÷åäßáóçò, ðáñïõóéÜæïíôáé óôï Ó÷Þìá Ó1.3.

Ó÷Þìá Ó1.4: ÄéÜãñáììá UML ãéá ôçí áðåéêüíéóç ôçò ÷ñÞóçò ìåèüäùí Python (function

library êáé function handlers library) ãéá ôçí áõôüìáôç áñ÷éêïðïßçóç ìïíÜäùí áðü ôéò

âéâëéïèÞêåò ôïõ SysPy (component library).

Óôï Ó÷Þìá Ó1.4 áðåéêïíßæåôáé ìßá áëëçëïõ÷ßá óå ãëþóóá UML ãéá ôçí ðáñïõóßáóç ôçò ÷ñÞóçò

ôùí âéâëéïèçêþí ôïõ SysPy êáé ôçò áõôüìáôçò ðáñáìåôñïðïßçóçò ìïíÜäùí õëéêïý ìå ÷ñÞóç ìåèüäùí

Python. Ç ÷ñÞóç ôçò õøçëïý åðéðÝäïõ ðáñáìÝôñïõ \arg2" óôç óõíÜñôçóç \function2" åíåñãïðïéåß

ôçí êëÞóç ôçò áíôßóôïé÷çò ìåèüäïõ \func handler2()", üðïõ ç ðáñÜìåôñïò ìðïñåß íá áíôéðñïóùðåýåé

ôçí ïíïìáóßá åíüò áñ÷åßïõ ASCII (VHDL, text, Tcl script) ôï ïðïßï åðåîåñãÜæåôáé Þ êáëåßôáé

áõôüìáôá ãéá íá áñ÷éêïðïéÞóåé ôç ó÷åôéêÞ ìïíÜäá õëéêïý. Ç ÷ñÞóç ôùí ìåèüäùí óôçí áñ÷éêïðïßçóç

ìïíÜäùí õëéêïý óå ðåñéãñáöÝò äïìÞò êáèéóôÜ ðéï óýíôïìåò êáé óõìðáãÞò áõôïý ôïõ åßäïõò ôéò

ðåñéãñáöÝò óå ãëþóóá Python. Ç âéâëéïèÞêç \function library" ðåñéÝ÷åé äçëþóåéò óõíáñôÞóåùí ïé

ïðïßåò áñ÷éêïðïéïýí áõôüìáôá ôéò ìïíÜäåò ðïõ ðåñéÝ÷ïíôáé óôç âéâëéïèÞêç \component library".
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1.3.2 Äõíáôüôçôåò ðñïóïìïßùóçò åíüò SoC

Ôï SysPy ìðïñåß íá ÷ñçóéìïðïéçèåß ãéá íá ðñïóïìïéþóåé øçöéáêÝò ìïíÜäåò ìÝóù ðåñéãñáöþí RTL

óå ãëþóóá Python. Ôï ðéï åíäéáöÝñïí ÷áñáêôçñéóôéêü üìùò åßíáé ç äõíáôüôçôá ðñïóïìïßùóçò

áëãïñéèìéêþí ðåñéãñáöþí óõìðåñéöïñÜò õëéêïý êáé ëïãéóìéêïý, åéäéêüôåñá ãéá ìïíÜäåò åíüò SoC

ãéá ôéò ïðïßåò ðñÝðåé íá êáèïñéóôåß áí åßíáé áðáñáßôçôç ç õëïðïßçóç ôïõò åßôå óôï õëéêü åßôå ìå

ëïãéóìéêü ðïõ åêôåëåßôáé áðü ôïí åðåîåñãáóôÞ ôïõ óõóôÞìáôïò. Ôá êýñéá ÷áñáêôçñéóôéêÜ ôïõ

ìç÷áíéóìïý ðñïóïìïßùóçò óõíïøßæïíôáé óôá áêüëïõèá óçìåßá:

• ðñïóïìïßùóç ðåñéãñáöþí Python, ìïíÜäùí õëéêïý óå åðßðåäï RTL.

• ðñïóïìïßùóç ìïíÜäùí õëéêïý êáé ëïãéóìéêïý, ð.÷. áñéèìçôéêÝò ìïíÜäåò, ìïíÜäåò åëåãêôþí

åðéêïéíùíßáò ê.á., ãéá ôéò ïðïßåò äåí Ý÷åé õðÜñ÷åé ðëÞñçò ðåñéãñáöÞ ôçò ëåéôïõñãéêüôçôáò óôá

áñ÷éêÜ óôÜäéï ó÷åäßáóçò.

• áíÜðôõîç ëïãéóìéêïý ãéá ôïí åðåîåñãáóôÞ åíüò óõóôÞìáôïò óå ãëþóóá C êáé ðñïóïìïßùóç

ôïõ óå åðßðåäï óõóôÞìáôïò ìáæß ìå Üëëåò ðåñéãñáöÝò Python õëéêïý/ëïãéóìéêïý.

• êáôá÷þñçóç ôùí áðïôåëåóìÜôùí ôçò ðñïóïìïßùóçò óå áñ÷åßá øçöéáêþí êõìáôïìïñöþí ôýðïõ

VCD êáé ÷ñÞóç ôïõò ìå äçìïöéëÞ ðñïãñÜììáôá ðñïóïìïßùóçò, üðùò ôï ModelSim êáé ôï

GTkWave.
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μοντέλα
προσομοίωσης

Python

GTkWave. Modelsim, ...

περιγραφές
RTL

Python

αρχεία εφραμογής

αρχεία ρύθμισης

κυματομορφές
μεταβλητών

με χρήση του SciPy

αποτελέσματα
προσομοίωσης

χρονικές παράμετροι
π.χ. βήμα προσομοίωσης
διάρκεια προσομοίωσης

,

δεδομένα
εισόδου

π.χ. *.wav

μοντέλα
λογισμικού

Python

C/C++
λογισμικό
επεξεγαστή

Ó÷Þìá Ó1.5: Ëåéôïõñãéêüôçôá ôïõ ìç÷áíéóìïý ðñïóïìïßùóçò.

ÅéäéêÜ ãéá ôçí ìïíôåëïðïßçóç óýíèåôùí áñéèìçôéêþí ìïíÜäùí, ãßíåôáé ÷ñÞóç ôçò áñéèìçôéêÞò

âéâëéïèÞêçò SciPy óôçí Python. Áñéèìçôéêïß áëãüñéèìïé ìðïñïýí íá ðñïóïìïéùèïýí êÜíïíôáò

÷ñÞóç Ýôïéìùí ìåèüäùí, ôá áðïôåëÝóìáôá ôùí ïðïßùí ìðïñïýí íá åðåîåñãáóôïýí ðåñáéôÝñù áðü

Üëëåò ìïíÜäåò õëéêïý, ìÝóù ôçò äéáóýíäåóçò ðïõ åßíáé åöéêôÞ óôï SysPy, ìåôáîý ìïíôÝëùí õëéêïý

RTL êáé ìïíôÝëùí óõìðåñéöïñÜò õøçëïý åðéðÝäïõ. Ìå ôç ÷ñÞóç åðßóçò ôïõ SciPy åßíáé äõíáôÞ ç

ðáñáãùãÞ áñéèìçôéêþí êõìáôïìïñöþí êáôÜ ôçí ðñïóïìïßùóç åíüò áëãïñßèìïõ óå õøçëü åðßðåäï, ð.÷.

åðåîåñãáóßá äåäïìÝíùí áðü øçöéáêÜ ößëôñá. Ïé êõìáôïìïñöÝò áõôÝò ìðïñïýí íá ÷ñçóéìïðïéçèïýí

ãéá ôçí ñýèìéóç ôùí ðáñáìÝôñùí õëïðïßçóçò åíüò áëãïñßèìïõ, åíþ áñãüôåñá ìåôÜ ôçí äçìéïõñãßá

ìïíôÝëùí óå åðßðåäï RTL, ïé øçöéáêÝò êõìáôïìïñöÝò ôùí óçìÜôùí ìéáò ìïíÜäáò ðéóôïðïéïýí ôçí

óùóôÞ ëåéôïõñãßá ôïõ áëãïñßèìïõ óôï õëéêü êáé ôçí áñéèìçôéêÞ áêñßâåéá ôùí õðïëïãéóìþí. Óôï

Ó÷Þìá Ó1.5 ðáñïõóéÜæïíôáé ôá âÞìáôá ðïõ õðïóôçñßæïíôáé êáôÜ ôç äéáäéêáóßá ðñïóïìïßùóçò åíüò

SoC.
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1.3.2.1 Óõíðñïóïìïßùóç õëéêïý/ëïãéóìéêïý ìå ðåñéãñáöÝò õøçëïý åðéðÝäïõ

¸íáò áðü ôïõò âáóéêïýò ëüãïõò ôçò åðéëïãÞò ôçò Python Þôáí êáé ç äõíáôüôçôá ôçò ãëþóóáò íá

êáëåß ìåèüäïõò õëïðïéçìÝíåò óå Üëëåò ãëþóóåò ëïãéóìéêïý, üðùò ç C/C++. Ç êëÞóç ìåèüäùí C

ìÝóá áðü ìïíôÝëá ðñïóïìïßùóçò óå Python ìáæß ìå ôç ÷ñÞóç ôïõ SciPy, ìáò äßíåé ôç äõíáôüôçôá

ôáõôü÷ñïíçò ðñïóïìïßùóçò áëãïñßèìùí ëïãéóìéêïý ìå ìïíÜäåò õëéêïý, üðïõ ç áíÜðôõîç êáé ðñïóï-

ìïßùóç ôïõ ëïãéóìéêïý ìðïñåß íá ãßíåé ìå ÷ñÞóç: á) áëãïñéèìéêþí ðåñéãñáöþí õøçëïý åðéðÝäïõ ìå

ðåñéãñáöÝò (Matlab-like) óôï SciPy êáé â) ìå ðåñéãñáöÝò óå ãëþóóá C, ïé ïðïßåò ìðïñïýí åýêïëá

ìåôÜ íá ÷ñçóéìïðïéçèïýí ãéá ôïí ðñïãñáììáôéóìü ôïõ åðåîåñãáóôÞ åíüò óõóôÞìáôïò. Óýìöùíá ìå

ôç ìåëÝôç ôçò õðÜñ÷ïõóáò âéâëéïãñáößáò áõôü áðïôåëåß Ýíá áðü ôá ðéï êáéíïôüìá ÷áñáêôçñéóôéêÜ

ôïõ SysPy.

συνδυαστική λογική RTL

περιγραφή λογισμικού C

SciPy

αλγόριθμος
SciPy

αλγόριθμος SciPy
import swig,scipy
def proc0(clk):

if (rising_edge(clk):
data_buf = data_in
if (control == '1'):

data_out = simObj.scipyFunc(data_buf)
elif (control == '0'):

data_out = swig.CFunc(data_buf)

.

.

testbench προσομοίωσης

μεταβλητές σήματα
με χρήση του

/
SciPy

GTkWave. Modelsim, ...αρχείο
VCD

μοντέλα
IP-XACT

VHDL
testben.

+

iiiii

i

iv

iv

μεταγλωττιστής
C/C++

SWIG

Python/C
διεπαφή

C
binary
exec.

μέθοδος
C

Ó÷Þìá Ó1.6: Ìåèïäïëïãßá ðñïóïìïßùóçò ìå ÷ñÞóç ðåñéãñáöþí õëéêïý RTL êáé

áëãïñéèìéêþí ìïíôÝëùí.

Óôï Ó÷Þìá Ó1.6 ðáñïõóéÜæïìáé Ýíá ôõðéêü ìïíôÝëï ðñïóïìïßùóçò, üðïõ i) ãßíåôáé ÷ñÞóç ôçò

Python ãéá ôçí ðåñéãñáöÞ åíüò äéáýëïõ äåäïìÝíùí (pipelined datapath) ii) ðåñéãñáöÝò Python ìå ôç

÷ñÞóç ôïõ áñéèìçôéêïý ðáêÝôïõ SciPy ÷ñçóéìïðïéïýíôáé ãéá áëãïñéèìéêÝò ðåñéãñáöÝò ìïíÜäùí åíüò

óõóôÞìáôïò ãéá ôéò ïðïßåò äåí õðÜñ÷åé áêüìá õëïðïßçóç óå õëéêü (HDL) Þ ëïãéóìéêü (C/C++),

iii) ðåñéãñáöÝò ëïãéóìéêïý óå C ÷ñçóéìïðïéïýíôáé ãéá ôçí õëïðïßçóç áëãïñßèìùí ôùí ïðïßùí ôçí

åêôÝëåóç ôïõò èá áíáëÜâåé ï åðåîåñãáóôÞò ôïõ óõóôÞìáôïò, åíþ iv) êáôÜ ôç äéÜñêåéá ôçò ðñïóï-
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ìïßùóçò ðáñÜãïíôáé êõìáôïìïñöÝò ôùí øçöéáêþí óçìÜôùí ôïõ óõóôÞìáôïò ìÝóù ôïõ SciPy áëëÜ

êáé óå ìïñöÞ áñ÷åßùí ôýðïõ VCD, óõìâáôÞ ìå Üëëá åñãáëåßá ðñïóïìïßùóçò. ÌÝóù ôçò ÷ñÞóçò ôïõ

ìç÷áíéóìïý ðñïóïìïßùóçò ôïõ SysPy, ïé ðñïãñáììáôéóôÝò ëïãéóìéêïý ìðïñïýí á) íá áíáðôýîïõí

áëãïñéèìéêÜ ìïíôÝëá ìå ôç ÷ñÞóç ôïõ SciPy êáé íá åëÝãîïõí ôç óùóôÞ ëåéôïõñãéêüôçôá ôïõò ìÝóù

ôçò óõíðñïóïìïßùóçò ìå ôéò ìïíÜäåò ôïõ õëéêïý. â) Ìðïñïýí åðßóçò íá ìåôáôñÝøïõí ôéò ðåñéãñáöÝò

ëïãéóìéêïý áðü Python óå C êáé åê íÝïõ íá åëÝãîïõí ôç ëåéôïõñãéêüôçôá ôïõò ìÝóù ôïõ SysPy,

äéåõêïëýíïíôáò Ýôóé êáé åðéôá÷ýíïíôáò ôç äéáäéêáóßá áíÜðôõîçò ôïõ ëïãéóìéêïý óå õøçëü åðßðåäï.

1.3.3 ÐáñÜäåéãìá ðñïóïìïßùóçò

Ãéá ôçí êáëýôåñç êáôáíüçóç ôùí äõíáôïôÞôùí ðñïóïìïßùóçò ðïõ ðáñÝ÷åé ôï SysPy ðáñïõóéÜæïõìå

Ýíá ðáñÜäåéãìá ðñïóïìïßùóçò åíüò áñéèìçôéêïý ìïíôÝëïõ ãéá ôïí õðïëïãéóìü ôïõ áëãïñßèìïõ åý-

ñåóçò ðïëõùíýìïõ ãñáììéêÞò ðáñåìâïëÞò. Ï áëãüñéèìïò åöáñìüæåôáé ðÜíù óå äåäïìÝíá åéóüäïõ

ðïõ ðáñÝ÷ïíôáé óå ìïñöÞ áñ÷åßùí ASCII êáé õðïëïãßæåé ôéò ðáñáìÝôñïõò ìéáò ãñáììéêÞò åîßóùóçò

ðïõ åêöñÜæåé ôá åéóåñ÷üìåíá äåäïìÝíá. ÐñïäéáãñÜöïíôáò ôç óýíèåóç ôïõ óõóôÞìáôïò, ÷ùñßóáìå

ôéò ëåéôïõñãßåò ôïõ óôéò áêüëïõèåò ôñåéò ìïíÜäåò: á) ôçí ìïíÜäá ðïõ åêôåëåß ôïõò áñéèìçôéêïýò

õðïëïãéóìïýò ôïõ áëãïñßèìïõ, â) ìïíÜäåò ìíÞìçò ãéá ôçí êáôá÷þñçóç ôùí áñ÷éêþí äåäïìÝíùí êáé

ôùí áðïôåëåóìÜôùí ôïõ áëãïñßèìïõ êáé ã) ìïíÜäåò ãéá ôçí ëÞøç êáé ôçí ìåôÜäïóç äåäïìÝíùí áðü

êáé ðñïò ôçí áñéèìçôéêÞ ìïíÜäá. ¼ëåò ïé áñéèìçôéêÝò ëåéôïõñãßåò õëïðïéïýíôáé óå ìïíÜäåò õëéêïý

ìå óôü÷ï ôçí ãñÞãïñç åêôÝëåóç ôïõ áëãïñßèìïõ. Ìßá ìç÷áíÞ êáôáóôÜóåùí óôï õëéêü áíáëáìâÜíåé

ôç äéá÷åßñéóç äéáêßíçóçò ôùí äåäïìÝíùí ìÝóá óôï óýóôçìá, êÜôù áðü ôïí Ýëåã÷ï ôïõ ëïãéóìéêïý,

ôï ïðïßï åðßóçò áíáëáìâÜíåé ôçí êáôá÷þñçóç ôùí áñ÷éêþí äåäïìÝíùí êáé ôùí áðïôåëåóìÜôùí åðå-

îåñãáóßáò óå ìïñöÞ áñ÷åßùí. Ç äïìÞ ôïõ óõóôÞìáôïò ðáñïõóéÜæåôáé óôï Ó÷Þìá Ó1.7.
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μηχανή
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διαιρέτης
ρολογιού

25MHz

δεδομένα
εισόδου

100MHz
σήμα ρολογιού

SysPy testbench

αλγόριθμος
γραμμικής

παρεμβολής

αποτελέσματα
προσομοίωσης

VCD

SysPy RTL

αλγοριθμικό μοντέλο SciPyl

γραφική
αναπαράσταση

σημάτων με το SciPy

ψηφιακές
κυματομορφές

σημάτων

dataCounter

startRegression

E

D Q

E

D Q

slope

intercept
} παράμετροι

γραμμικής
παρεμβολής

Ó÷Þìá Ó1.7: Ó÷çìáôéêü äéÜãñáììá ôïõ ìïíôÝëïõ ðñïóïìïßùóçò ôïõ áëãïñßèìïõ ãñáììéêÞò

ðáñåìâïëÞò.

Ãéá ëüãïõò ïéêïíïìßáò ÷þñïõ êáé Ýêôáóçò ôïõ êåéìÝíïõ, ðáñáèÝôïõìå áíáöïñÝò óå ðáñáäåßã-

ìáôá êþäéêá, üðùò áõôÜ ðáñïõóéÜæïíôáé óôï Áããëéêü êåßìåíï. Óôï Code Example 3.1 äçëþíïíôáé

üëá ôá óÞìáôá åéóüäïõ/åîüäïõ ôïõ óõóôÞìáôïò. Óôéò ãñáììÝò 4-9 ðáñÜãåôáé ç êõìáôïìïñöÞ ôïõ

âáóéêïý óõóôÞìáôïò ñïëïãéïý (100MHz, 50% duty cycle, äéÜñêåéá ðñïóïìïßùóçò 15us), åíþ óôéò

ãñáììÝò 19-21 áíáôßèåíôáé ïé ôéìÝò ôùí óçìÜôùí åéóüäïõ êáôÜ ôç äéÜñêåéá ôçò ðñïóïìïßùóçò, ð.÷.

óôç ãñáììÞ 19 ïñßæåôáé üôé ôï óÞìá rst åíåñãïðïéåßôáé ãéá 5ns óôçí áñ÷Þ ôçò ðñïóïìïßùóçò. Ãéá ôç

ìç÷áíÞ êáôáóôÜóåùí ãßíåôáé ÷ñÞóç ðåñéãñáöþí RTL óå Python, üðùò ðáñïõóéÜæåôáé óôá Code Ex-

amples 3.2 êáé 3.3. Ïé áðáñáßôçôåò âéâëéïèÞêåò êáé ç êëÜóç ôïõ ìïíôÝëïõ ðñïóïìïßùóçò êáëïýíôáé

óôéò ãñáììÝò 1-4. Ç óõíÜñôçóç óôç ãñáììÞ 6 ðåñéãñÜöåé óõíäõáóôéêÞ ëïãéêÞ ìå ôç ÷ñÞóç ôùí

óçìÜôùí áóýã÷ñïíïõ reset êáé ñïëïãéïý ðïõ ÷ñçóéìïðïéïýíôáé ãéá ôçí ïäÞãçóç üëùí ôùí ìïíÜäùí

ôïõ óõóôÞìáôïò. Ôï áñ÷åßï ðïõ ðåñéÝ÷åé ôá äåäïìÝíá åéóüäïõ äçëþíåôáé óôç ãñáììÞ 19 êáé óôç

ãñáììÞ 20 äçëþíåôáé ç ìïñöÞ áíáðáñÜóôáóçò ôùí áñéèìþí ôýðïõ �xed-point (5 áêÝñáéá øçößá êáé 3

øçößá óôï äåêáäéêü ìÝñïò ðïõ èá ÷ñçóéìïðïéçèïýí óôïõò õðïëïãéóìïýò. Ç ëåéôïõñãßá ôçò ìç÷áíÞò

êáôáóôÜóåùí âáóßæåôáé óôéò áíåñ÷üìåíåò áêìÝò ôïõ óÞìáôïò ñïëïãéïý (ãñáììÞ 26). Åöüóïí ãßíåé

ç áíÜãíùóç ôùí äåäïìÝíùí åéóüäïõ (êáôÜóôáóç 1, ãñáììÞ 38), åêôåëåßôáé ç êáôÜóôáóç 2 üðïõ

åíåñãïðïéåßôáé ç åêôÝëåóç ôïõ áëãïñßèìïõ óôçí áíôßóôïé÷ç ìïíÜäá, åíþ óôçí êáôÜóôáóç 3 (ãñáììÞ
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13) ôá áðïôåëÝóìáôá ôïõ áëãïñßèìïõ (ðáñÜìåôñïé `á': slope êáé `â': intercept) ðáñïõóéÜæïíôáé

óôéò áíôßóôïé÷åò åîüäïõ ôïõ óõóôÞìáôïò. Óôçí êáôÜóôáóç 4 åíåñãïðïéåßôáé óôï SciPy ç áðåéêüíéóç

ôùí äåäïìÝíùí åéóüäïõ êáé ï ôñüðïò ìå ôïí ïðïßï ç ãñáììéêÞ åîßóùóç ðïõ õðïëïãßóôçêå, üðùò

ðáñïõóéÜæåôáé óôï Ó÷Þìá Ó1.8, ÷ñçóéìïðïéþíôáò äéáöïñåôéêÝò ìïñöÝò áíáðáñÜóôáóçò ãéá ôïõò äå-

êáäéêïýò áñéèìïýò �xed-point. Ùò \original data" ÷áñáêôçñßæïíôáé ôá äåäïìÝíá åéóüäïõ áðü ôï

ìïõóéêü áñ÷åßï.

0 1 2 3 4 5 6 7 8 9
x

0

2

4

6

8

10

12

f(x
)

Original data
SciPy fit
notation: fp(4.4)
notation: fp(5.3)

Ó÷Þìá Ó1.8: ÃñáììéêÞ ðáñåìâïëÞ äåäïìÝíùí åéóüäïõ, ìå ÷ñÞóç äéáöïñåôéêþí

áíáðáñáóôÜóåùí �xed-point.

ÊáôÜ ôç äéÜñêåéá ôçò ðñïóïìïßùóçò, ïé êõìáôïìïñöÝò ôùí óçìÜôùí åéóüäïõ/åîüäïõ ôïõ óõóôÞìá-

ôïò êáôá÷ùñÞèçêáí óôï ðáñáãüìåíï áñ÷åßï VCD êáé ôï ðñüãñáììá GTKWave [38] ÷ñçóéìïðïéÞèçêå

ãéá ôçí áíáðáñÜóôáóç ôùí êõìáôïìïñöþí. Óôéò êõìáôïìïñöÝò ðáñïõóéÜæåôáé ç óõìðåñéöïñÜ ôùí

øçöéáêþí óçìÜôùí óå ó÷Ýóç ìå ôï óÞìá ñïëïãéïý êáé åðßóçò ëáìâÜíïíôáé õðüøéí ïé ëïãéêÝò êáèõóôå-

ñÞóåéò ðïõ ðáñïõóéÜæïíôáé óôá óÞìáôá åîüäïõ, óýìöùíá ìå ôïí ôñüðï ðïõ áõôÝò ìïíôåëïðïéïýíôáé

óôï Code Example 3.1 (ãñáììÞ 16, ðáñÜìåôñïò \del", ïñéóìüò 11ns ëïãéêÞ êáèõóôÝñçóç ãéá ôá

óÞìáôá åîüäïõ \slope" êáé \intercept"). Óôï Ó÷Þìá Ó1.9 ðáñïõóéÜæåôáé ôï óÞìá ñïëïãéïý 100MHz

(clk), ôï ïðïßï äéáéñåßôáé ìÝóù ôçò êáôÜëëçëçò ëïãéêÞò óôá 25MHz (clkDiv). Ôï óýóôçìá åðå-

îåñãÜæåôáé äýï ôéìÝò äåäïìÝíùí åéóüäïõ êáé ðáñÜãåé ôéò ðáñáìÝôñïõò slope êáé intercept ôçò
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11ns καθυστέρηση latched output

Ó÷Þìá Ó1.9: ØçöéáêÝò êõìáôïìïñöÝò óçìÜôùí åéóüäïõ/åîüäïõ ôïõ óõóôÞìáôïò åöáñìïãÞò

ôïõ áëãïñßèìïõ ãñáììéêÞò ðáñåìâïëÞò.

ãñáììéêÞò åîßóùóçò ðïõ ðáñåìâÜëåé ôá äåäïìÝíá.

Ìå åýêïëï ôñüðï ìðïñåß ï ÷ñÞóôçò íá ôñïðïðïéÞóåé ôéò óõ÷íüôçôåò ôùí óçìÜôùí ñïëïãéïý, ôéò

ôéìÝò ôùí óçìÜôùí åéóüäïõ êáé ôïí ÷ñüíï ôùí ëïãéêþí êáèõóôåñÞóåùí, ìå óôü÷ï ôç äéåñåýíçóç

ôçò óùóôÞò ëåéôïõñãßáò åíüò øçöéáêïý óõóôÞìáôïò. Ìå ôïí ôñüðï ðïõ ðñïóåããßæïõìå ôç ó÷åäßáóç

êáé ðñïóïìïßùóç åíüò øçöéáêïý SoC, êÜèå ëïãéêÞ ìïíÜäá áíôéìåôùðßæåôáé ùò Ýíá ìáýñï êïõôß óôï

ïðïßï ï ÷ñÞóôçò áëëÜæïíôáò ôéò ôéìÝò ôùí óçìÜôùí åéóüäïõ êáé ôéò ÷ñïíéêÝò ðáñáìÝôñïõò ìðïñåß

íá äéåñåõíÞóåé ôç óùóôÞ ëåéôïõñãéêüôçôá åíüò óõóôÞìáôïò óå áëãïñéèìéêü åðßðåäï óõìðåñéöïñÜò

áëëÜ êáé óå ëïãéêü åðßðåäï RTL ôçò øçöéáêÞò õëïðïßçóçò. ÌÝóù ôïõ SysPy åðßóçò åßíáé äõíáôÞ ç

÷ñÞóç ôùí áëãïñéèìéêþí ìïíôÝëùí ðïõ áíáðôýóóåé ï ÷ñÞóôçò ìå ôç ÷ñÞóç ôçò âéâëéïèÞêçò SciPy

êáé ç ìåôáôñïðÞ ôïõò óå óõíáñôÞóåéò óå ãëþóóá C, ç ëåéôïõñãéêüôçôá ôùí ïðïßùí ìðïñåß íá

ðñïóïìïéùèåß óôï åðßðåäï ôùí ðåñéãñáöþí Python. H äõíáôüôçôá áõôÞ êñßíåôáé éäéáßôåñá ÷ñÞóéìç

åöüóïí ôá õøçëïý åðéðÝäïõ ìïíôÝëá ôïõ ëïãéóìéêïý ìðïñïýí åýêïëá íá ìåôáôñáðïýí áðü Python

óå ãëþóóá C êáé íá ÷ñçóéìïðïéçèïýí ãéá ôçí ðñïóïìïßùóç ôïõ ëïãéóìéêïý êáé ôïí ðñïãñáììáôéóìü

ôïõ åðåîåñãáóôéêïý ðõñÞíá åíüò óõóôÞìáôïò.

1.4 Ðáñáäåßãìáôá ó÷åäßáóçò SoCs

To SysPy ÷ñçóéìïðïéÞèçêå ãéá ôç ó÷åäßáóç ôñéþí óýíèåôùí ó÷åäßùí SoC ìå ðñïãñáììáôéæüìåíï

åðåîåñãáóôÞ. Ôá ðáñáäåßãìáôá ó÷åäßáóçò õëïðïéïýí SoC: á) åðåîåñãáóßáò åéêüíùí, â) åðåîåñãá-

óßáò âéïëïãéêþí äåäïìÝíùí êáé ã) åðåîåñãáóßáò Þ÷ïõ. ÌÝóù ôçò õëïðïßçóçò ôùí ôñéþí áõôþí

ó÷åäßùí ðñïóðáèÞóáìå íá âåëôéþóïõìå ôá ÷áñáêôçñéóôéêÜ ôïõ SysPy êáé åéäéêüôåñá ôéò ìåèïäïëïãßåò

áíÜðôõîçò êáé ðåñéãñáöÞò óå õøçëü åðßðåäï, ÷ñçóéìïðïéþíôáò ôçí Python ãéá ôçí ðåñéãñáöÞ ôçò
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ëåéôïõñãéêüôçôáò åíüò øçöéáêïý óõóôÞìáôïò. Åðßóçò êáôÜ ôç äéáäéêáóßá áíÜðôõîçò êÜèå ó÷åäßïõ

êÜíáìå ÷ñÞóç ôùí äõíáôïôÞôùí ôïõ SysPy ðïõ Þôáí êÜèå öïñÜ äéáèÝóéìåò, åöüóïí ç åîÝëéîç ôïõ

åñãáëåßïõ Þôáí ìéá ðáñÜëëçëç äéáäéêáóßá ìå ôçí áíÜðôõîç ôùí ôñéþí óõóôçìÜôùí ðïõ ÷ñçóéìïðïéÞ-

èçêáí ùò ðáñáäåéãìÜôùí ó÷åäßáóçò. Óôü÷ïò åðßóçò Þôáí íá åêôéìÞóïõìå ôçí áîßá ôùí åñãáëåßùí ðïõ

ðáñÝ÷ïíôáé ìÝóù ôïõ SysPy, êõñßùò ùò ðñïò ôçí ìåßùóç ôïõ ÷ñüíïõ ó÷åäßáóçò êáé ôç äõíáôüôçôá

÷ñÞóçò ðåñéãñáöþí õøçëïý åðéðÝäïõ ãéá ôçí õëïðïßçóç øçöéáêþí óõóôçìÜôùí ìå ðõñÞíåò ðñïãñáì-

ìáôéæüìåíùí åðåîåñãáóôþí óå ìïíÜäåò FPGA.

1.4.1 SoC åðåîåñãáóßáò åéêüíùí

Ôï ðñþôï ðáñÜäåéãìá ðïõ õëïðïéÞóáìå ãéá íá åîáêñéâþóïõìå ôçí ïñèÞ ëåéôïõñãßá ôïõ SysPy êáé íá

åêôéìÞóïõìå ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ Þôáí Ýíá óýóôçìá åðåîåñãáóßáò åéêüíùí [60], âáóéóìÝíï

óôïí ìéêñïåëåãêôÞ 8-bit AVR ATmega128 [45]. ÓõãêåêñéìÝíá ÷ñçóéìïðïéÞóáìå ôïí ðõñÞíá ôïõ

åðåîåñãáóôÞ óå ðåñéãñáöÞ VHDL, äéáèÝóéìï áðü ôçí éóôïóåëßäá ôïõ OpenCores [76]. Ãéá ôç ó÷åäßáóç

ôïõ óõóôÞìáôïò êÜíáìå ÷ñÞóç ôçò ìåèïäïëïãßáò ðïõ õðïóôçñßæåôå óôï SysPy, îåêéíþíôáò áðü ôçí

ðåñéãñáöÞ ôïõ óõóôÞìáôïò ìå ÷ñÞóç ôçò Python, ìÝ÷ñé ôç ÷ñÞóç áñ÷åßùí Tcl ãéá ôçí ðáñáãùãÞ ôïõ

áñ÷åßïõ ðñïãñáììáôéóìïý ôïõ FPGA. Ôï SysPy ÷ñçóéìïðïéÞèçêå ãéá íá ðáñÜãåé üëá ôá áðáéôïýìåíá,

óõìâáôÜ ìå ôá åñãáëåßá ëïãéêÞò óýíèåóçò ãéá FPGA, áñ÷åßá VHDL. Ôá áñ÷åßá ðåñéãñÜöïõí ôï

óýóôçìá êáèþò êáé ôç äéáóýíäåóç ôïõ åðåîåñãáóôÞ åéäéêïý óêïðïý ðïõ ÷ñçóéìïðïéÞèçêå ìå ôïí

åðåîåñãáóôÞ AVR, åíþ ôï SysPy äéá÷åéñßóôçêå åðßóçò ôçí ìåôáãëþôôéóç ôïõ áðáñáßôçôïõ ëïãéóìéêïý

ôïõ åðåîåñãáóôÞ êáé ôçí áñ÷éêïðïßçóç ôçò äéáèÝóéìçò ìíÞìçò ðñïãñÜììáôïò.

Ôï óýóôçìá ðïõ õëïðïéÞóáìå åöáñìüæåé ôïí áëãüñéèìï Sobel [37] ãéá ôçí áíåýñåóç áêìþí óå

ìßá áóðñüìáõñç åéêüíá. Ï áëãüñéèìïò ðáñÜãåé ãéá êÜèå áóðñüìáõñç åéêüíá äýï íÝåò åéêüíáò üðïõ

áíé÷íåýåé áêìÝò óå ïñéæüíôéá êáé êÜèåôç êáôåýèõíóç. Õðïëïãßæïíôáò ôçí Åõêëåßäåéá áðüóôáóç

ìåôáîý ôùí áíôßóôïé÷ùí åéêïíïóôïé÷åßùí (pixel) óå êÜèå ìßá áðü ôéò äýï íÝåò åéêüíáò ðáñÜãåôáé ìßá

ôñßôç åéêüíá ðïõ áðïôåëåß êáé ôçí ôåëéêÞ åðåîåñãáóìÝíç åéêüíá üðïõ åíôïðßæïíôáé üëåò ïé áêìÝò ôçò

áñ÷éêÞò. Ç áíß÷íåõóç áêìþí ðïëëÝò öïñÝò áðïôåëåß ôï áñ÷éêü óôÜäéï åðåîåñãáóßáò ìßáò åéêüíáò óå

Üëëïõò áëãïñßèìïõò ðïõ ÷ñçóéìïðïéïýíôáé ãéá ôçí áíß÷íåõóç áíôéêåéìÝíùí Þ ðñïóþðùí êáé åðßóçò

ãéá óõìðßåóç åéêüíùí.

Ç åðéëïãÞ ôïõ ATmega128, ùò ðñþôïõ ðõñÞíá åðåîåñãáóôÞ ðïõ åíóùìáôþèçêå óôï SysPy Ýãéíå

åðåéäÞ ï åí ëüãù ðõñÞíáò åßíáé ó÷åôéêÜ áðëüò êáé äéÝèåôå áñêåôÞ ìíÞìç ðñïãñÜììáôïò (128kb)

êáé ðüñôåò åéóüäïõ/åîüäïõ ãåíéêïý óêïðïý ðïõ ÷ñçóéìïðïéÞóáìå ãéá ôç äéáóýíäåóç ôïõ ìÝóá óôï

FPGA. Ï åðåîåñãáóôÞò åíóùìáôþíåé ìïíÜäá óåéñéáêÞò åðéêïéíùíßáò Universal Asynchronous Re-
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ceiver Transmitter (UART), ìÝóù ôçò ïðïßáò óõíäÝåôáé ìå Ýíá H/Y, ï ïðïßïò áðïóôÝëëåé ôéò ðñïò åðå-

îåñãáóßá åéêüíáò óôï FPGA ôçò ïéêïãÝíåéáò VIrtex-5 ôçò Xilinx ôï ïðïßï ÷ñçóéìïðïéÞóáìå. Åðßóçò

ç áñ÷éôåêôïíéêÞ AVR åßíáé ìßá áðü ôéò ãñçãïñüôåñåò áñ÷éôåêôïíéêÝò 8-bit, üðïõ ïé ðåñéóóüôåñåò

åíôïëÝò ôïõ åðåîåñãáóôÞ áðáéôïýí Ýíá êýêëï ñïëïãéïý ãéá ôçí åêôÝëåóç ôïõò.

γέφυρα
δεδομένων

διαιρέτης
συχνότητας

μηχανή
καταστάσεων

Sobel25MHz

100MHz

sqrt
(CoreLib)

AVR uC
(Opencore)

UART

GPIO

25MHz μνήμη
προγράμματος

περιγραφή Python

μονάδα VHDL

μονάδα netlist

Python SoC
top-level

AVR uC
(Opencore)

H/Y

υπολογισμός
τετραγωνικής ρίζας

Ó÷Þìá Ó1.10: ÄéÜãñáììá ôïõ SoC åðåîåñãáóßáò åéêüíáò.

Óôï Ó÷Þìá Ó1.10 äåß÷íïõìå ôéò ìïíÜäåò ðïõ äéáóõíäÝïíôáé ãéá ôçí õëïðïßçóç ôïõ óõóôÞìá-

ôïò åðåîåñãáóßáò åéêüíáò. Óôï óýóôçìá ðåñéëáìâÜíïíôáé ï åðåîåñãáóôÞò AVR êáé ï åðåîåñãáóôÞò

åéäéêïý óêïðïý ðïõ áðïôåëåßôáé áðü ìßá ìç÷áíÞ êáôáóôÜóåùí ðïõ õëïðïéåß ôá âÞìáôá åðåîåñãáóßáò

ôïõ áëãïñßèìïõ êáé ìßá áñéèìçôéêÞ ìïíÜäá ðïõ åêôåëåß ôïí õðïëïãéóìü ôçò ôåôñáãùíéêÞ ñßæáò ãéá ôçí

åýñåóç ôçò Åõêëåßäåéáò áðüóôáóçò. Ï áëãüñéèìïò ôïõ Sobel åöáñìüæåé äýï ößëôñá óå ìïñöÞ ðéíÜêùí

ìåãÝèïõò 3x3 ãéá ôçí áíß÷íåõóç ôùí ïñéæüíôéùí êáé êÜèåôùí áêìþí ìéáò åéêüíáò. Ãéá ôïí õðïëïãéóìü

ôùí åéêïíïóôïé÷åßùí ôçò ôåëéêÞò åðåîåñãáóìÝíçò åéêüíáò, ãßíåôáé ÷ñÞóç ôïõ áëãïñßèìïõ COordinate

Rotation DIgital Computer (CORDIC) [91], [92], ãéá ôïí õðïëïãéóìü ôçò ôåôñáãùíéêÞò ñßæáò êáé

ôçí åýñåóç ôçò Åõêëåßäåéáò áðüóôáóçò ìåôáîý ôùí áíôßóôïé÷ùí åéêïíïóôïé÷åßùí ôùí åéêüíùí ðïõ

äçìéïõñãÞèçêáí ìå ôç ÷ñÞóç ôùí äýï åöáñìïæüìåíùí ößëôñùí. Ç ôåëéêÞ åéêüíá áðïóôÝëëåôáé óôïí

Ç/Õ ìÝóù ôçò óåéñéáêÞò óýíäåóçò.

Ç õëïðïßçóç ôïõ áëãïñßèìïõ CORDIC ãßíåôáé ìå ôç ÷ñÞóç Ýôïéìçò ìïíÜäáò áðü ôçí âéâëéïèÞêç

CoreLib ôçò Xilinx [48]. ¼ðùò öáßíåôáé êáé óôï Ó÷Þìá Ó1.10 ç ìïíÜäá ôïõ áëãïñßèìïõ CORDIC
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ìáæß ìå ôç ìç÷áíÞ êáôáóôÜóåùí ðïõ åêôåëåß ôïí áëãüñéèìï ôïõ Sobel åðéêïéíùíïýí ìå ôïí åðåîåñ-

ãáóôÞ AVR ìÝóù ìßáò ãÝöõñáò äåäïìÝíùí. Ç ìïíÜäá CORDIC ÷ñçóéìïðïéåßôáé óå ìïñöÞ áñ÷åßïõ

netlist áðü ôç âéâëéïèÞêç ôçò Xilinx êáé áñ÷éêïðïéåßôáé ìÝóù ôçò åíóùìÜôùóçò ôçò ìïíÜäáò óôéò

ó÷åôéêÝò âéâëéïèÞêåò ôïõ SysPy.

Óôá Code Examples 6.1, 6.2 êáé 6.3 ðáñïõóéÜæåôáé ç ðåñéãñáöÞ óå Python ôïõ óõóôÞìáôïò

åðåîåñãáóßáò åéêüíáò. Ï åðåîåñãáóôÞò AVR óõíäÝåôáé ìå ôéò õðüëïéðåò ìïíÜäåò êÜíïíôáò ÷ñÞóç

ôñéþí åéóüäùí/åîüäùí ãåíéêïý óêïðïý (GPIO: General Purpose Input Output), ÷ñçóéìïðïéþíôáò

ôçí PORTE óáí äßáõëï åëÝã÷ïõ êáé ôéò PORTA êáé PORTB óáí äéáýëïõò äåäïìÝíùí. Ãéá ôçí õëïðïßçóç

ôïõ óõóôÞìáôïò êÜíáìå ÷ñÞóç ôçò ðëáêÝôáò FPGA ML509 [25], ôçò Digilent, ç ïðïßá äéáèÝôåé ôçí

ìåóáßá ìåãÝèïõò ìïíÜäá FPGA Virtex-5 XC5VLX110T-1. Ìßá ìïíÜäá äéáéñÝôç ñïëïãéïý ÷ñçóé-

ìïðïéåßôáé ãéá íá ðáñÜãåé ôï âáóéêü óÞìá ñïëïãéïý ôùí 25MHz, áðü ôï óÞìá ôùí 100MHz ðïõ

ðáñÝ÷åé ç ãåííÞôñéá ñïëïãéïý óôçí ðëáêÝôá. Ôï óÞìá ñïëïãéïý ÷ñçóéìïðïéåßôáé ãéá ôïí ÷ñïíéóìü

ôïõ åðåîåñãáóôÞ AVR êáé ôçò ìïíÜäáò åðåîåñãáóôÞ åéäéêïý óêïðïý ôïõ áëãïñßèìïõ Sobel.

Óôçí ðåñéãñáöÞ Python áíáöÝñïíôáé åðßóçò ôá áñ÷åßá C ðïõ ÷ñçóéìïðïéïýíôáé ãéá ôïí ðñïãñáì-

ìáôéóìü ôïõ åðåîåñãáóôÞ. Ìå ÷ñÞóç ôïõ åñãáëåßïõ avr-gcc, ðïõ êáëåßôáé áõôüìáôá áðü ôï SysPy,

ãßíåôáé ç ìåôáãëþôôéóç ôïõ ðñïãñÜììáôïò êáé ôï SysPy áíôéãñÜöåé ôïí äåêáåîáäéêü (hex code)

ôïõ ðñïãñÜììáôïò óôéò ó÷åôéêÝò ìíÞìçò BRAM ðïõ õëïðïéïýí ôç ìíÞìç ðñïãñÜììáôïò ôïõ ðõñÞíá

AVR. ¼ëá ôá áñ÷åßá Python ðïõ ðåñéãñÜöïõí ôï óýóôçìá, êáèþò êáé ôá ðáñáãüìåíá VHDL áñ÷åßá,

õðÜñ÷ïõí óôçí éóôïóåëßäá [88] ðïõ õðÜñ÷åé ãéá ôçí ðåñéãñáöÞ ôùí äõíáôïôÞôùí êáé ÷áñáêôçñéóôéêþí

ôïõ SysPy.

39



Ó÷Þìá Ó1.11: ÅðåîåñãáóìÝíåò åéêüíåò ìåãÝèïõò 64x64 åéêïíïóôïé÷åßùí.

ÊáôÜ ôç ÷ñïíéêÞ ðåñßïäï ó÷åäßáóçò ôïõ SoC äåí Þôáí áêüìá äéáèÝóéìá ïé äõíáôüôçôåò ðñïóï-

ìïßùóçò õøçëïý åðéðÝäïõ ðïõ ðáñÝ÷åé ôï SysPy êáé óõíåðþò ç ðñïóïìïßùóç ôùí ëåéôïõñãéþí ôïõ

SoC, ðñéí ôçí õëïðïßçóç ôïõ óôï FPGA, Ýãéíå ìüíï ìå ÷ñÞóç ôùí ðñïóïìïéùôþí Modelsim [66]

êáé Xilinx ISE (ISim) [50]. Ï Ýëåã÷ïò ôçò óùóôÞò ëåéôïõñãßáò Ýãéíå êáé óôï åðßðåäï õëïðïßçóçò

ôïõ óõóôÞìáôïò óôç ðëáêÝôá ôïõ FPGA, ìå ÷ñÞóç åéêüíùí ìåãÝèïõò 64x64 åéêïíïóôïé÷åßùí. Ç

áðïóôïëÞ ôùí åéêüíùí êáé ç ëÞøç ôùí åðåîåñãáóìÝíùí áðïôåëåóìÜôùí Ýãéíå ìå ÷ñÞóç ðñïãñÜììá-

ôïò äéåðáöÞò ðïõ áíáðôý÷èçêå ìå ôç ãëþóóá Matlab êáé åêôåëåßôáé óôïí Ç/Y ðïõ óõíäÝåôáé ìå ôçí

ðëáêÝôá FPGA. Óôï Ó÷Þìá Ó1.11 ðáñïõóéÜæïíôáé ôá áðïôåëÝóìáôá åðåîåñãáóßáò åéêüíùí ìåãÝèïõò

64x64 åéêïíïóôïé÷åßùí, üðïõ Ý÷åé ãßíåé áíß÷íåõóç ôùí áêìþí ìå ÷ñÞóç ôïõ SoC.

Ôá áðïôåëÝóìáôá äÝóìåõóçò ôùí ðüñùí ôïõ FPGA áðü ôï óýóôçìá åðåîåñãáóßáò åéêüíùí

ðáñïõóéÜæïíôáé óôïí Ðßíáêá Ð1.2. ÃÉá ôçí åêôÝëåóç ôïõ áëãïñßèìïõ CORDIC êáôáëáìâÜíïíôáé

ï÷ôþ DSP48 ìïíÜäåò, ç ïðïßá ðåñéëáìâÜíåé õëïðïéÞóåéò ðïëëáðëáóéáóôþí. ÌïíÜäåò ìíÞìçò BRAM

êáôáëáìâÜíïíôáé ãéá ôçí õëïðïßçóç ôùí ìíçìþí ðñïãñÜììáôïò êáé äåäïìÝíùí ôïõ åðåîåñãáóôÞ.

ÓõíïëéêÜ ãéá ôçí õëïðïßçóç üëïõ ôïõ óõóôÞìáôïò ÷ñçóéìïðïéÞèçêáí 367 ìïíÜäåò ðñïãñáììáôéæü-

ìåíç ëïãéêÞò (CLB: Con�gurable Logic Block). ÊÜèå CLB ðåñéÝ÷åé ï÷ôþ ìïíÜäåò Look Up Table

(LUT) ôùí Ýîé åéóüäùí, åíþ ç ìïíÜäåò BRAM Ý÷ïõí ìÝãåèïò 36kbit. Óýìöùíá ìå ôéò áíáöïñÝò

ó÷åäßáóçò ìåôÜ ôç öõóéêÞ ó÷åäßáóç ôïõ óõóôÞìáôïò (Placement and Routing), ôï óýóôçìá ìðïñåß íá
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÷ñïíéóôåß óå óõ÷íüôçôá 190MHz. Óýìöùíá åðßóçò ìå ìåôñÞóåéò óôï FPGA ìå ôç âïÞèåéá ôçò ìïíÜäá

logic analyzer ChipScope Pro [52] ôçò Xilinx, ôï óýóôçìá ìðïñåß íá åðåîåñãáóôåß 10 åéêüíåò/sec.

ìåãÝèïõò 64x64 åéêïíïóôïé÷åßùí, üðïõ ï ÷ñüíïò åðåîåñãáóßáò ìåôñÞèçêå áðü ôç óôéãìÞ ðïõ îåêéíÜåé

ç áðïóôïëÞ ôçò åéêüíáò áðü ôïí H/Y ìÝ÷ñé íá êáôá÷ùñçèåß åðßóçò óôïí H/Y ç ôåëéêÞ åðåîåñãáóìÝíç

åéêüíá.

Components CLBs BRAMs DSP48

Sobel accelerator + sqrt 47 0 8

AVR Processor soft core 267 48 0

Bridge 3 0 0

Clock divider 5 0 0

Ðßíáêáò Ð1.2: ÁðïôåëÝóìáôá äÝóìåõóçò ëïãéêþí ðüñùí óôç ìïíÜäá FPGA Virtex-5 LX110T

(CLB: äýï slices, Slice: ôÝóóåñá 6- åéóüäùí LUTs, BRAM: 36Kb, DSP48: 25x18-bit).

ÌÝóù ôçò ó÷åäßáóçò ôïõ óõóôÞìáôïò åðåîåñãáóßáò óÞìáôïò äïêéìÜóáìå ôéò âáóéêÝò ëåéôïõñãßåò

ó÷åäßáóçò ôïõ SysPy. Ðéï óõãêåêñéìÝíá åëÝãîáìå ôçí ïñèÞ ëåéôïõñãßá ôùí ìç÷áíéóìþí: á) ìåôá-

ôñïðÞò ðåñéãñáöþí Python óå VHDL óå åðßðåäï ðåñéãñáöÞò RTL, â) ÷ñÞóç ðõñÞíùí åðåîåñãáóôþí

êáé äéáóýíäåóç ôïõò ìå ëïãéêÝò ìïíÜäåò åéäéêïý óêïðïý, ã) ÷ñÞóç øçöéáêþí ìïíÜäùí ðïëëáðëþí

ìïñöþí (Python, VHDL, netlist) êáé ä) ÷ñÞóç ìÝóù ôïõ SysPy åñãáëåßùí áíÜðôõîçò ëïãéóìéêïý.

ÌåôÜ ôçí åðéôõ÷Þ ó÷åäßáóç ôïõ óõóôÞìáôïò åðåîåñãáóßáò åéêüíáò, üóïí áöïñÜ ôçí áíÜðôõîç ôïõ

SysPy, ðñï÷ùñÞóáìå óôç åíóùìÜôùóç óôï åñãáëåßï ôçò äõíáôüôçôáò ÷ñÞóçò åðåîåñãáóôþí 32-bit,

ìå áðþôåñï óôü÷ï ôç ó÷åäßáóç ðïëõðëïêüôåñùí óõóôçìÜôùí. ÐñïäéáãñÜøáìå åðßóçò ôéò äõíáôüôç-

ôåò ðñïóïìïßùóçò ðïõ èÝëáìå íá õðïóôçñßæåé ôï SysPy êáé ôïí ôñüðï õëïðïßçóçò ôïõò ìå ÷ñÞóç ôçò

Python.

1.4.2 SoC ðñïóïìïßùóçò âéïëïãéêþí äéêôýùí

Ç ðñþôç ðñïóèÞêç óôï SysPy, ìåôÜ ôçí áíÜðôõîç ôïõ SoC åðåîåñãáóßáò åéêüíáò, Þôáí ç ÷ñÞóç ôïõ

ðõñÞíá åðåîåñãáóôÞ 32-bit Leon3 êáé ôùí åñãáëåßùí áíÜðôõîçò ëïãéóìéêïý ðïõ õðïóôçñßæåé. Ìå ôç

÷ñÞóç ôïõ Leon3 Þôáí äõíáôÞ ç åðßôåõîç ôá÷ýôåñçò ìåôáöïñÜò äåäïìÝíùí ìåôáîý ôïõ åðåîåñãáóôÞ

êáé Üëëùí ëïãéêþí ìïíÜäùí óôï FPGA. Åðßóçò ìÝóù êáôÜëëçëùí ðñïãñáììÜôùí ïäÞãçóçò (drivers)

êáôÝóôç åöéêôÞ á) ç äéáóýíäåóç ôïõ åðåîåñãáóôÞ ìå ìïíÜäåò ìíÞìçò ôýðïõ SDRAM äéáèÝóéìåò óôçí

ðëáêÝôá ðïõ ÷ñçóéìïðïéÞóáìå êáé â) ç åðéêïéíùíßáò ôïõ åðåîåñãáóôÞ ìå ôïí H/Y ìÝóù äéêôýïõ

Ethernet ìå ÷ñÞóç ôïõ êáôÜëëçëïõ åëåãêôÞ äéêôýïõ óôçí ðëáêÝôá ôïõ FPGA. Ãéá ôçí åðßäåéîç ôùí
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íÝùí äõíáôïôÞôùí ó÷åäßáóçò õëïðïéÞèçêå Ýíá SoC ðïõ ðñïóïìïéþíåé óôï õëéêü ìïíôÝëá äéêôýùí

âéï÷çìéêþí áíôéäñÜóåùí (biochemical reaction networks: BioModels [57], [17]). Ç åðéôÜ÷õíóç

ôçò ðñïóïìïßùóçò ôÝôïéùí ìïíôÝëùí óôï õëéêü åßíáé ðïëý ÷ñÞóéìç óôïí ôïìÝá ôçò õðïëïãéóôéêÞò

âéïëïãßáò (computational biology), üðïõ Ýùò ôþñá ç ðñïóïìïßùóç ìïíôÝëùí ãßíåôáé ó÷åäüí áðï-

êëåéóôéêÜ ìå ôç ÷ñÞóç ëïãéóìéêïý.

Ï Leon3 åßíáé Ýíáò áñêåôÜ äçìïöéëÞò ðõñÞíáò åðåîåñãáóôÞ 32-bit êáé ðáñÝ÷åôáé óå ðåñéãñáöÞ

VHDL áðü ôçí åôáéñåßá Aero
ex Gaisler. Ï åðåîåñãáóôÞò õðïóôçñßæåé ôçí áñ÷éôåêôïíéêÞ SPARC

V8, ç õëïðïßçóç ôïõ óå VHDL õðïóôçñßæåé ìåãÜëï âáèìü ðáñáìåôñïðïßçóçò åíþ ðáñÝ÷åôáé ìáæß

ìå åñãáëåßá ðñïóïìïßùóçò êáé áðïóöáëìÜôùóçò (debugger) ëïãéóìéêïý. Ï åðåîåñãáóôÞò áðïôåëåß

ðõñÞíá ôçò âéâëéïèÞêçò GRLIB IP [33], óôçí ïðïßá óõãêáôáëÝãåôáé ðëÞèïò ðáñáìåôñïðïéÞóéìùí

ðõñÞíùí, ðïõ ìðïñïýí íá óõíäåèïýí óôïí Leon óáí ðåñéöåñåéáêÝò ìïíÜäåò, êÜíïíôáò ÷ñÞóç ôïõ

ðñùôïêüëëïõ åðéêïéíùíßáò Advanced Microcontroller Bus Architecture (AMBA) [13] ðïõ õðïóôç-

ñßæåé ï åðåîåñãáóôÞò. Ï Leon3 Ý÷åé õëïðïéçèåß óå áñêåôÝò ïéêïãÝíåéåò FPGA (ìåôáîý áõôþí óå

FPGA ôùí åôáéñåéþí Altera êáé Xilinx) êáèþò êáé óå ïëïêëçñùìÝíá êõêëþìáôá ôýðïõ ASIC. Ìßá

ôõðéêÞ õëïðïßçóç ôïõ åðåîåñãáóôÞ áðáéôåß ðåñßðïõ 25k-30k ëïãéêÝò ðýëåò. Ôá êýñéá ÷áñáêôçñéóôéêÜ

ôïõ åðåîåñãáóôÞ áíáöÝñïíôáé óôç ëßóôá ðïõ áêïëïõèåß:

• ÓùëÞíùóç äéáýëïõ äåäïìÝíùí 7-óôáäßùí.

• ÅíóùìÜôùóç ìïíÜäùí äéáéñÝôç êáé ðïëëáðëáóéáóôÞ, ìå ÷ñÞóç áíôßóôïé÷ùí åíôïëþí.

• ÕðïóôÞñéîç áñ÷éôåêôïíéêÞò Harvard.

• ×ñïíéóìüò ëåéôïõñãßáò óôá 125MHz êáé óôá 400MHz óå õëïðïßçóç FPGA êáé ASIC 0.13ìm

áíôßóôïé÷á.

• Óõìâáôüôçôá ìå ôï ðñùôüêïëëï AMBA-2.0 AHB ãéá ôç óýíäåóç ðåñéöåñåéáêþí ìïíÜäùí.

• ÄéÜèåóç ðëÞèïõò åñãáëåßùí ãéá ôçí áíÜðôõîç ëïãéóìéêïý óôïí åðåîåñãáóôÞ: ìåôáãëùôôéóôÝò,

ðñïóïìïéùôÝò êáé åñãáëåßá ãéá ôçí áðïóöáëìÜôùóç ëïãéóìéêïý.

Ôï áðáñáßôçôï ëïãéóìéêü ãéá ôïí Leon áíáðôý÷èçêå óå ãëþóóá C, ìå ÷ñÞóç ôïõ ìåôáãëùôôéóôÞ

sparc-elf-gcc. Ãéá ôçí õëïðïßçóç ôïõ Soc Ýãéíå ÷ñÞóç ôçò áíáðôõîéáêÞò ðëáêÝôáò ML509 ôçò Digilent.

Ãéá ôç ìíÞìç ðñïãñÜììáôïò êáé ôç ìíÞìç äåäïìÝíùí Ýãéíå ÷ñÞóç ôçò äéáèÝóéìçò óôçí ðëáêÝôá 256MB

SDRAM DDR2 ìíÞìçò. Åðßóçò ÷ñçóéìïðïéÞèçêå ï ó÷åôéêüò åëåãêôÞò óôçí ðëáêÝôá ãéá ôç óýíäåóç

ôïõ åðåîåñãáóôÞ ìå Ç/Õ ìÝóù äéêôýïõ Ethernet ìå ôá÷ýôçôá ìåôÜäïóçò äåäïìÝíùí óôá 100Mbps.

Ç õðïóôÞñéîç áðü ôïí åðåîåñãáóôÞ Leon äéêôýùóçò Ethernet êáé ðñüóâáóçò óå ìåãÜëïõ ìåãÝèïõò
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ìíÞìåò ôýðïõ SDRAM, ìáò Ýäùóå ôç äõíáôüôçôá ó÷åäßáóçò åíüò SoC ôï ïðïßï åßíáé óå èÝóç íá

óõíäõÜóåé Ýíá åðåîåñãáóôÞ ãåíéêïý êáé Ýíáí åðåîåñãáóôÞ åéäéêïý óêïðïý ìå óôü÷ï ôçí ãñÞãïñç

åðåîåñãáóßá ìåãÜëïõ üãêïõ äåäïìÝíùí.

ÓõóôÞìáôá åðåîåñãáóßáò õøçëþí åðéäüóåùí Ý÷ïõí ÷ñçóéìïðïéçèåß ôçí ôåëåõôáßá äåêáåôßá óå

ðïëëÜ åðéóôçìïíéêÜ ðåäßá, åéäéêÜ ãéá ôçí åðéôÜ÷õíóç ôçò ðñïóïìïßùóçò ðïëýðëïêùí öõóéêþí öáé-

íïìÝíùí ð.÷. ìåôåùñïëïãéêÜ êáé âéïëïãéêÜ ìïíôÝëá. Ç õðïëïãéóôéêÞ êáé óõóôçìéêÞ âéïëïãßá åßíáé

åðéóôçìïíéêÜ ðåäßá ðïõ åðùöåëÞèçêáí áðü ôç ÷ñÞóç ôùí íÝùí õðïëïãéóôéêþí ôå÷íéêþí õøçëþí

åðéäüóåùí ãéá ôçí åðåîåñãáóßá äåäïìÝíùí áðü âéïëïãéêÝò âÜóåéò äåäïìÝíùí. Ç óõóôçìéêÞ âéïëïãßá

åñåõíÜ ôç äõíáìéêÞ ôùí âéïëïãéêþí óõóôçìÜôùí óáí Ýíá óýíïëï åðéìÝñïõò óõóôçìÜôùí, åíôïðßæïíôáò

Ýôóé ôéò áëëçëåðéäñÜóåéò ìåôáîý ôùí åðéìÝñïõò ìïíÜäùí êáé ðþò áõôÝò êáèïñßæïõí ôá ÷áñáêôçñé-

óôéêÜ ïëüêëçñïõ ôïõ óõóôÞìáôïò. Ðñïóïìïéþíïíôáò ôéò áëëçëåðéäñÜóåéò äéáöïñåôéêþí ìïñéáêþí

åéäþí, ìðïñåß íá ìåëåôçèåß ç óõìðåñéöïñÜ ôïõò in silico (ìå ôç ÷ñÞóç õðïëïãéóôþí) êáé íá åîá÷èïýí

óõìðåñÜóìáôá ãéá ôçí óõìðåñéöïñÜ åíüò êõôôÜñïõ Þ åíüò óõíüëïõ êõôôÜñùí. Ç óôï÷áóôéêÞ ðñïóï-

ìïßùóç âéï÷çìéêþí äéêôýùí áíôéäñÜóåùí ðïõ ïíïìÜæïíôáé âéïëïãéêÜ ìïíôÝëá Þ âéïìïíôÝëá (BioMod-

els) [57], [17], ìðïñåß íá ïäçãÞóåé óå óõìðåñÜóìáôá ãéá ôéò éäéüôçôåò åíüò âéïëïãéêïý óõóôÞìáôïò.

Ãéá ôçí áíáðáñÜóôáóç ôùí ìïíôÝëùí ãßíåôáé ÷ñÞóç ôçò ãëþóóáò XML êáé ôïõ ðñïôýðïõ Systems

Biology Markup Language (SBML) [42].

Ç åîÝëéîç åíüò âéïëïãéêïý óõóôÞìáôïò ìðïñåß íá ðñïóïìïéùèåß ÷ñçóéìïðïéþíôáò óõíÞèçò äéáöï-

ñéêÝò åîéóþóåéò. Ç ëýóç üìùò äéáöïñéêþí åîéóþóåùí äåí åßíáé ï åíäåäåéãìÝíïò ôñüðïò, åéäéêÜ üôáí

ïé ðïóüôçôåò ôùí ìïñéáêþí åéäþí ðïõ åìðëÝêïíôáé åßíáé ìéêñÝò [69]. Óå áõôÞ ôçí ðåñßðôùóç åßíáé

ðïëý äýóêïëï íá ðñïóïìïéùèåß ç óõìðåñéöïñÜ ôïõ óõóôÞìáôïò êáé ç ÷ñïíéêÞ åîÝëéîç ôùí ÷çìéêþí

áíôéäñÜóåùí. Ãéá ôçí áíôéìåôþðéóç áõôþí ôùí ðñïâëçìÜôùí, áíôß ãéá äéáöïñéêÝò åîéóþóåéò, ìðïñåß

íá ãßíåé ÷ñÞóç óôï÷áóôéêþí ìïíôÝëùí ãéá ôçí ðñïóïìïßùóç äéêôýùí âéï÷çìéêþí áíôéäñÜóåùí. Ç

ðñïóïìïßùóç ìå ÷ñÞóç óôï÷áóôéêþí ìïíôÝëùí ìðïñåß íá ðåñéãñáöåß ùò ìßáò äéáäéêáóßá Markov

[36], üðïõ ç åðüìåíç êáôÜóôáóç åíüò óõóôÞìáôïò åîáñôÜôáé ìüíï áðü ôçí áìÝóùò ðñïçãïýìåíç

êáôÜóôáóç. Ï D. T. Gillespie ðñüôåéíå Ýíáí âåëôéùìÝíï áëãüñéèìï ãéá ôç óôï÷áóôéêÞ ðñïóïìïßùóç

âéïëïãéêþí ìïíôÝëùí, ï ïðïßïò ïíïìÜæåôáé First Reaction Method (FRM) [35].

Ôï óýóôçìá ôï ïðïßï ó÷åäéÜóáìå äÝ÷åôáé áñ÷åßá âéïëïãéêþí ìïíôÝëùí óáí äåäïìÝíá åéóüäïõ

êáé ÷ñçóéìïðïéåß ôïí áëãüñéèìï FRM ãéá ôçí ðñïóïìïßùóç ôùí ÷çìéêþí áíôéäñÜóåùí ðïõ ðåñé-

ãñÜöïíôáé óôá ìïíôÝëá. Ôï SoC õëïðïéåß ôçí ðñùôáñ÷éêÞ õëïðïßçóç ôïõ áëãïñßèìïõ FRM, üðùò

áõôÞ äéáôõðþèçêå áðü ôïí Gillespie, ÷ùñßò íá ãßíåôáé ÷ñÞóç áñéèìçôéêþí ðñïóåããßóåùí óôï õëéêü,

êÜôé ðïõ óõíçèßæåôáé óôéò õëïðïéÞóåéò ôïõ áëãïñßèìïõ óå ëïãéóìéêü êáé ìåéþíåé ôçí áêñßâåéá ôùí

áðïôåëåóìÜôùí ôçò ðñïóïìïßùóçò. ¸ôóé åðéôá÷ýíåôáé óçìáíôéêÜ ç åêôÝëåóç óôï÷áóôéêÞò ðñïóï-
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ìïßùóçò óôï õëéêü, ìå ôç ÷ñÞóç ìåèüäùí ðáñÜëëçëçò åðåîåñãáóßáò, ÷ùñßò íá ìåéþíåôáé ç áêñßâåéá

ôùí áñéèìçôéêþí áðïôåëåóìÜôùí.

Ìå ôç ÷ñÞóç ôïõ SysPy ãéá ôç ó÷åäßáóç ôïõ óõóôÞìáôïò åðåîåñãáóßáò âéïëïãéêþí äéêôýùí

ðñïóðáèÞóáìå íá åêôéìÞóïõìå ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ êáé íá åìðëïõôßóïõìå ôéò áêüëïõèåò

äõíáôüôçôåò ó÷åäßáóçò ðïõ ðáñÝ÷åé:

• áõôüìáôç ðáñáìåôñïðïßçóç êáé óýíäåóç ìïíÜäùí õëéêïý (åðåîåñãáóôÞò åéäéêïý óêïðïý ãéá

ôçí õëïðïßçóç ôïõ áëãïñßèìïõ FRM).

• ÷ñÞóç ôùí äõíáôïôÞôùí ôçò Python ãéá ôçí åðåîåñãáóßá ôïõ ðåñéå÷ïìÝíïõ áñ÷åßùí êåéìÝíïõ

ôýðïõ ASCII (åðåîåñãáóßá áñ÷åßùí âéïìïíôÝëùí XML).

• ÷ñÞóç ôçò Python ãéá ôçí áíÜðôõîç ëïãéóìéêïý äéåðáöÞò Ç/Õ ìå ôçí õëïðïßçóç SoC óå

ìïíÜäá FPGA (áíÜðôõîç ëïãéóìéêïý HAL: Hardware Abstraction Layer).

×ñçóéìïðïéþíôáò ôéò äõíáôüôçôåò ôïõ SyPy õëïðïéÞóáìå Ýíá ó÷Ýäéï SoC [61] ôï ïðïßï óõíäõÜæåé

ôïí ðõñÞíá ôïõ åðåîåñãáóôÞ Leon3 ìå ôïí åðåîåñãáóôÞ åéäéêïý óêïðïý ðïõ ó÷åäéÜóôçêå áðü ôçí

åñåõíçôéêÞ ìáò ïìÜäá ìáò [40] êáé õëïðïéåß ôïí áëãüñéèìï FRM. Ïé äõíáôüôçôåò ôïõ SysPy Þôáí

éäéáßôåñá ÷ñÞóéìåò óôçí áñ÷éêïðïßçóç êáé óýíäåóç ôïõ åðåîåñãáóôÞ åéäéêïý óêïðïý, åéäéêÜ óôçí åðå-

îåñãáóßá ôùí áñ÷åßùí XML ôùí âéïìïíôÝëùí óå ìïñöÞ SBML êáé óôçí áñ÷éêïðïßçóç ôïõ ìïíôÝëïõ

óôéò äéáèÝóéìåò ìïíÜäåò ìíÞìçò ôïõ SoC.

Ç ëßóôá ôùí äéáèÝóéìùí ðáñáìÝôñùí ôïõ åðåîåñãáóôÞ FRM ðáñïõóéÜæåôáé óôïí Ðßíáêá Ð1.3.

ÕëïðïéÞóáìå ôñåéò äéáöïñåôéêÝò åêäüóåéò ôïõ åðåîåñãáóôÞ, ìå Ýíáí (FRM1X), äýï (FRM2X) êáé

ôÝóóåñéò (FRM4X) åðåîåñãáóôÝò (PE: Processing Element) ðïõ ëåéôïõñãïýí ðáñÜëëçëá (N=1 Þ

2 Þ 4). Ï áñéèìüò ôùí ÷çìéêþí áíôéäñÜóåùí m êáé ôï ðëÞèïò ôùí ÷çìéêþí åéäþí n åîÜãïíôáé

áõôüìáôá áðü ôï áñ÷åßï ôïõ âéïìïíôÝëïõ, åíþ ïé õðüëïéðïò ðáñÜìåôñïé ðïõ áíáöÝñïíôáé óôïí ðßíáêá

ðáñÝ÷ïíôáé áðü ôïí ÷ñÞóôç. Ãéá êÜèå åðåîåñãáóôÞ FRM áðáéôåßôáé ç áñ÷éêïðïßçóç ôçò ôõ÷áßáò

ãåííÞôñéáò áñéèìïý (rj) ðïõ ðåñéÝ÷ïõí êáé ÷ñçóéìïðïéåßôáé áðü ôïí áëãüñéèìï FRM. Tï óýóôçìá

ìðïñåß íá åðåîåñãáóôåß âéïìïíôÝëá ìå äýï äéáöïñåôéêïýò ôñüðïõò: á) ðñïóïìïßùóç m=N áðü êÜèå

åðåîåñãáóôÞ åéäéêïý óêïðïý (SSIP: Single Simulation In Parallel) êáé â) ðñïóïìïßùóç üëùí ôùí

áíôéäñÜóåùí m ðáñÜëëçëá áðü üëïõò ôïõ åðåîåñãáóôÝò N (MSIP: Multiple Simulations In Parallel).
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Parameter Name Range

m ÐëÞèïò áíôéäñÜóåùí 2e; e ∈ [0; 12]

n ÐëÞèïò ÷çìéêþí åéäþí 2e; e ∈ [0; 12]

q ÐëÞèïò áíôéäñþíôùí (âáèìüò áíôßäñáóçò) [1− 3]

Nrep ÐëÞèïò åðáíáëÞøåùí ðñïóïìïßùóçò

RNGseed Áñ÷éêÝò ôéìÝò ôçò ãåííÞôñéáò ôõ÷áßùí áñéèìþí [0− 255]

K Ôñüðïò ëåéôïõñãßáò [0 = SSIP; 1 =MSIP ]

Tsim ÄéÜñêåéá ðñïóïìïßùóçò (sec.)

Ðßíáêáò Ð1.3: ÐáñÜìåôñïé ôïõ åðåîåñãáóôÞ åéäéêïý óêïðïý õëïðïßçóçò ôïõ áëãïñßèìïõ

FRM.

Óôï Ó÷Þìá Ó1.12 ðáñïõóéÜæïõìå ôç äïìÞ ôïõ åðåîåñãáóôÞ åéäéêïý óêïðïý FRM ìå ôÝóóåñéò åðå-

îåñãáóôÝò (FRM4X). Ôá âÞìáôá åðåîåñãáóßáò ôïõ áëãïñßèìïõ õëïðïéïýíôáé áðü ôçí ìïíÜäá åëÝã÷ïõ

(CU: Control Unit). Óå ìßá óåéñÜ áðü ìïíÜäåò ìíÞìçò êáôá÷ùñïýíôáé ïé ðáñÜìåôñïé ôïõ äéêôýïõ

÷çìéêþí áíôéäñÜóåùí, üðùò áõôü ðåñéãñÜöåôáé óôï áñ÷åßï ôïõ âéïìïíôÝëïõ. Ïé ìïíÜäåò ìíÞìçò åßíáé

ï ðßíáêáò áíôéäñÜóåùí (RT: Reaction Table), ï ðßíáêáò óôïé÷åéïìåôñßáò (VT: Stoichiometry Table),

ï ðßíáêáò ÷çìéêþí åéäþí (ST: Species Table) êáé ï ðßíáêáò ÷ñïíïðñïãñáììáôéóìïý ðïõ ðåñéÝ÷åé ôéò

ôéìÝò äéáöüñùí óçìÜôùí åëÝã÷ïõ (FT: Flags Table). Ç ìïíÜäá äéá÷åßñéóçò ìíÞìçò (MMU: Memory

Management Unit) äéá÷åéñßæåôáé êáé óõã÷ñïíßæåé ôçí ðñüóâáóç óå üëåò ôéò ìïíÜäåò ìíÞìçò.
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Ó÷Þìá Ó1.12: ÄïìÞ ôïõ åðåîåñãáóôÞ åéäéêïý óêïðïý FRM ìå ôÝóóåñá åðåîåñãáóôéêÜ

óôïé÷åßá.

Ç åðßäïóç ôçò åðåîåñãáóôéêÞò éó÷ýò ôïõ åðåîåñãáóôÞ FRM ìåôñÜôáé óå êýêëïõò ðñïóïìïßùóçò

áíÜ äåõôåñüëåðôï (RC: Reaction Cycles/sec.). Óå êÜèå êýêëï ðñïóïìïßùóçò åðåîåñãÜæïíôáé 10x32−

bit = 320 − bit, åíþ õðïóôçñßæïíôáé âéïìïíôÝëá ìå ìÝãéóôï áñéèìü ôñéþí áíôéäñþíôùí óôïé÷åßùí

êáé ðÝíôå ðáñáãþãùí áíôßäñáóçò. Ìå ôç ÷ñÞóç ôçò Python ãßíåôáé äõíáôÞ ç åðåîåñãáóßá ôùí

âéïìïíôÝëùí óå ìïñöÞ áñ÷åßùí XML êáé ç ÷ñÞóç ôùí äåäïìÝíùí ðïõ ðåñéÝ÷ïõí ãéá ôçí áñ÷éêïðïßçóç

ìïíÜäùí õëéêïý, üðùò áõôÞ ðåñéãñÜöåôáé êáé óôï Ó÷Þìá Ó1.4. Ç äéáäéêáóßá åîáãùãÞò ðëçñïöïñéþí

áðü ôá ìïíôÝëá XML ðáñïõóéÜæåôáé êáé óôï Ó÷Þìá Ó1.13.
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βιομοντέλο
SBML<XML>

αρχεία
ASCII

LibSBML

XML
ανάγνωση

αρχείου

Παραμετροποίηση
πυρήνα

FRM-SSA

πίνακες

και
ST, FT, VT

RT
(BRAMs)

2

3

4

1

5

67

περιγραφή
σχεδίου SoC

λογική σύνθεση
φυσική σχεδίαση
εργαλεία( FPGA)

αρχείο
προγ σμού/

FPGA

Ó÷Þìá Ó1.13: Åðåîåñãáóßá âéïìïíôÝëùí SBML ìå óôü÷ï ôçí åîáãùãÞ ðëçñïöïñéþí ãéá ôçí

áñ÷éêïðïßçóç ôïõ ðõñÞíá õëïðïßçóçò ôïõ áëãïñßèìïõ FRM.

Ç äçìéïõñãßá ôçò äéåðáöÞò HAL, ìå ëïãéóìéêü C íá åêôåëåßôáé óôïí åðåîåñãáóôÞ Leon óôï SoC

ôï ïðïßï åðéêïéíùíåß ìÝóù óýíäåóçò Ethernet ìå ëïãéóìéêü Python ðïõ åêôåëåßôáé óôïí H/Y, Þôáí

áðáñáßôçôç ãéá: á) íá äéá÷åéñßæåôáé ôç ñïÞ ôùí äåäïìÝíùí áðü ôïí H/Y óôï SoC êáé áíôßóôñïöá êáé â)

íá åëÝã÷åé ôçí ðñüóâáóç ôïõ SoC óôç ìíÞìç SDRAM óôçí ðëáêÝôá ôïõ FPGA. Ôï ëïãéóìéêü HAL

äéá÷åéñßæåôáé ôçí áíôáëëáãÞ ðëçñïöïñéþí óôá êáíÜëéá äåäïìÝíùí Ethernet (Ç/Õ - SoC), GPIO

(Leon - åðåîåñãáóôÞò FRM åéäéêïý óêïðïý) êáé óôï óåéñéáêü êáíÜëé åëÝã÷ïõ ìÝóù ôïõ ïðïßïõ

÷ñïíßæåôáé ç åêôÝëåóç ôïõ ëïãéóìéêïý HAL óôïí Leon êáé óôïí H/Y.

47



FPGAΗ/Y

Εφαρμογή

Επεξεργαστής λογισμικό(Leon) ( C)

Περιγραφή υλικού σε
αριθμητικές μονάδες  μηχανές καταστάσεων

Python
(e.g. , )

VHDL/netlist (μονάδα υλικού)

Επεξεργαστής
πυρήνας Leon

GPIO

p2 p3

API

C
κώδικας p1

p: process

Εφαρμογή
Python

serial

Ethernet

GPIO

διεπαφή HAL

API

Python
κλάση

Ó÷Þìá Ó1.14: Óýíäåóç ôïõ H/Y ìå ôçí ðëáêÝôá FPGA êáé ôï SoC åðåîåñãáóßá âéïëïãéêþí

äåäïìÝíùí, ìÝóù ôçò ÷ñÞóçò ôïõ ëïãéóìéêïý HAL.

Óôï Ó÷Þìá Ó1.14 ðáñïõóéÜæåôáé ç óýíäåóç ôïõ H/Y ìå ôçí ðëáêÝôá FPGA êáé ôï SoC åðå-

îåñãáóßá âéïëïãéêþí äåäïìÝíùí, ìÝóù ôçò ÷ñÞóçò ôïõ ëïãéóìéêïý HAL. Óôï ó÷Þìá ðáñïõóéÜæåôáé

ï äéá÷ùñéóìüò ôïõ HAL óôçí õëïðïßçóç Python óôïí H/Y êáé óôçí õëïðïßçóç C ðïõ åêôåëåß ï

åðåîåñãáóôÞò Leon. Ç õëïðïßçóç ôïõ HAL ðáñÝ÷åé ìåèüäïõò ãéá ôçí áíôáëëáãÞ äåäïìÝíùí êáé óôá

ôñßá äéáèÝóéìá êáíÜëéá åðéêïéíùíßáò ôïõ SoC (Ethernet, GPIO, serial connection). Ç åêôÝëåóç ôùí

äéáèÝóéìùí ìåèüäùí óôçí Python, Ý÷åé ùò áðïôÝëåóìá ôçí åêôÝëåóç ôùí áíôßóôïé÷ùí ìåèüäùí C

óôïí åðåîåñãáóôÞ. Ç áíôáëëáãÞ ôùí äåäïìÝíùí óôï êáíÜëé Ethernet ãßíåôáé ìå ÷ñÞóç ðáêÝôùí

äåäïìÝíùí ôýðïõ MAC ìå ôá÷ýôçôá 100Mbps, åíþ ìå óõ÷íüôçôá ëåéôïõñãßáò ôïõ åðåîåñãáóôÞ óôá

160MHz, ç áíôáëëáãÞ äåäïìÝíùí óôï êáíÜëé GPIO ãßíåôáé ìå ôá÷ýôçôá 25Mbps.

Ìå ôçí áíÜðôõîç ôïõ ëïãéóìéêïý HAL ðáñïõóéÜóáìå ìßá ïëïêëçñùìÝíç ìåèïäïëïãßá ÷ñÞóçò

ìéáò áíôéêåéìåíïóôñáöïýò ãëþóóáò üðùò ç Python ãéá ôçí äéá÷åßñéóç åðåîåñãáóßáò äåäïìÝíùí áðü

Ýíá åíóùìáôùìÝíï óýóôçìá. Ìå ôç ÷ñÞóç êëÜóåùí êáé ìåèüäùí ãßíåôáé åöéêôÞ ç äÝóìåõóç åðåîåñ-

ãáóôéêþí óôïé÷åßùí êáé ç äÝóìåõóç êáíáëéþí åðéêïéíùíßáò óôçí ðëáêÝôá ôïõ FPGA. ÐñïóðÜèåéá

÷ñÞóçò áíôéêåéìåíïóôñáöïýò ãëþóóáò ãéá äÝóìåõóç ðüñùí óå åíóùìáôùìÝíï óýóôçìá Ý÷åé ãßíåé êáé

óôï ðáñåëèüí ìå ôç ÷ñÞóç ôçò ãëþóóáò Java [82]. H áíÜðôõîç ôïõ HAL ãéá ôéò áíÜãêåò ÷ñÞóçò

ôïõ SysPy, åßíáé ç ðñþôç ðñïóðÜèåéá íá ÷ñçóéìïðïéçèåß ìéá åõÝëéêôç êáé äçìïöéëÞò ãëþóóá üðùò

ç Python ãéá ôçí äéá÷åßñéóç ôçò åðåîåñãáóßáò äåäïìÝíùí óå Ýíá åíóùìáôùìÝíï SoC. Ç ÷ñÞóç ôçò
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Leon3 Leon+FRM1X Leon+FRM2X Leon+FRM4X

Slices 5,436 (31%) 9,244 (53%) 13,214 (76%) 16,594 (96%)

BRAMs 17 (11%) 56 (37%) 78 (52%) 132 (89%)

MULs 0 (0%) 16 (25%) 26 (41%) 48 (75%)

Power (W) 0.6 4.1 4.8 5.9

Ðßíáêáò Ð1.4: ÁðïôåëÝóìáôá äÝóìåõóçò ëïãéêþí ðüñùí óôç ìïíÜäá FPGA Virtex-5 LX110T

(CLB: äýï slices, Slice: ôÝóóåñá 6- åéóüäùí LUTs, BRAM: 36Kb, DSP48: 25x18-bit)

Python äßíåé åõåëéîßá óôçí äéá÷åßñéóç ôùí ëåéôïõñãéþí åíüò SoC êáé åðßóçò äßíåé äõíáôüôçôá ãéá

ðñïåðåîåñãáóßá ôùí äåäïìÝíùí ðïõ áðïóôÝëëïíôáé óôï åíóùìáôùìÝíï óýóôçìá êáé ÷ñïíéóìü ôùí

âçìÜôùí åðåîåñãáóßáò ôïõò óôçí ðëáêÝôá ôïõ FPGA, ìå ÷ñÞóç ðñïãñáììÜôùí Python script óôïí

H/Y.

{

Leon3

AMBA-AHB

UART Ethernet
ελεγκτής
SDRAM

GPIO

256MB
DDR2

πυρήνας
SSA

FPGA

Η/Y
RS-232

100Mbps

γέφυρα
δεδομένων

Ó÷Þìá Ó1.15: Óýíäåóç ôïõ åðåîåñãáóôÞ Leon ìå ôïí åðåîåñãáóôÞ FRM åéäéêïý óêïðïý.

Óôï Ó÷Þìá Ó1.15 ðáñïõóéÜæåôáé ç ôïðïëïãßá ôïõ SoC ìå ÷ñÞóç ôçò ðëáêÝôá FPGA ML509.

Ï åëåãêôÞò Ethernet êáé ç ìíÞìç SDRAM ÷ñïíßæïíôáí óôá 190MHz, åíþ ãéá ôïí åðåîåñãáóôÞ

Leon Ýãéíå ÷ñÞóç óÞìáôïò ñïëïãéïý óôá 160MHz. Ôá óÞìáôá ñïëïãéïý ðáñÞ÷èçóáí ìå ÷ñÞóç
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ôïõ äéáèÝóéìïõ ôáëáíôùôÞ ôùí 100MHz óôçí ðëáêÝôá êáé ìïíÜäáò äéá÷åßñéóçò óçìÜôùí ñïëïãéïý

(DCM: Digital Clock Manager) óôï FPGA. Ç óýíäåóç ôïõ H/Y êáé ôçò ðëáêÝôáò FPGA Ýãéíå ìÝóù

óåéñéáêïý êáëùäßïõ RS-232 êáé êáëùäßïõ äéêôýïõ Ethernet. Ãéá ôïí Ýëåã÷ï ôçò ëåéôïõñãßáò ôïõ óõ-

óôÞìáôïò Ýãéíå ÷ñÞóç åíüò ðïëýðëïêïõ âéïìïíôÝëïõ [78], ôï ïðïßï ðåñéãñÜöåé Ýíá âéï÷çìéêü äßêôõï

ìå n = 93 åßäç êáé m = 136 áíôéäñÜóåéò. Ôï óõãêåêñéìÝíï ìïíôÝëï ðåñéãñÜöåé ôçí óõìðåñéöïñÜ

ôçò ðñùôåÀíçò Á-óõíïõêëåÀíçò, ç ïðïßá ó÷åôßæåôáé ìå ôç íüóï ôïõ ÐÜñêéíóïí. Ôá áðïôåëÝóìáôá

ôçò äÝóìåõóçò ðüñùí óôï FPGA ìåôÜ ôçí õëïðïßçóç ôïõ SoC ìå Ýíá (FRM1X), äýï (FRM2X) êáé

ôÝóóåñá (FRM4X) åðåîåñãáóôéêÜ óôïé÷åßá, ðáñïõóéÜæïíôáé óôïí Ðßíáêá Ð1.4. ¼óï áõîÜíåôáé ç

ðïëõðëïêüôçôá åíüò âéïìïíôÝëïõ (ìåãáëýôåñï ðëÞèïò óôïé÷åßùí êáé áíôéäñÜóåùí) ôüóï áõîÜíïíôáé

êáé ïé áðáéôÞóåéò óôï õëéêü, åéäéêÜ óå ó÷Ýóç ìå ôïí áñéèìü ôùí äéáèÝóéìùí ìïíÜäùí BRAM óôï

FPGA. Ðáñáôçñïýìå åðßóçò üôé ï åðåîåñãáóôÞò Leon äåóìåýåé Ýíáí ó÷åôéêÜ ìéêñü áñéèìü ëïãéêþí

ðüñùí (ðåñßðïõ ôï 1=3 ôùí ëïãéêþí ìïíÜäùí êáé ôï 11% ôùí ìïíÜäùí ìíÞìçò). Åðßóçò ï åðåîåñ-

ãáóôÞò êáôáíáëþíåé ìüëéò ôï 10% ôçò óõíïëéêÞò éó÷ýïò ôïõ êõêëþìáôïò, åíþ ôçí ìåãáëýôåñç éó÷ý

êáôáíáëþíïõí ïé áñéèìçôéêÝò ìïíÜäåò êáé ïé ìïíÜäåò ìíÞìçò. Óõíåðþò ç ÷ñÞóç ôïõ åðåîåñãáóôÞ,

âïçèÜåé ðÜñá ðïëý óôç äÝóìåõóç êáé ÷ñÞóç ìïíÜäùí åðéêïéíùíßáò (Ethernet) êáé ìïíÜäùí ìíÞìçò

(SDRMA), åíþ ôáõôü÷ñïíá êáôáëáìâÜíåé ìéêñü ìÝñïò ôùí äéáèÝóéìùí ðüñùí êáé êáôáíáëþíåé åðßóçò

ìéêñü ìÝñïò ôçò éó÷ýïò åíüò FPGA.

Ãéá íá åêôéìÞóïõìå ôéò åðåîåñãáóôéêÝò äõíáôüôçôåò ôïõ SoC, óõãêñßíáìå ôï ñõèìü åðåîåñãáóßáò

êáé ðñïóïìïßùóçò äåäïìÝíùí ðïõ êáôáãñÜøáìå óôï õëéêü ìå áõôüí ðïõ áíôßóôïé÷á êáôáãñÜøáìå

êÜíïíôáò ÷ñÞóç äçìïöéëþí åñãáëåßùí ëïãéóìéêïý ðñïóïìïßùóçò äéêôýùí âéï÷çìéêþí áíôéäñÜóåùí.

Ôá åñãáëåßá ëïãéóìéêïý ðïõ ÷ñçóéìïðïéÞóáìå åßíáé ôï iBioSim [70] êáé ôï StochPy [85] êáé åêôåëÝ-

óáìå ðñïóïìïéþóåéò ìå ÷ñÞóç óýã÷ñïíùí õðïëïãéóôéêþí ìïíÜäùí (64-bit PC, 6GB RAM, Intel i7,

2.6GHz, quad-core CPU). Åêôåëþíôáò ðëÞèïò ðñïóïìïéþóåùí êáôáãñÜøáìå 0:35MReactions=sec:

ñõèìüò ðñïóïìïßùóçò óôï õëéêü, áðüäïóç ðïõ åßíáé ðåñßðïõ 50 öïñÝò ìåãáëýôåñç áðü ôçí áðüäïóç

ôùí iBioSim êáé StochPy. Åêôüò ôïõ üôé ç õëïðïßçóç óôï FPGA åðéôá÷ýíåé äñáìáôéêÜ ôçí ðñïóïìïß-

ùóç ôùí âéïìïíôÝëùí, ðáñÝ÷åé åðßóçò ìéá ðëáôöüñìá ðñïóïìïßùóçò ðïëý ìéêñüôåñïõ ìåãÝèïõò êáé

ìå ðïëý ÷áìçëÞ êáôáíÜëùóç éó÷ýïò, óå óýãêñéóç ìå õëïðïéÞóåéò ëïãéóìéêïý ðïõ áðáéôïýí ôç ÷ñÞóç

ìåãÜëùí õðïëïãéóôéêþí ìïíÜäùí ãéá íá åðéôý÷ïõí óõãêñßóéìïõò ñõèìïýò åðåîåñãáóßáò äåäïìÝíùí.

1.4.3 SoC åðåîåñãáóßáò Þ÷ïõ

Ìå ôç ÷ñÞóç ôïõ SysPy êáé ôïõ åðåîåñãáóôÞ Leon êáôáöÝñáìå íá ó÷åäéÜóïõìå Ýíá áñêåôÜ ðïëýðëïêï

SoC êáé íá áíáäåßîïõìå ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ óôç ÷ñÞóç óå Ýíá åíóùìáôùìÝíï óýóôçìá åíüò
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åðåîåñãáóôÞ 32-bit óáí ðýëç åðéêïéíùíßáò ìå Üëëåò ìïíÜäåò óôçí ðëáêÝôá ôïõ FPGA áëëÜ êáé åêôüò

áõôÞò. Åéäéêüôåñá ç ÷ñÞóç ôïõ Leon ìáò åðÝôñåøå íá óõíäÝóïõìå ôï SoC êáé ôçí ðëáêÝôá FPGA

óå äßêôõï Ethernet üðïõ ëåéôïõñãïýóå óáí óõíåðåîåñãáóôÞò ôïõ H/Y ðïõ åðéêïéíùíïýóå ìÝóù

äéêôýïõ. Óôá ðëáßóéá ôçò ó÷åäßáóçò åíüò SoC åðåîåñãáóßá Þ÷ïõ, äýï óçìáíôéêÝò ðñïóèÞêåò Ýãéíáí

óôï SysPy. Áíáðôý÷èçêå ï ìç÷áíéóìüò ðñïóïìïßùóçò ðïõ äßíåé ôç äõíáôüôçôá ðñïóïìïßùóçò åíüò

SoC ìå ÷ñÞóç ðåñéãñáöþí õøçëïý åðéðÝäïõ. Åðßóçò åíóùìáôþèçêå ç ÷ñÞóç ëåéôïõñãéêïý óõóôÞìáôïò

Linux ãéá ôçí áíÜðôõîç åöáñìïãþí óå ãëþóóá C óôïí åðåîåñãáóôÞ Leon. Ç ÷ñÞóç ôïõ ëåéôïõñãéêïý

óõóôÞìáôïò äßíåé ôç äõíáôüôçôá åðéêïéíùíßáò ôïõ FPGA ìå ôïí H/Y êáé áíôáëëáãÞò äåäïìÝíùí óå

åðßðåäï áñ÷åßùí, ìÝóù ôïõ ðñùôïêüëëïõ ìåôáöïñÜò äåäïìÝíùí File Transfer Protocol (FTP). Åðßóçò

äßíåôáé ç äõíáôüôçôá óýíäåóçò ôïõ FPGA óôï äéêôýïõ Ethernet ìå ÷ñÞóç äéåýèõíóçò IP, äßíïíôáò

ðñüóâáóç óôç ìïíÜäá ôïõ FPGA óå ðëÞèïò åöáñìïãþí ðïõ ÷ñçóéìïðïéïýí ôç óõãêåêñéìÝíç ìÝèïäï

äéåõèõíóéïäüôçóçò.

Ôï äéÜãñáììá ôïõ íÝïõ ó÷åäßïõ SoC ðáñïõóéÜæåôáé óôï Ó÷Þìá Ó1.16. Ï åðåîåñãáóôÞò Leon

ëåéôïõñãåß ùò FTP client, üðïõ åêôåëåßôáé åðßóçò ç åöáñìïãÞ ôïõ ÷ñÞóôç ðïõ åðåîåñãÜæåôáé ôá

ìïõóéêÜ áñ÷åßá ðïõ ëáìâÜíïíôáé áðü ôïí H/Y. Ìå ôç ÷ñÞóç ôïõ ëåéôïõñãéêïý óõóôÞìáôïò ïé åöáñ-

ìïãÝò ôïõ ÷ñÞóôç ìåôáãëùôôßæïíôáé ìáæß ìå ôïí ðõñÞíá ôïõ ëåéôïõñãéêïý Snapgear Linux. Ï

óôü÷ïò ôçò ó÷åäßáóçò ôïõ SoC åßíáé ç ôáîéíüìçóç ôùí ìïõóéêþí áñ÷åßùí óå äéáöïñåôéêÝò êáôç-

ãïñßåò, óýìöùíá ìå ôïí ôïí ôýðï ôçò ìïõóéêÞò ðïõ ðåñéÝ÷ïõí (ð.÷. çëåêôñïíéêÞ, ñïê Þ êëáóóéêÞ

ìïõóéêÞ). Ç ôáîéíüìçóç ãßíåôáé óýìöùíá ìå ôï óõ÷íïôéêü ðåñéå÷üìåíï ôùí áñ÷åßùí, ôï ïðïßï

åêôéìÜôáé ìÝóù ôåóóÜñùí æùíïðåñáôþí (bandpass) ößëôñùí ôýðïõ Finite Impulse Response (FIR),

ôá ïðïßá åßíáé óõíäåäåìÝíá óáí ðåñéöåñåéáêÝò ìïíÜäåò ôïõ åðåîåñãáóôÞ. Ôá áñ÷åßá êáôá÷ùñïýíôáé

óôç ìíÞìç SDRAM óôçí ðëáêÝôá ôïõ FPGA êáé áðü åêåß ðñïùèïýíôáé ðñïò ôéò ìïíÜäåò ôùí ößëôñùí

ïé ïðïßåò óõíäÝïíôáé ìÝóù èõñþí GPIO ìå ôïí åðåîåñãáóôÞ. ÓåéñéáêÞ óýíäåóç ìåôáîý ôïõ H/Y êáé

ôçò ðëáêÝôáò FPGA ÷ñçóéìïðïéåßôáé ãéá íá ðáñÝ÷åé ðñüóâáóç óôç ãñáììÞ åíôïëþí ôïõ ëåéôïõñãéêïý

óõóôÞìáôïò Linux, áðü üðïõ ï ÷ñÞóôçò åëÝã÷åé ôçí åêôÝëåóç ôçò åöáñìïãÞò ôïõ êáé ôçí áíôáëëáãÞ

äåäïìÝíùí ìÝóù ôïõ ðñùôïêüëëïõ FTP.

ÎåêéíÞóáìå ôç ó÷åäßáóç ôïõ óõóôÞìáôïò ìå ôçí ðñïäéáãñáöÞ ìïíôÝëùí ãéá ôçí ðñïóïìïßùóç ôïõ

óõóôÞìáôïò, óõìâáôÜ ìå ôïí ìç÷áíéóìü ðñïóïìïßùóçò ðïõ áíáðôý÷èçêå óôï SysPy êáé ôá ÷áñá-

êôçñéóôéêÜ ôïõ ðåñéãñÜöïíôáé óôï ÊåöÜëáéï . Óôï Ó÷Þìá Ó1.16 ðáñïõóéÜæïíôáé ìå äéáêåêïììÝíåò

ãñáììÝò ôá óôïé÷åßá åêåßíá ôïõ ëïãéóìéêïý êáé ôïõ õëéêïý ãéá ôá ïðïßá äçìéïõñãÞóáìå ìïíôÝëá

ðñïóïìïßùóçò óôï SysPy.Ôá áðïôåëÝóìáôá ôçò ðñïóïìïßùóçò óå õøçëü åðßðåäï ìå ôç ÷ñÞóç ìïíôÝ-

ëùí ôïõ óõóôÞìáôïò óå ãëþóóá Python, âïÞèçóáí óôï íá ðÜñïõìå óçìáíôéêÝò áðïöÜóåéò ó÷åôéêÜ

ìå ôçí áñ÷éôåêôïíéêÞ ôïõ óõóôÞìáôïò üðùò: á) ôéò ðáñáìÝôñïõò ôùí ößëôñùí, ð.÷. âáèìüò ößëôñùí,
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Ó÷Þìá Ó1.16: ÄéÜãñáììá ìïíÜäùí ôïõ SoC åðåîåñãáóßáò Þ÷ïõ.

ìïñöÞ áíáðáñÜóôáóçò áñéèìþí êôë., â) ôï ìÝãåèïò ôùí ìíçìþí FIFO (First In First Out) ðñïóùñéíÞò

êáôá÷þñçóçò äåäïìÝíùí (data bu�ers) ìåôáîý ôïõ åðåîåñãáóôÞ êáé ôùí ößëôñùí êáé ã) ôçí áíÜðôõîç

ôïõ ëïãéóìéêïý åëÝã÷ïõí ðïõ åêôåëåßôáé óôïí åðåîåñãáóôÞ.

Ôá ìïõóéêÜ áñ÷åßá åßíáé êáôá÷ùñçìÝíá óôïí H/Y ðïõ ÷ñçóéìïðïéåßôáé óáí �le server. Ï FTP

client óôï Leon åðéëåãåß ôá áñ÷åßá ðïõ èá óôáëïýí áðü ôïí H/Y óôï FPGA êáé ôá êáôá÷ùñåß óôç

ìíÞìç SDRAM. ÌåôÜ áíáëáìâÜíåé ôçí ìåôÜäïóç ôùí ìïõóéêþí ôéìþí ôùí áñ÷åßùí óôá ößëôñá,

ìÝóù ôùí èõñþí GPIO, ãéá ôéò ïðïßåò áíáðôýîáìå åéäéêü ëïãéóìéêü ïäÞãçóçò óå ãëþóóá C, þóôå

ôï ëåéôïõñãéêü óýóôçìá íá ôéò äéá÷åéñßæåôáé óáí ðåñéöåñåéáêÝò ìïíÜäåò ðñïóâÜóéìåò áðü óõãêå-

êñéìÝíåò äéåõèýíóåéò ìíÞìçò (memory mapped). Ãéá ôçí áíÜëõóç ôïõ óõ÷íïôéêïý ðåñéå÷ïìÝíïõ

ôùí áñ÷åßùí õëïðïéÞóáìå ôÝóóåñá æùíïðåñáôÜ (bandpass) ößëôñá FIR 30 ðáñáìÝôñùí (30-taps) ìå

æþíåò äéÝëåõóçò 0-1KHz, 1-3KHz, 3-5KHz êáé 5-8KHz ðïõ êáëýðôïõí ôï ìåãáëýôåñï ìÝñïò ôïõ

áêïõóôéêïý öÜóìáôïò óõ÷íïôÞôùí. Ïé öéëôñáñéóìÝíåò ôéìÝò êáôá÷ùñïýíôáé ðÜëé óôç ìíÞìç RAM,

üðïõ ï åðåîåñãáóôÞò ôéò áíáëýåé êáé áðïöáßíåôáé ãéá ôïí ôýðïõ ôïõ ìïõóéêïý áñ÷åßïõ (rock, pop,

êëáóóéêÞ Þ çëåêôñïíéêÞ ìïõóéêÞ). Ïé æþíåò äéÝëåõóçò ôùí ößëôñùí ðáñïõóéÜæïíôáé óôï Figure 8.3.

Ãéá ôïí õðïëïãéóìü ôùí ðáñáìÝôñùí ôùí ößëôñùí êÜíáìå ÷ñÞóç ôùí äéáèÝóéìùí ìåèüäùí óôï SciPy,

üðùò åðßóçò êÜíáìå êáé ÷ñÞóç ôùí ó÷åôéêþí ìåèüäùí ãéá ôçí ãñáöéêÞ áíáðáñÜóôáóç ôçò åðåîåñ-

ãáóßáò ìïõóéêþí áñ÷åßùí ìå ôç ÷ñÞóç ôùí ößëôñùí. Óôï Ó÷Þìá Ó1.17 ðáñïõóéÜæïõìå ôç ÷ñïíéêÞ

áðüêñéóç (time response) ôùí ôåóóÜñùí ößëôñùí, üðùò áõôÞ ðáñÜãåôáé áõôüìáôá áðü ôï SciPy ìå

ôçí åêôÝëåóç ôùí äéáèÝóéìùí ìïíôÝëùí óôï SysPy. Óáí åßóïäï ôïõ óõóôÞìáôïò ÷ñçóéìïðïéÞóáìå
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Ýíá áñ÷åßï ìå 100 äåßãìáôá Þ÷ïõ êáé óõ÷íüôçôá äåéãìáôïëçøßáò 16kHz (sampling frequency).

Ó÷Þìá Ó1.17: ×ñïíéêÞ áðüêñéóç ôùí ìïíôÝëùí ôùí ôåóóÜñùí ößëôñùí, ìå ÷ñÞóç ôïõ SciPy.

ÌÝóù ôïõ SysPy ìðïñÝóáìå åðßóçò ìå ôç ÷ñÞóç øåõäïáëãïñßèìùí Python íá ðñïäéáãñÜøïõìå ôç

ëåéôïõñãéêüôçôá ôïõ ëïãéóìéêïý ôïõ Leon ðïõ åëÝã÷åé ôç ñïÞ ôùí äåäïìÝíùí óôï SoC. Óôï Ó÷Þìá

Ó1.18 ðáñïõóéÜæåôáé ç óõìðåñéöïñÜ ôùí óçìÜôùí åéóüäïõ/åîüäïõ ôïõ SoC. Ìå ôç ÷ñÞóç ðåñéãñá-

öþí õøçëïý åðéðÝäïõ Python ìðïñÝóáìå íá ðåñéãñÜøïõìå ôç ëåéôïõñãßá ôïõ ëïãéóìéêïý ôïõ Leon,

üðïõ óå óýãêñéóç ìå ìßá õëïðïßçóç óôï õëéêü, ìðïñåß íá õðÜñ÷ïõí êáèõóôåñÞóåéò óôçí åêôÝëåóç

åíüò ðñïãñÜììáôïò. ¸ôóé óôï Ó÷Þìá Ó1.18á ç åíåñãïðïßçóç ôïõ óÞìáôïò input fifo ready

ãßíåôáé ìå ôõ÷áßï ôñüðï, ðñïóïìïéþíïíôáò ôïí ôñüðï ìå ôïí ïðïßï ï åðåîåñãáóôÞò åëÝã÷åé ãéá

ôçí ýðáñîç íÝùí äåäïìÝíùí óôéò ìíÞìåò FIFO, üðïõ êáôá÷ùñïýíôáé ôá áðïôåëÝóìáôá åðåîåñãáóßáò

ôùí ôåóóÜñùí ößëôñùí. Åðßóçò ìå ôç ÷ñÞóç ôùí ìïíôÝëùí ðñïóïìïßùóçò Þôáí åýêïëï íá áëëÜæïõìå

ôéò ðáñáìÝôñïõò ôùí ößëôñùí êáé íá ðáñáôçñïýìå ôçí áëëáãÞ óôç óõìðåñéöïñÜ ôïõ óõóôÞìáôïò.

Óôï Ó÷Þìá Ó1.18â áëëÜæïõìå ôçí æþíç äéÝëåõóçò ôïõ ðñþôïõ ößëôñïõ, áðü 0-1KHz óå 0-100Hz êáé

ðáñáôçñïýìå ôçí áëëáãÞ óôéò öéëôñáñéóìÝíåò ôéìÝò åîüäïõ.
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( )α

( )β

καθυστέρηση 7ns

τυχαία καθυστέρηση

καθυστέρηση 15ns

Ó÷Þìá Ó1.18: ØçöéáêÝò êõìáôïìïñöÝò óçìÜôùí åéóüäïõ/åîüäïõ ôïõ SoC åðåîåñãáóßáò Þ÷ïõ.

ÌÝóù ôçò ÷ñÞóçò ìïíôÝëùí ðñïóïìïßùóçò èá ðñÝðåé íá ðáñÝ÷åôáé ìÝèïäïò ãéá ôçí ìåôáôñïðÞ

ôïõò óå êáôÜëëçëåò ðåñéãñáöÝò ãéá õëïðïßçóç óôï õëéêü. ÏðïéáäÞðïôå ðåñéãñáöÞ õëéêïý óå åðßðåäï

RTL óå Python ìåôáôñÝðåôáé áðü ôï SysPy óå áíôßóôïé÷ç ðåñéãñáöÞ VHDL, åíþ ìÝèïäïé Python

÷ñçóéìïðïéïýíôáé ãéá ôçí ðáñáãùãÞ ôïõ êþäéêá VHDL ôùí ößëôñùí FIR. Óôï ÐáñÜäåéãìá Êþäéêá

?? ç ìÝèïäïò func fir filt s ÷ñçóéìïðïéåßôáé ãéá íá ðáñÜãåé ôïí êþäéêá VHDL åíüò ößëôñïõ

FIR, óýìöùíá ìå ôéò ðáñáìÝôñïõò ðïõ õðïëïãßóôçêáí êáôÜ ôçí ðñïóïìïßùóç. Óôéò ãñáììÝò 5-

6 ðáñÝ÷ïíôáé ïé ðáñÜìåôñïé ôïõ ößëôñïõ êáé ç áñéèìçôéêÞ ìïñöÞ áíáðáñÜóôáóçò �xed-point ôùí

ðáñáìÝôñùí. Ïé ðáñÜìåôñïé ìåôáôñÝðïíôáé óå êáôÜëëçëç äõáäéêÞ ìïñöÞ êáé ïé ôéìÝò ôïõò áñ÷éêï-

ðïéïýíôáé óôçí ðåñéãñáöÞ VHDL ðïõ ðáñÜãåé ôï SysPy. Ôá óÞìáôá åéóüäïõ/åîüäïõ ôïõ ößëôñïõ

ðåñéãñÜöïíôáé óôéò ãñáììÝò 17-19.

Ìå ôçí õëïðïßçóç ôïõ SoC óôï FPGA åðåîåñãáóôÞêáìå Ýíá ìåãÜëï áñéèìü ìïõóéêþí áñ÷åßùí ãéá

íá åëÝãîïõìå ôç óõìðåñéöïñÜ ôïõ óõóôÞìáôïò êáé íá åîáêñéâþóïõìå ôï âáèìü ôáýôéóçò ôùí áðïôå-

ëåóìÜôùí ôçò åðåîåñãáóßáò óå ó÷Ýóç ìå ôá áðïôåëÝóìáôá ôçò ðñïóïìïßùóçò. Ï åðåîåñãáóôÞò Leon

÷ñïíßóôçêå óôá 160MHz, åíþ ãéá ôá ößëôñá êáé ôéò ìíÞìåò FIFO ÷ñçóéìïðïéÞèçêå óÞìá ñïëïãéïý

ìå óõ÷íüôçôá 100MHz. Ãéá íá ìåôñÞóïõìå ôéò åðéäüóåéò ôïõ óõóôÞìáôïò ÷ñçóéìïðïéÞóáìå Ýíá

ìïõóéêü áñ÷åßï ìåãÝèïõò 3,924,170x8-bit. Ìå ôç ÷ñÞóç ôïõ ðñùôïêüëëïõ FPT ï ñõèìüò ìåôÜäïóçò

ôïõ áñ÷åßïõ ìÝóù ôçò óýíäåóçò Ethernet áðü ôïí H/Y óôçí ðëáêÝôá ôïõ FPGA ìåôñÞèçêå óôá
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21.9Mbps. Ç áðüäïóç üëïõ ôïõ óõóôÞìáôïò, üóïí áöïñÜ ôçí åðåîåñãáóßá ôùí ìïõóéêþí äåéãìÜôùí

áðü ôá ößëôñá Þôáí 15MMAC/sec. (MAC: Multiply Accumulate), åíþ ç ñïÞ ôùí äåäïìÝíùí óôá

ôÝóóåñá ößëôñá ðïõ ëåéôïõñãïýóáí ðáñÜëëçëá ìåôñÞèçêå óôá 119.6Mbps. Ôá áðïôåëÝóìáôá ôùí

åðéäüóåùí ôïõ óõóôÞìáôïò ðáñïõóéÜæïíôáé óôïí Ðßíáêá Ð1.5. Ïé åðéäüóåéò ôïõ SoC óõãêñßíïíôáé

ìå ôá áðïôåëÝóìáôá õëïðïßçóçò óå ëïãéóìéêü óôïí åðåîåñãáóôÞ Leon (÷ùñßò ôçí ÷ñÞóç ìïíÜäùí

õëéêïý), üðïõ öáßíåôáé üôé ôï SoC åðéôõã÷Üíåé ôÝóóåñéò öïñÝò ôá÷ýôåñç åðåîåñãáóßá ôùí ìïõóéêþí

áñ÷åßùí.

SoC
Leon

(õëïðïßçóç óôï ëïãéóìéêü)

×ñüíïò ìåôÜäïóçò FTP (sec.)
1.4

(21.9Mbps) -

×ñüíïò åðåîåñãáóßáò ößëôñùí (sec.)
31.5

(15.0 MMACs/sec)
132.3

(3.6 MMACs/sec.)

Ñõèìüò ìåôÜäïóçò äåäïìÝíùí (Mbps) 119.6 -

Ðßíáêáò Ð1.5: ÁðïôåëÝóìáôá õëïðïßçóçò êáôÜ ôç äéÜñêåéá ôçò åðåîåñãáóßáò ìïõóéêïý

áñ÷åßïõ (3,924,170 samples x 8-bit).

Ìå ôç ó÷åäßáóç êáé õëïðïßçóç ôïõ SoC åðåîåñãáóßáò Þ÷ïõ ðáñïõóéÜóáìå ôéò äõíáôüôçôåò ðñïóï-

ìïßùóçò ðïõ ðáñÝ÷åé ôï SysPy êáé ðþò áõôÝò ÷ñçóéìïðïéïýíôáé ãéá ôçí ðñïäéáãñáöÞ ôùí ðáñáìÝôñùí

åíüò óõóôÞìáôïò ðñéí îåêéíÞóåé ç ó÷åäßáóç åíüò SoC. ÌÝóù ôçò ÷ñÞóçò ôïõ SciPy åóôéÜóáìå

åéäéêüôåñá óôçí ðñïäéáãñáöÞ êáé ðñïóïìïßùóç áñéèìçôéêþí áëãïñßèìùí êáé óôçí ÷ñÞóç ôùí áðïôå-

ëåóìÜôùí ðñïóïìïßùóçò óôçí õëïðïßçóç ôïõ áëãïñßèìïõ óôï õëéêü. Äåßîáìå åðßóçò ôç ÷ñçóéìüôçôá

åíüò ðõñÞíá ëåéôïõñãéêïý óõóôÞìáôïò Linux óôïí Ýëåã÷ï êáé ôç äéáóýíäåóç åíüò SoC êáé óôçí

ìåôáöïñÜ êáé åðåîåñãáóßá äåäïìÝíùí óå ìïñöÞ áñ÷åßùí, êÜôé éäéáéôÝñùò ÷ñÞóéìï óå ðåñéðôþóåéò ðïõ

Ýíá SoC åðéêïéíùíåß ìå Üëëá õðïëïãéóôéêÜ óõóôÞìáôá ðïõ äéáèÝôïõí åðßóçò ëåéôïõñãéêü óýóôçìá

ð.÷. H/Y ìå óýóôçìá Windows Þ Linux. ÐáñïõóéÜóáìå åðßóçò ôç äõíáôüôçôá ôïõ SysPy íá

ðáñáìåôñïðïéåß áõôüìáôá êáé íá ìåôáãëùôôßæåé ôéò åöáñìïãÝò ôïõ ÷ñÞóôç ðáñÜëëçëá ìå ôïí ðõñÞíá

ôïõ ëåéôïõñãéêïý óõóôÞìáôïò.

1.4.4 Åêôßìçóç ÷ñçóôéêüôçôáò ôïõ SysPy

Ìå óôü÷ï íá Ý÷ïõìå ìßá ðïóïôéêÞ åêôßìçóç ôùí äõíáôïôÞôùí ôïõ SysPy üóïí áöïñÜ ôç ó÷åäßáóç

åíüò SoC, êÜíáìå ÷ñÞóç ôçò ðëáôöüñìáò áîéïëüãçóçò BDTi [46]. H ìåèïäïëïãßá áîéïëüãçóçò
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áðåõèýíåôáé óå åñãáëåßá ó÷åäßáóçò õëéêïý óå õøçëü åðßðåäï êáé áíáðôý÷èçêå áðü ôï ðáíåðéóôÞìéï ôïõ

Berkeley. Ç ìåèïäïëïãßá BDTi ÷ñçóéìïðïéåßôáé êáé ùò ðñüôõðï ãéá ôçí åêôßìçóç ôùí åðéäüóåùí åí-

óùìáôùìÝíùí åðåîåñãáóôþí êáé åðåîåñãáóôþí DSP. Ç áíÜðôõîç ôçò ìåèïäïëïãßáò ãéá ôçí åêôßìçóç

åñãáëåßùí ó÷åäßáóçò SoC óå õøçëü åðßðåäï Ýãéíå ìå óôü÷ï ôçí ðåñáéôÝñù áíÜðôõîç åñãáëåßùí

ôÝôïéïõ ôýðïõ ðïõ áõôïìáôïðïéïýí ôç ó÷åäßáóç ðïëýðëïêùí SoC êáé åðåéäÞ ïé åñåõíçôÝò óôï Berke-

ley áíáãíþñéóáí üôé ôá åñãáëåßá ó÷åäßáóçò ðïõ õðÜñ÷ïõí äåí óõìâáäßæïõí ìå ôéò äõíáôüôçôåò ðïõ

ðáñÝ÷ïõí ôá óýã÷ñïíá óõóôÞìáôá åðåîåñãáóßáò, üðùò ïé ìïíÜäåò FPGA.

ÌÝóù ôçò ÷ñÞóçò ôçò ìåèïäïëïãßáò BDTi êÜíáìå ÷ñÞóç ôùí äéáèÝóéìùí ðáñáìÝôñùí êáé åêôé-

ìÞóáìå ôç ÷ñçóôéêüôçôá êáé ëåéôïõñãéêüôçôá ôïõ SysPy áêïëïõèþíôáò ôç ìåèïäïëïãßá ó÷åäßáóçò

ðïõ õðïóôçñßæïõìå. Ãéá ôç äéáäéêáóßá áîéïëüãçóçò æçôÞóáìå áðü ôñåéò ÷ñÞóôåò ôïõ SysPy ðïõ

óõììåôåß÷áí óôç ó÷åäßáóçò ôùí SoCs åðåîåñãáóßáò Þ÷ïõ (ÊåöÜëáéï ) êáé åðåîåñãáóßáò âéïëïãéêþí

äåäïìÝíùí (ÊåöÜëáéï ) íá âáèìïëïãÞóïõí ôï SysPy óýìöùíá ìå ôéò ðáñáìÝôñïõò áîéïëüãçóçò

ðïõ ðáñÝ÷ïíôáé óôï BDTi. Ôá áðïôåëÝóìáôá ôùí ðáñáìÝôñùí ðïõ áîéïëïãÞèçêáí áðü ôïõò ôñåéò

ó÷åäéáóôÝò ðáñïõóéÜæïíôáé óôïí Ðßíáêá Ð1.6. ÊÜèå ðáñÜìåôñïò ôïõ ðßíáêá áîéïëïãÞèçêå ìå ìßá

áðü ôéò áêüëïõèåò âáèìïëïãßåò: \ÅîáéñåôéêÜ", \Ðïëý êáëÜ", \ÊáëÜ", \ÌÝôñéá", \×áìçëÜ". Óôçí

áêüëïõèç ëßóôá ðáñÝ÷åôáé ìßá óýíôïìç ðåñéãñáöÞ ôùí ðáñáìÝôñùí áîéïëüãçóçò:

• Out-of-Box Experience: Åõêïëßá åãêáôÜóôáóçò êáé ñýèìéóçò ôïõ åñãáëåßïõ óå ðåñéâÜëëïí

Linux.

• Ease of Use: Åõêïëßá ÷ñÞóçò ôïõ åñãáëåßïõ.

• Completeness of Capabilities: Åêôßìçóç ôçò åðÜñêåéáò ôùí äõíáôïôÞôùí ôïõ åñãáëåßïõ óôç

ó÷åäßáóç SoC ìå ðõñÞíá åðåîåñãáóôÞ.

• Quality of Documentation and Support: Åêôßìçóç ôùí ïäçãéþí ÷ñÞóçò ðïõ ðáñÝ÷ïíôáé ìå ôï

SysPy.

• Learning to Use the Tool: Åêôßìçóç ôçò åõêïëßáò åêìÜèçóçò ÷ñÞóçò ôïõ åñãáëåßïõ.

• First Compiling Version: Åêôßìçóç ôçò ðñïóðÜèåéáò ðïõ áðáéôåßôáé ãéá ôçí õëïðïßçóç ôïõ

ðñþôïõ ëåéôïõñãéêïý ó÷åäßïõ (initial functional design) åíüò óõóôÞìáôïò.

• Final Optimized Version: Åêôßìçóç ôçò ðñïóðÜèåéáò ðïõ áðáéôåßôáé ãéá ôçí õëïðïßçóç ôïõ

ôåëéêïý ëåéôïõñãéêïý ó÷åäßïõ åíüò óõóôÞìáôïò.

• Platform Infrastructure Development: Åêôßìçóç ôçò åõêïëßáò ÷ñÞóçò ôïõ SysPy ðáñÜëëçëá

ìå Üëëá åñãáëåßá ðïõ äéåõêïëýíïõí ôçí ôåëéêÞ õëïðïßçóç åíüò óõóôÞìáôïò (ð.÷. åñãáëåßá
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Out-of-Box
Experience Ease of Use

Completeness of
Capabilities

Quality of
Documentation and Support

ÊáëÜ
ÌÝôñéá
ÌÝôñéá

×áìçëÜ
ÊáëÜ
ÊáëÜ

ÌÝôñéá
ÊáëÜ
ÊáëÜ

×áìçëÜ
×áìçëÜ
ÌÝôñéá

Learning to Use
the Tool

First Compiling
Version

Final Optimized
Version

Platform Infrastructure
Development

ÌÝôñéá
ÌÝôñéá
ÌÝôñéá

ÊáëÜ
ÊáëÜ
ÌÝôñéá

ÊáëÜ
ÌÝôñéá
ÌÝôñéá

Ðïëý êáëÜ
ÌÝôñéá
ÊáëÜ

Ðßíáêáò Ð1.6: ÐáñÜìåôñïé áîéïëüãçóçò ôïõ SysPy, óýìöùíá ìå ôï ðñüôõðï BDTi, áðü ôñåéò

äéáöïñåôéêïýò ÷ñÞóôåò.

öõóéêÞò ó÷åäßáóçò FPGA).

Óýìöùíá ìå ôá áðïôåëÝóìáôá ôïõ Ðßíáêá Ð1.6 ïé äõíáôüôçôåò ðïõ ðáñÝ÷åé ôï SysPy êñßíïíôáé

åðáñêåßò þóôå Ýíáò ó÷åäéáóôÞò íá ðñïäéáãñÜøåé ôçí ðñþôç ëåéôïõñãéêÞ Ýêäïóç åíüò SoC ìå åðå-

îåñãáóôÞ óå åýëïãï ÷ñïíéêü äéÜóôçìá, íá ôçí ðñïóïìïéþóåé êáé íá åðéôý÷åé ôçí ïñèÞ ëåéôïõñãßá

ôïõ óå ìïíÜäá FPGA. H ðáñÜìåôñïò \Platform Infrastructure Development" áîéïëïãÞèçêå èåôéêÜ,

åöüóïí ìÝóù ôïõ SysPy ðáñÜãïíôáé ìßá óåéñÜ áðü ðñïãñÜììáôá scripts ôá ïðïßá äéåõêïëýíïõí

ôç äéá÷åßñéóç ôùí åñãáëåßùí öõóéêÞò ó÷åäßáóçò óôï FPGA, åíþ åéäéêÜ ãéá ôá SoCs åðåîåñãá-

óßáò âéïëïãéêþí äåäïìÝíùí êáé Þ÷ïõ ðáñÝ÷ïíôáé ç äéåðáöÞ HAL êáé ç äéåðáöÞ ìå ôï ëåéôïõñãéêü

óýóôçìá Linux, ôá ïðïßá âïçèïýí óôçí ÷ñÞóç ôùí SoCs óå ðñáãìáôéêÝò åöáñìïãÝò åöüóïí ìðïñïýí

åýêïëá íá áíôáëëÜîïõí äåäïìÝíá ìå Üëëåò äéáóõíäåäåìÝíåò ìïíÜäåò ìå ôçí ðëáêÝôá ôïõ FPGA.

Åðßóçò ïé ó÷åäéáóôÝò Ýêáíá ÷ñÞóç ôùí äéáèÝóéìùí ðáñáäåéãìÜôùí þóôå óå åðßðåäï ðñïóïìïßùóçò

íá óõíäõÜóïõí åýêïëá ðåñéãñáöÝò RTL ìå õøçëïý åðéðÝäïõ ìïíôÝëá ðñïóïìïßùóçò óå Python. Ïé

÷ñÞóôåò Ýäùóáí ÷áìçëÞ âáèìïëïãßá óôçí êáôçãïñßá \Ease of Use" êõñßùò ëüãù ôçò Ýëëåéøçò ðëÞñïõò

åã÷åéñéäßïõ ÷ñÞóçò êáôÜ ôç ÷ñïíéêÞ ðåñßïäï ôçò áîéïëüãçóçò.

Óýìöùíá ìå ôá áðïôåëÝóìáôá ôçò áîéïëüãçóçò âåëôéþóáìå ôïí ôñüðï óýíôáîçò ôùí ìïíôÝ-

ëùí ðñïóïìïßùóçò, êõñßùò ôïí ôñüðï äÞëùóçò ôùí óçìÜôùí åéóüäïõ êáé ôùí áíôßóôïé÷ùí ÷ñüíùí

êáèõóôÝñçóçò (input signal delay). Åðßóçò âåëôéþóáìå ôç ìåèïäïëïãßá äéáóýíäåóçò ðåñéãñáöþí

RTL ìå ìïíôÝëá SciPy äéáôçñþíôáò ðÜíôá ôçí áñ÷Þ üôé ï ôñüðïò óýíôáîçò ôùí ðåñéãñáöþí íá åßíáé
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óõìâáôüò ìå ôá ðéï êïéíÜ áðïäåêôÜ ðñüôõðá óýíôáîçò óå Python, þóôå ôï SysPy íá ìðïñåß åýêïëá

íá ÷ñçóéìïðïéçèåß ãéá ôçí ðåñéãñáöÞ êáé ðñïóïìïßùóç ìïíÜäùí õëéêïý áêüìá êáé áðü ìç÷áíéêïýò

ëïãéóìéêïý ìå ìéêñÞ åìðåéñßá óôçí øçöéáêÞ ó÷åäßáóç.

1.5 ÓõìðåñÜóìáôá

ÌÝóù ôùí áðïôåëåóìÜôùí ôçò äéáôñéâÞò äåßîáìå ôïõò ôñüðïõò ìå ôïõò ïðïßïõò ìéá äçìïöéëÞò êáé

åý÷ñçóôç ãëþóóá ðñïãñáììáôéóìïý õøçëïý åðéðÝäïõ üðùò ç Python, ðïõ áðåõèýíåôáé ó÷åäüí áðï-

êëåéóôéêÜ óôçí áíÜðôõîç ëïãéóìéêïý, ìðïñåß íá õðïóôçñßîåé ôç ìåèïäïëïãßá óõó÷åäßáóçò åíüò åí-

óùìáôùìÝíïõ SoC ìå ðõñÞíá åðåîåñãáóôÞ óå ìïíÜäá ðñïãñáììáôéæüìåíçò ëïãéêÞò FPGA. Ìå ôç

÷ñÞóç åðßóçò ôñéþí ïëïêëçñùìÝíùí ðáñáäåéãìÜôùí ó÷åäßáóçò SoC ìå åðåîåñãáóôÞ äåßîáìå ôïí ôñüðï

ìå ôïí ïðïßï ôï SysPy áðïäïôéêÜ êáé áðïôåëåóìáôéêÜ õðïóôçñßæåé üëá ôá âÞìáôá ðïõ áðáéôïýíôáé

óôç óõó÷åäßáóç õëéêïý/ëïãéóìéêïý, áêüìá êáé ãéá ðïëýðëïêá óõóôÞìáôá üðïõ áðáéôåßôáé ç ÷ñÞóç

ëåéôïõñãéêïý óõóôÞìáôïò Linux ãéá ôïí Ýëåã÷ï ôçò åðåîåñãáóßáò ôùí äåäïìÝíùí.

1.5.1 ÓõíåéóöïñÜ

Ìå ôçí ðáñïõóßáóç ôïõ SysPy áíáðôýîáìå ôç ìåèïäïëïãßá ðïõ ðñïäéáãñÜøáìå þóôå íá õðïóôçñßîïõìå

ôçí õøçëïý åðéðÝäïõ áñ÷éôåêôïíéêÞ ðåñéãñáöÞ êáé ðñïóïìïßùóç åíüò øçöéáêïý óõóôÞìáôïò ìå ðõñÞíá

åðåîåñãáóôÞ êáé ôçí ïñèÞ õëïðïßçóç ôïõ óå ìïíÜäá ðñïãñáììáôéæüìåíçò ëïãéêÞò FPGA.

ÐáñÜ ôï ãåãïíüò üôé õðÜñ÷ïõí äéáèÝóéìá åñãáëåßá ìïíôåëïðïßçóçò êáé øçöéáêÞò ðñïóïìïßùóçò

óå õøçëü åðßðåäï åäþ êáé ðïëëÜ ÷ñüíéá, üðùò ç SystemC, äåí õðÜñ÷åé äéáèÝóéìï Ýíá ïëïêëçñùìÝíï

ðåñéâÜëëïí ôï ïðïßï ìðïñåß íá ÷ñçóéìïðïéçèåß: á) ãéá ìïíôåëïðïßçóç êáé óõíðñïóïìïßùóç õëéêïý-

/ëïãéóìéêïý óõóôçìÜôùí ìå ðõñÞíá åðåîåñãáóôÞ êáé â) ãéá ôçí õðïóôÞñéîç üëùí ôùí âçìÜôùí ðïõ

áðáéôïýíôáé ãéá ôçí õëïðïßçóç åíüò óõóôÞìáôïò óå ìïíÜäá FPGA. Åðßóçò üëá ôá åñãáëåßá ðïõ

õðÜñ÷ïõí óôçí âéâëéïãñáößá êáé êÜíïõí ÷ñÞóç ôçò Python ãéá øçöéáêÞ ó÷åäßáóç õðïóôçñßæïõí

ìüíï óõãêåêñéìÝíá âÞìáôá üóïí áöïñÜ ôç ó÷åäßáóç êáé õëïðïßçóç åíüò óõóôÞìáôïò óå FPGA.

Ðéóôåýïõìå, óýìöùíá êáé ìå ôá óôïé÷åßá ðïõ ðáñïõóéÜóáìå óôïí Ðßíáêá Ð1.1, üôé ìüíï ç ìåèïäïëïãßá

ðïõ áíáðôýîáìå êáé õëïðïéÞóáìå ìå âÜóç ôï SysPy õðïóôçñßæåé üëá ôá âÞìáôá ó÷åäßáóçò êáé

õëïðïßçóçò óå ìïíÜäá FPGA åíüò SoC ìå ðõñÞíá åðåîåñãáóôÞ (ðñïóïìïßùóç óå åðßðåäï RTL Þ

óå õøçëü áëãïñéèìéêü åðßðåäï - ó÷åäßáóç êáé õëïðïßçóç óå HDL - áíÜðôõîç ëïãéóìéêïý - äéá÷åßñéóç

åñãáëåßùí ëïãéêÞò óýíèåóçò êáé öõóéêÞò ó÷åäßáóçò óå FPGA - åðéêïéíùíßá êáé áíôáëëáãÞ äåäïìÝíùí

ìå ôï SoC ìåôÜ ôçí õëïðïßçóç óå FPGA). Áöïý ìåëåôÞóáìå ôéò ìåèüäïõò êáé ôá õðÜñ÷ïíôá åñãáëåßá
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ðéóôåýïõìå üôé áðáéôåßôáé ðéï åíôáôéêÞ Ýñåõíá óôïí ôïìÝá ôçò áíÜðôõîçò åñãáëåßùí ðïõ êÜíïõí

÷ñÞóç äùñåÜí äéáèÝóéìùí ðõñÞíùí åðåîåñãáóôþí êáé ðáñÝ÷ïõí ôéò êáôÜëëçëåò ìåèüäïõò ãéá ôç

÷ñÞóç ôïõò êáé ôç ó÷åäßáóç øçöéáêþí óõóôçìÜôùí ìå ÷ñÞóç FPGA. Ôá åñãáëåßá áõôÜ èá ðñÝðåé íá

õðïóôçñßæïõí ìåèüäïõò ðåñéãñáöÞò óå õøçëü åðßðåäï, åéäéêÜ ãéá ôéò ìïíÜäåò õëéêïý êáé ëïãéóìéêïý

ãéá ôéò ïðïßåò äåí õðÜñ÷åé áêüìá õëïðïßçóç óôá áñ÷éêÜ óôÜäéá ó÷åäßáóçò. Ìå ôç ÷ñÞóç ôùí ìåèüäùí

ðåñéãñáöÞò ï ó÷åäéáóôÞò èá åßíáé óå èÝóç íá áëëÜæåé åýêïëá ôéò ðáñáìÝôñïõò ôùí ìïíôÝëùí êáé íá

åêôåëåß ðñïóïìïéþóåéò óå åðßðåäï óõóôÞìáôïò þóôå íá ðÜñåé ôéò óùóôÝò áðïöÜóåéò ó÷åôéêÜ ìå ôç

ëåéôïõñãéêüôçôá êáé ôéò åðåîåñãáóôéêÝò åðéäüóåéò ôïõ óõóôÞìáôïò.

Ìå ôç ÷ñÞóç ôçò Python êáôáöÝñáìå íá áíáðôýîïõìå Ýíá åñãáëåßï ðïõ Ý÷åé ùò óôü÷ï ôçí ÷ñÞóç

ðåñéãñáöþí õøçëïý åðéðÝäïõ óå ãëþóóá Python ãéá ôçí ðñïóïìïßùóç, ðåñéãñáöÞ êáé õëïðïßçóç

óå FPGA åíóùìáôùìÝíùí SoC. ¼ëá ôá åñãáëåßá ðïõ ðáñÝ÷åé ôï SysPy êÜíïõí ÷ñÞóç ðåñéãñá-

öþí Python óõìâáôþí ìå ôá êïéíÜ áðïäåêôÜ óõíôáêôéêÜ êáé ðñïãñáììáôéóôéêÜ ÷áñáêôçñéóôéêÜ ôçò

ãëþóóáò, þóôå ç ÷ñÞóç ôïõ íá åßíáé ðñïóéôÞ óå Üôïìá ìå åëÜ÷éóôç Þ êáé êáèüëïõ åìðåéñßá óôç

ó÷åäßáóç øçöéáêþí óõóôçìÜôùí ìå ãëþóóåò ðåñéãñáöÞò õëéêïý. Áëëùóôå áõôüò Þôáí êáé åî áñ÷Þò

ï âáóéêüò óôü÷ïò áíÜðôõîçò ôïõ SysPy, äçëáäÞ ç ÷ñÞóç ôïõ ãéá ôçí áíÜðôõîç õëéêïý áðü ìç÷áíéêïýò

êáé åñåõíçôÝò Üëëùí åðéóôçìïíéêþí ðåäßùí ãéá ôçí åðéôÜ÷õíóç ôçò åêôÝëåóçò ðïëýðëïêùí áëãïñßèìùí

åðåîåñãáóßáò äåäïìÝíùí óôï õëéêü. Ôá êýñéá êáé ðñùôïðïñéáêÜ ÷áñáêôçñéóôéêÜ ôïõ SysPy óõíïøß-

æïíôáé áêïëïýèùò:

• Ó÷åäßáóç åíóùìáôùìÝíùí SoC ìå ÷ñÞóç ðåñéãñáöþí äïìÞò Python (block-oriented design) ìå

÷ñÞóç ðõñÞíùí óå ìïñöÞ RTL Þ óå ìïñöÞ netlist êáé õëïðïßçóç óõíäõáóôéêÞò êáé áêïëïõèéáêÞò

ëïãéêÞò ãéá ôç äéáóýíäåóç ôïõò.

• Ðñïóïìïßùóç øçöéáêþí óõóôçìÜôùí ìå ÷ñÞóç ìïíôÝëùí Python õøçëïý åðéðÝäïõ Þ ðåñéãñá-

öþí C ãéá ôçí ðåñéãñáöÞ äïìþí õëéêïý Þ ëïãéóìéêïý ðïõ åêôåëåßôáé áðü ôïí åðåîåñãáóôÞ åíüò

SoC.

• Áõôüìáôç ðáñáãùãÞ óõíèÝóéìùí ðåñéãñáöþí VHDL

• Ðáñï÷Þ åñãáëåßùí êáé ëïãéóìéêïý äéåðáöÞò ãéá ôçí åðéêïéíùíßá ôïõ SoC ìå Üëëåò øçöéáêÝò

ìïíÜäåò ð.÷. H/Y, Üëëåò ìïíÜäåò FPGA êôë.

• Áõôüìáôç ðáñáãùãÞ áñ÷åßùí script ãéá ôç äéåõêüëõíóç ÷ñÞóçò ôïõ êáôÜëëçëïõ ëïãéóìéêïý

ëïãéêÞò óýíèåóçò êáé öõóéêÞò ó÷åäßáóçò óå ìïíÜäá FPGA.

ÌÝóù ôïõ SysPy ãßíåôáé äéá÷åßñéóç êáé ÷ñÞóç ìßáò óåéñÜò Üëëùí åñãáëåßùí ðïõ áðáéôïýíôáé

ãéá ôçí ó÷åäßáóç åíüò SoC. ¼ëá ôá åñãáëåßá, üðùò áñ÷åßá script Tcl, áñ÷åßá êõìáôïìïñöþí VCD,
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ìåôáãëùôôéóôÝò ëïãéóìéêïý GCC ê.á. áðïôåëïýí åõñÝùò äéáäåäïìÝíá åñãáëåßá óôï ÷þñï ôçò øç-

öéáêÞò ó÷åäßáóçò. Ìå áõôüí ôïí ôñüðï ìÝóù ôïõ SysPy êÜíïõìå ÷ñÞóç ðñáêôéêþí êáé åñãáëåßùí

ó÷åäßáóçò ðïõ åßíáé áðïäåêôÜ áðü ôçí êïéíüôçôá ôùí ìç÷áíéêþí øçöéáêÞò ó÷åäßáóçò.

Ôá ðñùôïðïñéáêÜ ÷áñáêôçñéóôéêÜ ôïõ SysPy äïêéìÜóôçêáí åðßóçò êáé êáôÜ ôç ó÷åäßáóç ôùí

ðáñáäåéãìÜôùí SoC ðïõ ðáñáèÝóáìå. Ðéï óõãêåêñéìÝíá, ôá áêüëïõèá ðñùôïðïñéáêÜ ÷áñáêôçñéóôéêÜ

ôïõ SysPy ÷ñçóéìïðïéÞèçêáí óôç ó÷åäßáóç êÜèå SoC:

• SoC åðåîåñãáóßáò åéêüíùí

{ Áõôüìáôç ìåôáãëþôôéóç ëïãéóìéêïý C.

{ ×ñÞóç ìïíÜäùí õëéêïý óå ìïñöÞ netlist ãéá ðåñéãñáöÝò äïìÞò.

{ ×ñÞóç ìåèüäùí Python ãéá ôçí áõôüìáôç ðáñáìåôñïðïßçóç êáé óýíäåóç ìïíÜäùí õëéêïý

óå ðåñéãñáöÝò äïìÞò.

• SoC óôï÷áóôéêÞò ðñïóïìïßùóçò âéïëïãéêþí äéêôýùí

{ ×ñÞóç äéáýëïõ åðéêïéíùíßáò Ethernet ãéá ôçí åðéêïéíùíßá ôçò ìïíÜäáò FPGA ìå H/Y,

þóôå ç ìïíÜäá FPGA íá êáèßóôáôáé Ýíáò óõíåðåîåñãáóôÞò ðïõ êáôá÷ùñåß êáé äéáâÜæåé

äåäïìÝíá áðü êáé ðñïò ôïí Ç/Y.

{ ×ñÞóç ìåãÜëùí åîùôåñéêþí ìïíÜäùí ìíÞìçò ôýðïõ SDRAM åêôüò ôïõ FPGA ãéá ôçí

ãñÞãïñç êáôá÷þñçóç êáé áíÜêëçóç äåäïìÝíùí.

{ ×ñÞóç äåäïìÝíùí áðü åîùôåñéêÜ áñ÷åßá ð.÷. áñ÷åßá ãéá ôçí ðáñáìåôñïðïßçóç øçöéáêþí

ìïíÜäùí.

{ ×ñÞóç äéåðáöÞò Python/C (HAL: Hardware Abstraction Layer) ãéá ôçí åðéêïéíùíßá Ç/Y

êáé FPGA.

• SoC åðåîåñãáóßáò Þ÷ïõ

{ ÁíÜðôõîç åöáñìïãþí ëïãéóìéêïý ìå ÷ñÞóç åíóùìáôùìÝíïõ ëåéôïõñãéêïý óõóôÞìáôïò

Linux.

{ ÁíÜðôõîç ìç÷áíéóìïý ðñïóïìïßùóçò óå åðßðåäï ðåñéãñáöþí RTL áëëÜ êáé óå áëãïñéèìéêü

åðßðåäï ãéá ôïí ðñïóäéïñéóìü ôùí ðáñáìÝôñùí åíüò óõóôÞìáôïò ðñéí ôçí äéáäéêáóßá ó÷å-

äßáóçò.

{ Óõíðñïóïìïßùóç õëéêïý/ëïãéóìéêïý ìå ðáñÜëëçë ÷ñÞóç áëãïñéèìéêþí ðåñéãñáöþí (Matlab-

like) êáé ðåñéãñáöþí C ìáæß ìå ðåñéãñáöÝò õëéêïý RTL.
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{ Ðáñïõóßáóç ôùí áðïôåëåóìÜôùí ôçò ðñïóïìïßùóçò óå ìïñöÞ áñ÷åßùí VCD, óõìâáôÞ

êáé ìå Üëëá åñãáëåßá ðñïóïìïßùóçò (ð.÷. Modelsim).

Ìå óôü÷ï ôç âåëôßùóç ôïõ åñãáëåßïõ êáé ôç äéÜèåóç ôïõ óå Üëëïõò ÷ñÞóôåò, ðáñÝ÷ïõìå åëåýèåñá

üëïí ôïí êþäéêá Python ìáæß ìå ðáñáäåßãìáôá ó÷åäßáóçò [89] ìÝóù ôïõ GitHub ðïõ áðïôåëåß ôçí

ìåãáëýôåñç éóôïóåëßäá ðáñï÷Þò äùñåÜí ëïãéóìéêïý óôï äéáäßêôõï. ÌÝóù ôïõ GitHub ôï SysPy

Ý÷åé Þäç áíáöïñÝò óå Üëëá áíôßóôïé÷á åñãáëåßá ðïõ êÜíïõí ÷ñÞóç ôçò Python ãéá ó÷åäßáóç êáé

ðñïóïìïßùóç ìïíÜäùí õëéêïý, üðùò ôï PyMTL [58], [59] ðïõ áíáðôý÷èçêå óôï ðáíåðéóôÞìéï Cornell.

ÁíáöïñÜ óôï SysPy êáé óôéò ìåèüäïõò ðïõ ÷ñçóéìïðïéïýìáé ãßíåôáé êáé óå ìßá âåëôéùìÝíç Ýêäïóç ôïõ

åñãáëåßïõ MyHDL [54]. Åðßóçò êþäéêáò ôïõ SysPy ÷ñçóéìïðïéåßôáé óôïí åðåîåñãáóôÞ MinSoC [29]

(Ýêäïóç ôïõ OpenRISC ãéá ðëáôöüñìåò FPGA) ãéá ôçí áñ÷éêïðïßçóç ôçò ìíÞìçò ðñïãñÜììáôïò,

åíþ ç ïìÜäá ìáò õðÞñîå ç ðñþôç ðïõ õëïðïßçóå ôïí óõãêåêñéìÝíï åðåîåñãáóôÞ óå ìïíÜäá FPGA

Virtex-5. ×ñÞóç ôïõ SysPy ãßíåôáé åðßóçò êáé ãéá ôç ó÷åäßáóç ôïõ óõóôÞìáôïò Aura SoC [14].

1.5.2 Ðñïôåéíüìåíåò âåëôéþóåéò

Óýìöùíá ìå ôá áðïôåëÝóìáôá ôùí ôñéþí ðáñáäåéãìÜôùí ó÷åäßáóçò ðïõ ðáñïõóéÜóáìå, ìðïñïýìå íá

óõíïøßóïõìå óå ôñåéò âáóéêïýò Üîïíåò ôá ðåäßá óôá ïðïßá õðÜñ÷åé ðåñéèþñéï âåëôßùóçò üóïí áöïñÜ

ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ: á) ðñïóèÞêç íÝùí äõíáôïôÞôùí ó÷åäßáóçò êáé ðñïóïìïßùóçò åíüò

SoC, â) ðñïóèÞêç ðåñéóóüôåñùí Ýôïéìùí ìïíÜäùí ðñïò ÷ñÞóç óôéò âéâëéïèÞêåò ôïõ åñãáëåßïõ êáé

ã) õëïðïßçóç ðåñéóóüôåñùí ðáñáäåéãìÜôùí ó÷åäßáóçò ðïõ èá ëåéôïõñãÞóïõí êáé ùò êßíçôñï ãéá ôç

÷ñÞóç ôïõ åñãáëåßïõ áðü Üëëïõò ÷ñÞóôåò.

ÓçìáíôéêÞ ðñïóèÞêç èá Þôáí ç ðáñáãùãÞ êþäéêá VHDL êáé ç õðïóôÞñéîç åñãáëåßùí ó÷åäßáóçò

ASIC êáé ü÷é ìüíï åñãáëåßùí ó÷åäßáóçò ìå ìïíÜäåò FPGA. Ç ðñïóèÞêç ðåñéóóüôåñùí Ýôïéìùí

ìïíÜäùí, åéäéêÜ óå åðßðåäï ðåñéãñáöþí netlist êñßíåôáé áðáñáßôçôç, óôéò âéâëéïèÞêåò ôïõ SysPy,

áëëÜ êáé ç áíÜðôõîç ôùí ó÷åôéêþí ìåèüäùí Python ðïõ èá áñ÷éêïðïéïýí êáé èá óõíäÝïõí áõôüìáôá

ôéò íÝåò ìïíÜäåò óå ðåñéãñáöÝò äïìÞò. Èá ðñÝðåé åðßóçò íá åíóùìáôùèïýí ðåñéóóüôåñïé ðõñÞíåò

åðåîåñãáóôþí ïé ïðïßïé õðïóôçñßæïíôáé êáé óå ìïíÜäåò FPGA Üëëùí åôáéñåéþí, åêôüò ôçò åôáéñåßáò

Xilinx, üðùò ð.÷. ï ðõñÞíáò áíïé÷ôïý êþäéêá LatticeMico32 áðü ôçí åôáéñåßá êáôáóêåõÞò FPGA

Lattice. ÅðéèõìçôÞ êñßíåôáé ç õðïóôÞñéîç ëåéôïõñãéêïý óõóôÞìáôïò Linux óôïõò íÝïõò ðõñÞíåò

åðåîåñãáóôþí þóôå íá åßíáé åýêïëç ç õðïóôÞñéîç ðñïãñáììÜôùí ïäÞãçóçò ðåñéöåñåéáêþí ìïíÜäùí

ð.÷. åëåãêôþí ìíÞìçò ê.á. êáèþò êáé äéáöüñùí ðñùôïêüëëùí åðéêïéíùíßáò ð.÷. USB, Ethernet ê.á.

Áðáñáßôçôç åßíáé êáé ç äéÜèåóç ðåñéóóüôåñùí ðáñáäåéãìÜôùí ó÷åäßáóçò ìå ôç ÷ñÞóç ôïõ SysPy.

Åéäéêüôåñá ðáñáäåßãìáôá ó÷åäßáóçò ðïõ áðáéôïýí áñéèìçôéêÞ åðåîåñãáóßá äåäïìÝíùí, üðùò åðåîåñãá-
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óßá âßíôåï Þ åðåîåñãáóßá ðáêÝôùí óå äßêôõï äåäïìÝíùí, èá áíáäåßîïõí ôéò äõíáôüôçôåò ôïõ åñãáëåßïõ

óôç ó÷åäßáóç SoC ìå ÷ñÞóç ðõñÞíùí åðåîåñãáóôþí óå óõíäõáóìü ìå ôç óýíäåóç áñéèìçôéêþí

ìïíÜäùí ùò åðåîåñãáóôþí åéäéêïý óêïðïý.

ÌÝóù ôçò éóôïóåëßäáò ôïõ SysPy óôçí ðëáôöüñìá GitHub [89] ðáñÝ÷ïíôáé ðëçñïöïñßåò ãéá ôç

÷ñÞóç áëëÜ êáé ôçí åãêáôÜóôáóç ôïõ åñãáëåßïõ óå ðåñéâÜëëïí ëåéôïõñãéêïý óõóôÞìáôïò Linux.

Ðëçñïöïñßåò ãéá ôï SysPy õðÜñ÷ïõí êáé óôçí ó÷åôéêÞ éóôïóåëßäá ðïõ ðåñéãñÜöåé ôéò ëåéôïõñãßåò ôïõ

åñãáëåßïõ êáé ôçí ìåèïäïëïãßá áíÜðôõîçò ôïõ [88]. Óôü÷ïò ôçò äéÜèåóçò ôïõ SysPy ùò åñãáëåßï

áíïé÷ôïý ëïãéóìéêïý, åßíáé ç äéáñêÞò âåëôßùóç ôùí ÷áñáêôçñéóôéêþí ôïõ êáé ç ÷ñÞóç ôïõ áðü Ýíáí

áõîáíüìåíï áñéèìü ÷ñçóôþí ðïõ èá åêôéìÞóåé êáé èá áîéïðïéÞóåé ôéò äõíáôüôçôåò ðïõ ðáñÝ÷åé ãéá

ó÷åäßáóç åíüò SoC óå õøçëü åðßðåäï ðåñéãñáöÞò ìå ôç ÷ñÞóç ôçò Python.
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Chapter 1

Introduction

Modern Field Programmable Gate Array (FPGA) devices can host very complex digital

designs. Most of the implemented System on Chips (SoCs) incorporate at least one pro-

grammable microprocessor (uP) unit. The processor's Intellectual Property (IP) core is key

elements for the rapid prototyping of new digital systems, but on the other hand its usage

raises a lot of design challenges that have to be addressed in the design 
ow. In this chapter

we state the goals that we wanted to achieve by developing methods and tools for designing

processor-centric systems on chip implemented on FPGAs.

1.1 Goals and vision

The main goal of this dissertation was the development of methods and a design tool target-

ing the hardware/software co-design and veri�cation, using hight-level abstract descriptions,

of processor-centric SoCs implemented using FPGAs. For the needs of the research, we

evaluated Python's programming features and especially the combination of scripting ca-

pabilities in a Linux shell, combined with Object Oriented Programming (OOP) features.

These supported features could be used to:

• Implement high-level abstract models of blocks, e.g. arithmetic, memory and logic

blocks, connect them using structural Python descriptions and translate them auto-

matically to FPGA synthesizable Very high speed integrated circuit Hardware Descrip-

tion Language (VHDL), or use them to perform Register Transfer Level (RTL) bit-true
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simulation of a system. The integration of the SciPy library in Python provides a large

number of functions which can be used for modeling arithmetic blocks.

• Build a framework and a design tool that implements the end-to-end design 
ow of

a processor-centric system-on-chip, which invokes/calls other hardware and software

related tools, e.g. logic synthesizers, software compilers, simulation tools etc.

• Process the large number of text-based �les generated during a hardware design 
ow.

Information extracted from generated text �les is used many times as an input for the

next design step or can be transformed/parsed to a di�erent format.

While designing a complex digital system cannot be done automatically at a press of a

button, we envisioned a design tool that would integrate the majority of the tools needed

for an FPGA implementation of an embedded SoC. The �rst and most di�cult task was to

build the Python-to-VHDL parser. For this task we needed to de�ne our supported coding

style/syntax for the hardware descriptions in Python. The syntax should support a level of

abstraction but on the other hand support features that are used in well established HDL

languages, like VHDL and Verilog. A lexical analyzer also needed [31] to recognize and

track, in the user supplied Python descriptions, the supported syntax and parse these parts

of Python code that later on would be mapped and translated to synthesizable VHDL.

Python also provides the data structures to easily handle the large number of param-

eters/constraints required to design modular SoCs and to constrain the synthesis and im-

plementation process. Some of these parameters either should be de�ned directly in the

design �les, e.g. size of a data bus in bits, time resolution of a simulation testbench, or they

can be de�ned in text �les read/parsed by SysPy during translating a design to VHDL or

simulating a design, e.g. timing constraints, placement constraints during 
oorplanning in

the FPGA, list of �les to be synthesized etc. All these parameters could be stored e�ciently

using Python key/value hash table structures, called dictionaries. Using dictionaries it be-

comes easy to store and recall information using user-de�ned keywords. Dictionaries have

been used not only to store design constraints, but also to store information about a given

Python description design, e.g. all the I/O signal names and their properties, clock and reset

signal names, sequential block names etc.
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The use of a good lexical analysis tool, combined with Python's unique features to store

and manipulate text �les used within our project as a very solid programming environment

for scanning and manipulating textual data. Using these features we could create the nec-

essary Python - to - VHDL parser and also generate all the Tool Control Language (TCL)

scripts needed for an FPGA implementation by the synthesis tools. Python in our tool also

handles all the calls to external software tools, like the C compilers used to develop the soft-

ware executed by the processor. The existence also of a good Matlab-like tool, like SciPy,

embedded into the Python environment triggered our interest on building a simulation tool,

especially targeting arithmetic hardware blocks. Algorithmic descriptions could be used to

describe numerical operations in �xed or 
oating point format. In this way a processing

datapath (arithmetic blocks plus registers) controlled by a state machine could be easily

simulated in an abstract, but bit-true format, while the Python code of the arithmetic and

control blocks (FSM) could be later translated to synthesizable VHDL.

1.2 Contributions

The main contribution of this dissertation is to show that a modern programming language

like Python can be used to design, simulate and implement processor-centric embedded SoCs,

using high-level, abstract descriptions. This is very useful especially early in the design 
ow

when control and processing logic of a system must be partitioned among software and

hardware implementation. Our research work also shows convincingly that Python is a

good candidate language to handle the large number of design tools needed to capture and

implement a SoC in an FPGA device, in terms of hardware and software development. It also

demonstrates Python's capabilities to process text �les and string variables, which is very

useful for text conversion and parsing and for auto-generating code, e.g. VHDL, Tcl scripts,

XML. SysPy facilitates architectural exploration and simulation. Python functions and

objects are treated like digital modules during simulation, while SysPy provides the timing

mechanism needed to perform a bit-true and cycle-accurate simulation. After simulation,

Python descriptions are parsed to synthesizable VHDL code for FPGA implementation and

the tool also generates all the necessary scripts to drive and support the Xilinx FPGA

synthesis tools.
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To our knowledge only SysPy:

1. supports hw/sw co-design and the use of high-level software models in Python or C

along with RLT-like hardware descriptions also in Python for hw/sw co-simulation.

2. uses a popular software language like Python as an Architectural Description Language

(ADL) [68] to support abstract simulation of SoC designs and generation of Value

Change Dump (VCD) �les for top-level I/O signal visualization.

3. supports the use of parameterized Python functions to automatically generate synthe-

sizable VHDL code.

4. supports the design of processor-centric SoCs implemented in FPGA devices using

freely available processor cores, like Leon and OpenRISC.

5. integrates with FPGA implementation tools and supports generation of Tcl scripts for

the Xilinx design tools to ease the required design steps down to the generation of the

bitstream �les used for FPGA programming.

In this way we take advantage of Python's best features and deliver a design tool that can

be used to describe the architecture of a SoC in an abstract or algorithmic way, especially

when arithmetic operations are involved and also supports most of the steps required in an

FPGA design 
ow to implement the design in silicon.

1.3 Thesis outline

In the thesis we tried to describe in enough detail the innovative features of SysPy and

also provide design examples to motivate the reader about the usefulness of the tool. We

present three large processor-centric design examples along with experimental implementa-

tion/performance results. In all design examples that we implemented the FPGA board was

connected to a host PC using a serial or/and Ethernet interface, in order to exchange data

and provide processing results to the PC for further processing and analysis. The FPGA

board in this way was used as an attached data co-processor, where the PC provided data

pre-processing functionality, e.g. split data in di�erent �les or in di�erent network packets,

while the performance demanding processing tasks were accomplished by the FPGA device.

Evangelos Logaras 78



Using scripting languages for hardware/software co-design

The implementation of the design examples re
ects the evolution of SysPy during time.

The utilized processors for the examples are the freely available, through OpenCores [73],

8-bit soft core of the widely used AVR ATmega128 [76] and the popular 32-bit Leon3 soft IP

architecture [11] by Aero
ex Gaisler. The �rst design example is an image processing SoC

[60] built around the 8-bit AVR core. The second design is a high performance embedded

computing SoC used to accelerate stochastic simulations of large-scale biochemical reaction

networks for systems biology [61], [40], [41]. The third design is an audio signal processing

SoC implemented using the Leon3 core as the main system controller, where the software

executed by the processor is compiled along with a Linux Operating System (O/S) kernel

which handles e�ciently all the I/O and memory communication in the SoC. Test examples

were also performed using the OpenRISC 32-bit core [29] also provided by OpenCores.

The chapters of the thesis are organized as follows:

• Chapter 2 describes in detail Python main features and how they are utilized by popular

hardware and software related projects. A description is provided of the architecture

of modern FPGA devices and the way they favor processor-centric designs. Related

work of academic/research projects using Python for digital hardware design is also

presented along with the tool's contribution to embedded SoC design.

• Chapter 3 presents the design 
ow developed and also how the simulation features of

SysPy can be used for embedded SoC veri�cation, early in the design phase.

• Chapter 4 presents methods to describe digital logic in behavioral or structural format

in Python and how SysPy translates the description to FPGA synthesizable VHDL

code.

• Chapter 5 presents in detail how SysPy can be used to instantiate a processor soft core

in a design and also the way it supports software development 
ow for bare-metal and

O/S-centric applications.

• Chapters 6, 7 and 8 provide details and description of the implemented SoC design

cases. The architectural speci�cation of each design and the 
ow used to design and

verify the SoCs in SysPy are provided. The data processing algorithms ported in

hardware in each design are described as well as the process of sw/hw partitioning.
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Implementation results in terms of FPGA resources utilization and timing results are

provided.

Also for all the designs information is provided on the type of processed data, e.g.

image/audio data, biomolecular reactions XML-data. The host-PC interface used in

every design is also described as well as the procedure of exchanging data between the

FPGA board and the host PC. Chapter 8 also provides the results of an evaluation

method that we used to assess the usability of the features of our tool, where feedback

for the evaluation has been provided by users of SysPy.

• Chapter 9 presents the conclusions of SysPy's development and of the design of the

various examples used to showcase the features of the tool. A number of future im-

provements and enhancements is also suggested.

• Appendix A provides tables with the synthesis parameters that can be used in Python

descriptions along with compilation parameters for the supported Snapgear Linux ker-

nel. A short installation guide of SysPy under Debian Linux is also provided.

• Appendix B presents extended code examples used to demonstrate the various design

and veri�cation features of SysPy.
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Chapter 2

Background and related work

Choosing the correct programming language for the job at hand is not an easy task. In

our case the chosen language is used for developing a design tool but also for describing

hardware and software running in an embedded processor. In this chapter we elaborate on

these features that Python has and make it suitable for developing a digital hardware design

tool. A brief introduction to the architecture of modern FPGA devices is presented. We also

provide details about other hardware and software related projects where Python has been

used, so the reader can have a better understanding about the applications that Python can

be used for. Emphasis is placed on digital hardware related tools developed using Python,

especially related work from academic/research projects.

2.1 Importance of processor-centric Systems-on-Chip

Most of the complex SoC designs implemented nowadays using FPGAs are processor-centric,

where the uP is used as a gateway, implementing in software di�erent communication proto-

cols needed to exchange data with other logic devices on the same board or with a connected

PC/server. Software executed by the processor is also used to control and exchange data

with other custom blocks implemented in the FPGA fabric. Complex control and data pro-

cessing logic can now be easily partitioned between software and hardware inside the same

FPGA device.

The latest devices from FPGA vendors, such as the Virtex-7 device from Xilinx or the

Arria-V device from Altera, include fast embedded dual-core ARM processors which can
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communicate with the rest of the FPGA fabric using a very fast data and control bus. This

type of new devices are mentioned as programmable SoCs, where software executed in the

processor is tightly coupled with hardware-based processing and hardwired bus interface

protocols are used to exchange data and control signals between the processor and blocks

implemented in the FPGA fabric. The digital architecture adopted in the latest FPGA

devices introduces a block oriented way design 
ow of a SoC, where the designer connects

new peripheral devices to the processor, according to the data processing requirements of

the application. New designs can be e�ciently prototyped within a few days, while the

performance and power consumption of a SoC in an FPGA device can be now compared

with that of an ASIC implementation. Of course for mass IC production the ASIC device

remains the only option, especially in terms of cost reduction.

The more ready-to-use logic will be \squeezed" inside an FPGA chip, the more popular

and attractive these devices will become, not only to hardware but also to software develop-

ers, which seek ways to accelerate software algorithmic implementations. Applications such

as audio, image and network data processing have already been mapped into FPGA devices,

taking advantage of the large number of hardwired arithmetic blocks, used to perform par-

allel �xed/
oating point arithmetic operations. The key to success remains the e�ciency of

the hardware/software co-design tools to combine, connect and program all the necessary

digital blocks inside an FPGA.

2.1.1 New capabilities of modern FPGA devices

Programmable Logic Devices (PLD) is a family of digital Integrated Circuits (IC) that has

seen tremendous growth over the past decade. Silicon complexity has increased dramati-

cally, compared to the devices that were available a decade ago. A large number of available

resources is now available inside an FPGA, ranging from Con�gurable Logic Blocks (CLBs)

and Block RAMs (BRAMs) to arithmetic/multiplier blocks and hardwired embedded pro-

cessor cores. Large devices can now be used to replace several digital Application Speci�c

Integrated Circuits (ASIC), minimizing in this way the size of Printed Circuit Boards (PCBs).

Incorporation of processor cores, in the form of hardwired or processor soft IP cores,

brought a new era to logic recon�gurability using PLDs. FPGA design tools must now
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e�ciently handle processor IP cores and their software ecosystem as well as the integration

of the necessary glue logic around the processor. Also more complex design tools needed for

multiprocessor systems, where in many cases an O/S is needed to distribute the processing

tasks among the available processors.

One big challenge in latest devices is to e�ciently utilize a fast interface between an

implemented soft or hardwired processor core and units implemented on the FPGA fabric.

Devices utilizing hardwired ARM processor cores contain also hardwired implementations of

such interface blocks. In case of softcore processors, the designer is responsible for building

this interconnection interface block on the FPGA fabric. The design of such a block is a

challenging task since FIFO memories must be implemented to ensure that data can be

exchanged in a safe way between the two di�erent clock domains and also that the operation

of the faster domain is not stalled due to the data exchange with the slower domain.

FPGA

Processor
core

Custom BCustom A

UART

SDRAM

Ethernet

GPIO

interconnection
interface

available cells
on the FPGA

Figure 2.1: Interconnection interface between a processor core and various peripheral units

in the FPGA fabric.

Among the latest features of modern FPGA devices is the existence on the FPGA fabric

of complex arithmetic units, which can implement in hardware a number of arithmetic

operations ofter required during execution of signal processing algorithms. Synthesis tools
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automatically con�gure and connect the required number of arithmetic blocks to appropriate

CLBs. The arithmetic blocks are placed in columns inside the FPGA (just like BRAMs) and

a large number of blocks can be automatically cascaded to handle arithmetic operands of

large bit size. In this way the existence of a processor core in conjunction with the arithmetic

blocks in an FPGA design can easily outperform the processing power of traditional DSP

processors. The main drawback for a good implementation remains the ability of an engineer

to combine software and hardware design skills to implement a good and well timed digital

design for his/her application. A typical diagram of the blocks found in a modern FPGA

devices is presented in Figure 2.1.

The latest trend on FPGA design is to use devices where the main block is not anymore

the programmable logic fabric, but one or more hardwired processors. Fast hardwired em-

bedded dual-core ARM processors along with a large number of hardwired MULs, which

are included in the latest devices from FPGA vendors (e.g Xilinx's Virtex-7 and Zynq and

Altera's Arria-V) can be con�gured to perform several �xed and 
oating point operations

commonly used in DSP applications e.g. FIR/IIR �lters, FFT, CORDIC etc. Such kind

of devices are often called as All Programmable System-on-Chip (APSoC), since they fa-

vor software development in conjunction with the development of tightly coupled custom

hardware blocks to handle the process demanding parts of an algorithm.

2.2 Choosing Python for hardware design

Python [2] is a freely available, high-level, interpreted language developed by Guido van

Rossum. Python's standard library is extensive and well-documented, while code documen-

tation and reusability are core principles of the language. Python gives to the user rapid

development and 
exibility and can be combined with C/C++ which is the industry stan-

dard for fast algorithmic implementations. Python has become extremely popular in the

software community during the last decade mainly because of its clear syntax and of the

reduced time required to develop complex software. Python code with good and clear syn-

tax has close resemblance to the pseudocode, most of the times used to describe algorithms

before their development. Also C code can easily be called within a Python program, in

cases where access to C libraries is required. Python supports object oriented program-
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ming, where classes and objects can be used to encapsulate data and the related processing

functions/methods, required to process them, in the same programming structure.

Python is installed by default on all the major Linux distributions and in many cases it

is used as a replacement for shell scripting. Also a large number of ready-to-use libraries

exist for Python, targeting a wide range of programming applications. Some of the most

important freely available libraries are the following: i) NumPy and SciPy [62] are Matlab-

like libraries where Python is used for linear algebra and vector computations used in Digital

Signal Processing (DSP). ii)matplotlib [43] is a numerical plotting library, which can be easily

combined with SciPy. iii) Scrapy is a very useful tool in web programming for extracting

information and performing data mining on the web.

Keeping in mind the great programming features supported by Python and the popularity

of the language in the software community, we tried to support Python structures/syntax

across all design and simulation steps in our 
ow to describe the datapath of the SoC and

the related simulation models and avoid custom-de�ned syntax.

2.2.1 Python's features exploited for digital design

For describing digital systems, choosing the proper language to develop the tool was of great

importance. The special features that are required in a design 
ow targeting processor-centric

designs and hw/sw co-design are:

• Integrate under the same scripting environment all the required tools for hardware/-

software co-development and co-simulation.

• Support clear and powerful syntax that could be used to describe hardware digital

designs using Hardware Description Language (HDL) like syntax or in an abstract

way, using functions to auto-generate HDL code.

Most hardware design tools are based on scripting tools, such as Perl and Tcl [21]. Al-

though Perl is a powerful dynamic programming language, it is severely lacking in reusability.

Python's standard library is more 
exible and well-documented compared to Perl [30], while

code reusability is core principle of the language. Python is also rapidly gaining popularity

in scienti�c computing, where a lot of engineers already use SciPy for algorithmic coding.
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Python's high level structures can be used to support abstraction in building a SoC in a

block oriented way. In most cases custom peripherals are described in HDL and connected

to the main data and control bus of the processor. Moreover, they facilitate the description

of glue logic among these blocks. The processor acts as a gateway in the FPGA board and

advanced communication features are available if an O/S is running in the processor.

Since a processor IP core is a fairly complex block, Tcl scripts have to be used in synthesis

tools to import all the necessary design and constraint �les. Make�le scripts are also required

for compiling C software for the processors. Python's text processing features are used in

SysPy to generate and modify the required synthesis and compilation scripts. The scripts

are generated according to user input parameters de�ned at the top level module of his/her

Python description in SysPy. These parameters de�ne hardware related information, .e.g

FPGA device family, main clock frequency etc., and also software related information, e.g.

C �le names, O/S name and type etc. Python functions are also used to generate all the

text-based simulation �les containing the values of the VHDL signals during a simulation,

along with the related scripts used to start the simulation.

Figure 2.2 shows how we have used Python to handle the integration of ready-to-use

processor IP-core in a SoC design. FPGA synthesizable VHDL code is generated from

Python description for custom blocks along with data/control bus interface/glue logic. SysPy

generates Tcl scripts for each one of the supported processor IP cores, which executes along

with the FPGA synthesis tools in a command line, in order to incorporate the processor

subsystem in the design. The tool also compiles, using the GNU Compiler Collection (GCC)

[1] C tools, the processor's control software along with any existing O/S kernel. FPGA

bitstream �le along with the compiled software binary �les are generated, since SysPy makes

all the necessary external tool calls (synthesizer, compiler), and can be used for FPGA

implementation.

We have also developed methods to simulate the processor's software in a bit-true way

expressed in Python, along with the Python hardware descriptions of the connected periph-

eral blocks. VCD �les are generated in simulation mode that can be used to generate VHDL

signals' waveforms. In this way we use Python to handle the complete tool chain required

to verify/debug and implement a processor-centric SoC for an FPGA device.
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Figure 2.2: Generic processor-centric SoC diagram.

One important tool based on the NumPy Python library is Biopython [20], which is used

for biological computations. The tool is used to parse and process a large number of di�erent

�le types used in bioinformatics, containing biological related data. Scrapy [8] is another tool

that uses Python text processing features to create internet crawlers and extract information

from webpages. By using Scrapy web-based data mining and monitoring tools can be easily

created to process the huge amount of information found today on the internet. Pandas

[64] is a Python project that performs data statistical analysis. Pandas can be used along

with NumPy to perform data analysis and extract information from large data sets. Pandas

can easily parse data from a large number of di�erent �le types, e.g. HTML, Excel, SQL

etc. and store them in Python arrays and dictionaries for further processing. OpenStack

[83] is another great tool developed using Python that is used as a framework deployed on

top of an O/S to control and distribute large numbers of storage and computing elements

in a cloud computing environment. It is this data parsing and raw text processing features

of Python, used in Pandas, that software developers like most about the language and the

way Python can be used to unify di�erent programming and computing environments, as

utilized in OpenStack.
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2.3 Related work

2.3.1 Popular Python tools for hardware and embedded design

Python has been used for the development of commercial and widely used complex hard-

ware and especially software development tool projects, where the text manipulation and

generation features of the language are exercised in the best way. PyCells [22] are structures

written in Python resembling parameterized analog or digital cells for ASIC design. The tool

can be used for creating Universal OpenAccess PCells, which physically represents analog

circuits in a transistor level design. PyCell uses Python object-oriented features to de�ne the

geometry of complex analog physical designs with more compact and smaller descriptions,

compared to the SKILL language used in PCells. The PyCell architecture has already been

adopted by leading EDA companies, like Cadence and Synopsys. Python language has also

been used in the VIPER project [90] for the development of a programming environment

targeting embedded system application. Several microcontroller (uC) board are supported,

like the Arduino boards [12], [18], for developing internet and cloud based applications.

2.3.2 Comparison to other existing tools

While there is a large repository of tools targeting hardware design, most tools cannot facili-

tate the integration of both dedicated hardware components and programmable uPs coexist-

ing in the same processor-centric SoC. The inclusion of processor cores requires the usage of

software development tools, while special-purpose hardware components (accelerators etc.)

must exchange data with the processor using dedicated data and control buses.

Most FPGA synthesizers [94] or high-level design tools [87], [93] lack the ability to handle

the software and the hardware aspects of a design in a uni�ed manner. Processor cores are

handled by separated tool chains, while their connection and programming occurs during the

last design steps. FPGA vendor embedded processor tools, such as Embedded Development

Kit (EDK) by Xilinx, support processor-centric designs. EDK, however, handles hardware

and software as two parallel threads with no interaction between them and supports only

Xilinx proprietary processor cores, such as MicroBlaze and PowerPC.

The related hardware design e�orts found in academia are the following:
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PyHDL [39] is a tool for structural descriptions which tried to simplify system design with

the use of optimized hardware objects described in C++. PyHDL extends the functionality

of PAM-Blox [65] by creating a Python/C Application Programming Interface (API) so that

a designer can have access to the C++ libraries by using Python scripts. PAM-Blox has

been developed in times when the capacity of FPGA devices was very constrained, so it did

not �nd many practical uses.

PyMTL [58] is Python related tool targeting digital hardware design by unifying func-

tional, cycle-accurate and Register Transfer Level (RTL) hardware descriptions. PyMTL can

be used for behavioral and structural descriptions and also to verify the functionality of a

design. The tool also provides HDL generation features, by translating Python descriptions

to Verilog. PyMTL uses a Just-In-Time (JIT) compiler to convert Python testbenches to

C++ in order to signi�cantly accelerate simulation execution in Python. As we do in SysPy,

PyMTL takes advantage of Python clear syntax and popularity and also of ready-to-use nu-

merical libraries to create abstract models of hardware. The tool generates from abstract and

RTL-like descriptions ready-to-synthesized Verilog code, targeting hardware implementation,

but without optimizing the generated �les for ASIC or FPGA implementations. Emphasis

has been placed during the tool's development on accelerating the functional and RTL sim-

ulation by using the JIT tool. On the other hand the tool does not generate any �les, e.g.

Tcl scripts, folder hierarchy, to support implementation process by synthesis tools, as we

do in SysPy for FPGA implementation and also there is not support for hw/sw co-design

and processor-centric systems. Furthermore in the simulation models there is no support to

include timing and logic latency information, as we support in SysPy, where the generated

VCD �les include all the logic and timing information of a digital block, as described by the

user in Python.

PyGen [77] is an add-on tool for Matlab/Simulink for hardware design. PyGen maps

Simulink's hardware building blocks to Python classes. Simulink handles hardware DSP

blocks through System Generator [93], an add-on tool provided by Xilinx. A designer can

develop a structural description by instantiating objects from a Python library. PyGen

cannot be used to design custom logic, but provides a Python API that handles at a high-level

Xilinx proprietary cores. It can also be used to perform power and performance estimation

of a designed system.
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PHDL [63] uses Python to provide a higher abstraction level for hardware design. A

designer can structurally describe a system using components from a Python library supplied

with PHDL. Parameters' selection can alter the size of a module, e.g. the bus width or a

global parameter can control the synthesis process of a design, e.g. FPGA device selection.

While PHDL supports FPGA implementations, the tool's libraries provide access only to

basic RTL blocks e.g. registers, MUXs, adders etc.

Other tools use Python directly as an HDL to describe hardware. MyHDL [23], [71]

supports, as SysPy, the three basic design capture methods, i.e. behavioral, data
ow and

structural and it also has a behavioral simulation function, presenting text based simulation

results of a given design. MyHDL supports parsing Python descriptions to both VHDL and

Verilog. Unlike SysPy, MyHDL has no support using pre-designed HDL blocks, so all the

components of a system must be described in Python.

PDSDL [97] supports, as MyHDL, the translation of behavioral Python descriptions to

HDL. The tool also supports a simulation engine for behavioral descriptions. The supported

Python syntax for signal declaration and assignment is rather complex. Furthermore, the

authors do not provide su�cient design examples demonstrating the quality of the translated

HDL code.

In summary, all previously described e�orts try to use Python's high-level structures

to perform abstractions in hardware description. PyGen and PHDL map ready-to-use HDL

blocks and netlist �les to Python functions and classes. In this way a Python script resembles

a structural HDL description, where function and class arguments act as generic parameters.

MyHDL and PDSDL use Python as a high-level HDL and support structural and behavioral

descriptions. MyHDL is suitable for designing and debugging a system at the Python level,

but there is no provision for handling processor IP cores and complete SoC systems.

Although MyHDL never evolved to a commercial tool, the way it uses Python's data

structures to de�ne HDL-like digital hardware descriptions inspired us in the way we could

take advantage of Python's unique features in this work. In all Python related tools that

we found in the literature we identi�ed the following major weaknesses: a) lack of support

of processing-centric systems and hw/sw co-design 
ow and b) lack of ability to handle the

complete design 
ow of a digital system, starting from a high level description down to the

generation of a bitstream �le and FPGA programming.
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SysPy can also be compared with other SoC customization tools, like the Target IP De-

signer [32] from Synopsys. The tool can be used to specify the architecture of a custom

processor and also to provide code optimization for algorithms in software by the proces-

sor. While Target Compiler is a well tested commercial tool, it uses a vendor proprietary

language/syntax (nML) to describe a system's architecture and also it is not possible to

simulate/verify the design's datapath in the nML abstract description level, as it is the case

in SysPy. Introduction of a new language and style for hardware design was something that

we tried to avoid and on the other hand we wanted to stay consistent, from a high-level

point of view, to the typical design 
ow of a digital system. We used Python to express

the functionality of a SoC in an abstract way and connect all the required logic to build

a processor-centric system and also to automate the design and veri�cation steps in the

adopted 
ow. Python is also used to \glue" together typical hardware and software design

tools, e.g. RTL synthesizer, C compilers, Tcl scripting etc. to ease FPGA implementation

of a SoC.

2.3.2.1 Comparing veri�cation features of SysPy to SystemC

SystemC is an extension of the popular C++ object oriented language. The language stan-

dard [44] [9] provides a set of C++ classes and data types that support the development of

event-driven models and testbenches of digital systems.

We believe that with the addition of the event-driven mechanism in the simulation en-

vironment of SysPy, Python syntax can be really suitable to model and simulate a digital

system. Especially with the use of SciPy, arithmetic models and signal plots can easily be

used for system modeling and veri�cation. The supported syntax and format of simulation

models in SysPy allow a testbench to easily merge with already existing RTL-like descrip-

tions, something which is not easy in SystemC, since the language requires some e�ort to

merge a model along with RTL descriptions. Also the native SystemC environment does not

support generation of VCD �les for digital signal visualization. However tools supporting the

SystemC veri�cation environment, like irun [19] simulator from Cadence extend the features

of the language by supporting VCD data dumping.

In Figure 2.3 we summarize the main features and di�erences between the supported

modeling environment in SystemC and SysPy. Also the main advantages in system veri�ca-
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Figure 2.3: Comparison between SystemC and SysPy veri�cation features.

tion of SysPy are summarized in the following list:

• Integration into a single model of event-driven, RTL behavior along with abstract

algorithmic descriptions.

• Use of the Python integrated SciPy library to describe in Matlab-like style the behavior

of arithmetic blocks.

• Use of SciPy functions to plot arithmetic variable and signals during simulation.

• Automatic dumping in VCD format of digital signals for I/O signal visualization using

standard simulation tools, like ModelSim and GTKWave.

In Figure 2.3 it is shown that in order to interface a SystemC testbench with already

existing RTL code, an external HDL �le is required that de�nes the I/O signals of the

Unit Under Test (UUT). In SysPy we adopted a more integrated solution, since the I/O

is described within a testbench. Also a single class is enough to describe the abstract

models that de�ne digital behavior or even software sequences that will be executed by

a programmable processor. Also it is easy to merge the models' description with RTL-

like descriptions and express the functionality of a system in a bit-true and cycle-accurate

manner.
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Although SystemC is a well-de�ned and popular digital veri�cation methodology, we

believe that our approach is more uni�ed, since it provides, using a single testbench �le, more

options for system debugging and also a more clear syntax for expressing a system's behavior.

In addition our tool supports the silicon implementation of processor-centric systems using

FPGA devices and ease the use of synthesis and software development tools. As described

also in Section 3.3.2, in SysPy we support the feature of developing and co-simulating C code

that can be later on ported and executed by the programmable processor of the designed

system. So the high-level algorithmic descriptions in SciPy can be used to easily express and

verify the functionality of an algorithm, while the code can be easily ported to C code and

used in the silicon implementation.

2.3.3 SysPy's contribution to SoC FPGA design

In Table 2.1 a comparison of the Python related tools targeting digital hardware design is

presented. All of the tools support Python code translation to RTL code, but only SysPy

and PHDL support generation of FPGA synthesizable RTL code. Except from SysPy, only

MyHDL supports behavioral simulation of a designed system at the Python level, but no

Value Change Dump (VCD) �le generation is supported, which is the industry's standard

for storing simulation results. Except SysPy, none of the other tools support:

(a) processor-centric designs and related C compiler tools handling for software development.

(b) RTL code generation using parameterized Python functions.

(c) abstract simulation of a design by mapping hardware functionality to Python function

and classes.

(d) hw/sw co-design using high-level hardware descriptions along with software expressed

using C code

(e) simulation and generation of VCD �les for top-level I/O signal visualization.

(f) automatic generation of Tcl scripts for FPGA synthesis tools.

Automatic generation of FPGA synthesizable HDL code in SysPy, combined with high-

level simulation capabilities of the tool provides all the means for the veri�cation, description
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Support for

Tools

Python

to RTL
FPGA

synthesizable code
Behavioral
simulation

Hw/Sw

co-simulation
Processor-centric

design

Synthesis tools

integration References

PyHDL X - - - - - [39]

PHDL X X - - - - [63]

MyHDL X - X - - - [23]

PyMTL X X X - - - [58]

PDSDL X - - - - - [97]

SysPy X X X X X X [61]

Table 2.1: Python digital hardware related tools comparison.

and implementation in FPGA device of a SoC. With the approach that we used to develop

SysPy, most of the steps of a SoC FPGA design 
ow are supported. Combining RTL descrip-

tions with object oriented structures and arithmetic models gives the designer the ability to:

a) verify proper functionality of a hardware implemented algorithm and b) use complex data

form as simulation input e.g. audio/image �les, XML and Comma Separated Values (CSV)

�les. Taking into account the available simulation tools and the increasing complexity of

embedded systems (32-bit CPUs, arithmetic units, large data/program memories) high-level

simulation of a SoC is an innovative feature of SysPy and gives 
exibility to decide about

key features of a system early in the design phase.

By developing SysPy we tried to demonstrate how a popular language like Python, can be

used with an abundance of freely available packages, to describe a SoC system in a high level

of abstraction, verify it and deliver RTL FPGA synthesizable code. Python's key features

are also demonstrated through the way the language is used in SysPy:

(a) Easy to understand and read syntax by people that are not closely related to hardware

design e.g. software developers.

(b) Use of Python's core libraries (functions, classes, lists, dictionaries), and not any custom

tool-related code, so that it is easy for a Python programmer to understand and use the

supported design/veri�cation 
ow.

(c) Use of a good lexical analysis tool, combined with Python's unique features, to store
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and manipulate text �les, provides a very solid programming environment for scanning

and manipulate textual data.

(d) The existence also of a good and freely available Matlab-like tool, such as SciPy, embed-

ded into the Python environment, triggered our interest on building a simulation tool,

especially targeting arithmetic hardware blocks, so that the designer can quickly acquire

bit-true numerical results, using Python-level abstract model descriptions, that match

his/her design speci�cations.

In all design and simulation steps of our design 
ow we use Python structures/syntax,

and not any custom-de�ned syntax, to describe the datapath of the SoC and the related sim-

ulation models. All supported hardware description and simulation programming structures

are compatible with the basic coding style used by the majority of Python programmers. In

this way we tried to ease modeling and implementation of a processor-centric SoC even by

software programmers with limited experience in hardware design.
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Chapter 3

High-level design/veri�cation methods

The design and veri�cation 
ow we have developed is presented in this chapter. A detailed

description is given for all the veri�cation features targeting the simulation of a processor-

centric System-on-Chips. Details are also provided on how to build high-level algorithmic

simulation models, using the SciPy library and also on how generation of digital signal

and arithmetic plots are used for de�ning key parameters of a SoC. Using also external C

compiling tools, C functions can be developed and called, interchangeably with the SciPy

functions, to implement hw/sw co-simulation, where the developed C code can be used to

program the Leon3 processor during silicon implementation.

3.1 The design 
ow

Design 
ow of Figure 3.1 covers six major tasks related to the design of a processor-centric

SoC:

1. Functional simulation of Python code describing the behavior of the hardware blocks

and of the software executed by the processor in a cycle accurate manner.

2. Description (using Python or VHDL) of hardware components (modules) that are going

to be connected with a processor soft core.

3. Incorporation in a SoC design of ready-to-use components (Python, VHDL, netlist

format) and connection to a processor soft core.
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4. Automatic generation of scripts facilitating the software development 
ow for the pro-

cessor core, e.g. automated calls to C compiler tools, initialization of the processor's

program memory in BRAMs etc.

5. Generation and execution of scripts to automate the processes involved in a SoC's

design 
ow, e.g. Tcl scripts for FPGA synthesis tools etc.

6. Generation of meta-data XML description , compatible with the IP-XACT standard

[15] and VHDL testbench templates.

In SysPy, Python acts as the backbone of a set of tools for hardware description as well as

to incorporate other software tools. A normal design cycle starts by providing the simulation

models of the desired system and also the timing information, e.g. main clock frequency,

duration of the simulation, input data etc. The hardware description can have an HDL-

like syntax or a more abstract algorithmic-style syntax. The �rst syntax style can later be

translated automatically to synthesizable VHDL code, while the later one cannot be directly

translated to VHDL, but can help a designer to easily verify the functionality of a SoC.

Python classes can be used to simulate software modules of a system. The timing mechanism

can then be used to provide timing information for a software or hardware component,

treating in this way such a component as combinational logic that needs a speci�ed execution

time to provide results on its outputs. Placing registers among the blocks of combinational

logic forms a pipelined synchronous datapath design, which is controlled either by software

running on the processor or by hardware implemented Finite State Machines (FSM). All

simulation tasks in Figure 3.1 are highlighted using arrows in gray color, while for hw/sw

design tasks black color arrows are used.

The supported level of abstraction during simulation, combined with the provision of

cycle-accurate digital waveform results, gives the ability to the designer to make decisions

for critical parameters of the system early in the design phase. Synchronization and timing

problems, especially found on the boundary of the processor/custom hardware interface,

can be observed during simulation, using Python modules to model software and hardware

blocks. Python can also be used to e�ciently parse almost any kind of data format and use

them as input to the simulation. In this way music, image or raw text ASCII �les can be

stored in Python arrays and processed during simulation.
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Figure 3.1: Processor-centric SoC design 
ow using SysPy.

All Python described hardware blocks used during simulation, e.g. combinational logic,

FSMs, arithmetic blocks etc. can be directly translated to synthesizable VHDL. The Python

abstract algorithmic-style hardware models, e.g. a complex arithmetic algorithm, must be

manually ported by the user either to a Python HDL or directly to a VHDL description.

Other components from a commercial library, such as Xilinx's Unisim [47] or CoreLib [53],

can also be used along with components in pre-synthesized netlist format. All the ready-to-

use blocks are supported in SysPy's libraries. The Python described processor software must

be ported to a C description before it could be executed. However, SysPy makes a call to

C compiler tools to automatically compile the software and generate the binary executable

�les for the processor.

Hardware synthesis tools require a number of scripts to automate the required steps

needed to convert an RTL HDL description to a placed and routed design on an FPGA

device. Scripts are needed to combine the large number of design �les with the required
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timing and placement constraints �les. A set of constraints is required especially for designs

which implement ready-to-use blocks, like the processor core, where its implementation must

meet several timing constraints. Interface of the processor with communication and memory

related IC controllers on the FPGA board, e.g. SDRAM, Ethernet, USB et.c, requires the

de�nition of a number of timing and placement constraints, otherwise it is not possible

to achieve the required processing and communication performance. A set of constraints

already exists for the supported processors in SysPy and according to the design �les, the

tool automatically includes the required script �les and executes in command line all the

synthesis and implementation steps using Xilinx's tools.

3.2 Hw/sw co-simulation features

SysPy can be used as an Architectural Description Language (ADL) [68] to verify the func-

tionality of a digital system using abstract algorithmic descriptions. This is very useful in

cases where a designer has to apply hw/sw partitioning and decide whether software imple-

mentation is su�cient for an algorithm or its function has to be mapped to dedicated hard-

ware blocks. SysPy supports simulation models using combinational and sequential module

descriptions, expressed in Python. The supported Python syntax for simulation is the same

as the one used for RTL Python descriptions automatically translated by the tool to VHDL

(see Chapter 4). The most challenging feature that we implemented in SysPy's simulation

mechanism is the ability to simulate, along with the HDL-like descriptions, Python code

that describes in an abstract algorithmic way hardware blocks that are not yet implemented

at the RTL level.

The developed simulation mechanism can:

• simulate models of complex logic blocks, e.g. arithmetic units, communication con-

trollers etc., for which there is no available RTL description

• support development of processor software directly in C and execute it in Python to

prove its functionality in a system-level simulation

• simulate HDL-like Python RTL descriptions, e.g. logic gates, MUXs, state machines

etc.
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• save simulation results in VCD format and visualize them using already available sim-

ulation software, e.g. ModelSim, GTKWave etc.

By combining RTL and abstract algorithmic model descriptions, all blocks of a system can

be easily combined, while the models correspond to either hardware or software functionality.

Especially for modeling complex arithmetic operations, the SciPy library can be used through

SysPy. Ready-to-use arithmetic functions are available to simulate a numerical algorithm,

where the results can be further processed and stored by already described RTL blocks.

The arithmetic operation accuracy, in terms of the number of representation bits used in a

system, can be easily explored, since the results are bit accurate. The timing performance

and synchronization of a system can also be explored since the simulation results are also

cycle-accurate. The combination of asynchronous and synchronous signals can be simulated

along with the impact of delays introduced by combinational logic.

The VCD stored output data represent cycle and bit-accurate results. Inputs and outputs

of abstractly de�ned digital blocks can be synchronized/registered using the developed SysPy

timing mechanism and in this way simulate a digital pipelined datapath. The complexity of

not yet de�ned blocks is \hidden" inside Python classes which provide functions to control

the models' functionality. Functions are used within classes to:

• Provide input data to a model

• Store processed data in arrays, �les etc.

• Visualize processed data signals
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Figure 3.2: (a) SoC simulation 
ow, (b) Simulation models - RTL descriptions interface.

In Figure 3.2a the 
ow for using a simulation testbench to verify the functionality of SoC

is presented. A mixed system description is provided in the top-level testbench, including

RTL descriptions combined with simulation models along with any related data �les need to

be processed during simulation. The models can describe in an abstract/algorithmic level

either software or hardware functionality. Especially for Python algorithmic models that

will be later on mapped to software functionality running in a programmable processor,

SysPy supports the feature of executing software algorithms expressed in C within a Python

testbench. In this way Python objects or C software functions can be called interchangeably

to simulate software algorithms, while during implementation steps, the C code can, in an
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e�ortless way, be compiled and used directly to program the processor of the system. More

information about developing, simulating and debugging C code in SysPy can be found in

Section 3.3.2.

Timing information is added to the testbench in the form of clock signal de�nition and

simulation step and stop time. Simulation results can be: a) text log �les containing either

information about the simulated calculations, or about the value of each I/O and internal

signal during simulation, b) plots, using SciPy, of numerical results and c) VCD �les where

all the I/O signals' activity has been dumped during simulation. The feature of reporting

numerical results in a text or plot format is very useful, since digital binary or hex values

can be converted to corresponding �xed or 
oating-point format, where the accuracy of

numerical calculations can be accessed.

In Figure 3.2b the interface in Python testbench between the abstract models and HDL-

like RTL descriptions is shown. The models are provided by the user in the form of a class,

containing functions that control processing of data objects by the model. In the Figure a

typical diagram of a class named simClass is presented that contains functions for: initial-

izing (init()) the class object, processing and plotting the available data (dataProcess()

and dataPlot()) and for signaling the end of a processing cycle (dataReady()). Data struc-

tures are also included in the class, like the name of a �le to be processed (dataFileIO) and

an array that is used to store intermediate processing results (dataArray[]). The testbench

timing information is provided by SysPy's behSim library, where functions included for: con-

trolling timing of sequential elements (simRisingEdge()), reporting/logging the simulation

time simTime()) and stopping the simulation at a desired time (endSimulation()). The

pattern of a clock signal (frequency, duty cycle) can be de�ne using a provided by the library

list (clockSignalList). The required RTL logic can be described by using elements from

SysPy's toVHDL() library.

3.3 Software simulation in a high-level veri�cation model

To support the role of SysPy as hw/sw co-veri�cation environment, we provide the tools to

support: a) development of bit-true and cycle-accurate algorithmic models in SciPy compat-

ible syntax, integrated with other digital hardware models and b) co-simulation of hardware
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models along with C software routines, that later on are compiled by SysPy and used to be

executed by the embedded processor of a system. In the following two subsections these two

innovative features of our tool are described and analyzed.

3.3.1 SciPy for algorithmic software development

An example of a testbench for a SoC design and the generated simulation results are pre-

sented in this section to provide an understanding of SysPy's veri�cation capabilities. The

system accepts data in the form of a text �le and tries to perform a linear regression to calcu-

late the linear equation that �ts better the data. The system can be divided into three main

functional blocks: a) the arithmetic co-processor that implements the regression algorithm,

b) parsing of the text data �le and storing the numerical values to a dedicated memory and

c) data I/O to and from the arithmetic co-processor. A state machine described in Python

is implemented in hardware, while parsing the data �le can be easily handled in software.

The arithmetic block is better to be fully implemented in hardware, so that the regression

algorithm will be executed as fast as possible. A schematic of the SoC is presented in Figure

3.3.

FSM
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input clock
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Figure 3.3: Top-level schematic of the linear regression SoC testbench example.
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According to this partition we developed the testbench of the system in SysPy, where: a)

the arithmetic co-processor is described in an algorithmic way using functions from SciPy's

libraries, b) parsing of the data �le is done using Python's core library functions and c) the

state machine is expressed using Python RTL description supported in SysPy. The main

clock input of the system is 100MHz, but a clock divider is used to reduce the frequency to

25MHz. The state machine exchanges data with the arithmetic block in an asynchronous

way. A data vector with a prede�ned number of elements is transmitted from the FSM

to the regression block, where the parameters of the linear equation �tting the data are

calculated. The FSM is the controller of the process and signals the beginning and the end

of the calculation procedure. The Python top-level module in SysPy is the wrapper of the

testbench and handles all the �le I/O activities. The calculated parameters of the linear

equation are stored in a text �le, while the slope and the intercept parameters of the

equation are also presented as registered output values of the system.

The I/O interface of the SoC is presented in Code Example 3.1. Using associative arrays

data structures in Python, called dictionaries, every signal or variable within a hardware

RTL description can be fully characterized by specifying its name, size, type, direction and

possible initialization value. A signal's dictionary, e.g. i sigs0 (line 12), de�nes using the

related dictionary keys, concisely a group of signals of the same direction (`D': input), type

(`T': binary) and size in bits (`L': 1-bit). In this example two internal signals are used as

data counter (dataCounter) and as counter for the clock divider (divCounter). An internal

signal is also used to store the states of the FSM. Extra keys are used to de�ne parameters

of the I/O signals of a testbench.The main clock sequence is generated using a for loop (line

4) and then assigned as initialization value to the clock input (line 20). The start input is

used to trigger the processing procedure, after applying the global reset signal. The delay for

output signals, modeling the delay of a combinational logic path, can be de�ned using the

\del" key. An 11ns delay is used for the slope and the intercept output signals (line 16).

These output signals are also registered using a control signal coming from the FSM a control

signal of the arithmetic block. Input signal value sequences can be de�ned using the `V' key,

using pairs of time and assigned value. In this way the rst signal is applied for 5ns (line

19), while the clock sequence with the desired frequency is assigned to the clock input (line

20). Using this set of �ve dictionary keys supported in SysPy (`N':Name, `D': Direction, `T':
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Type, `L': Length, `del': delay and `V': Value) a signal can be fully characterized in terms

of RTL description and simulation.

The description of the state machine is provided in Code Examples 3.2 and 3.3. The

required SysPy libraries, behSim and toVHDL are imported along with the user-provided

linearRegressionSimFunctions class of the simulation models used in this testbench (lines

1-4). A process is de�ned in (line 6) as a Python function, sensitive to the main system reset

and clock signals. All the related counters, state machine and output signals get a reset

value after the asynchronous rst signals has been triggered. Parameters of the simulation

model are also initialized during system reset. The name of the data �le to be processed is

de�ned and also the �xed-point notation that is used for the signals (lines 19-20). A state

machine is triggered by a rising edged of the main system clock (line 26). Data processing

is enabled using the start signal (line 27) and when the signal divCounter has a value of

three (line 30). This counter implements the clock divider to generate the required 25MHz

clock. In state 1 (line 38) data elements are transmitted to the regression core, while the

state machine is reading an internal counter of the model (line 42) to identify the number

of data elements already transmitted. After ten elements have been transmitted the state

machine moves to state 2, in Code Example 3.3, where the regression algorithm is executed.

In state 3 the slope result (line 12) of the linear equation is presented on the related output

signal. In state 4 the intercept result (line 17) is assigned to the output and also a plot of

the linear curve �t and a �le containing the regression's results are generated (line 23).

The class model ( linearRegressionSimFunctions) of the linear regression arithmetic

block is provided in Code Examples B.1, B.2 and B.3.

Using this testbench we were able to check the accuracy of the regression algorithm, by

applying di�erent �xed-point accuracy notation for the operands. The standard error of the

linear �t was used as a criterion to choose the proper notation for the operands. In Figure 3.4

�t plots are presented using di�erent �xed-point notations. Three �tting lines are presented

using SciPy 
oating point calculations, converting the operand to 8-bit �xed-point numbers

using an fp(4.4) notation and also using an fp(5.3) notation. It is clear from the plot that

the results are better when we used 4-bits for the decimal part of the �xed-point numbers.

The arithmetic results for each line �t are the following:

• SciPy �t - slope: 1.0147, interception: 1.3643, error: 0.9681
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Code Example 3.1: I/O interface of the SoC performing the linear regression algo-

rithm.

1# Create a 100MHz c l o ck sequence f o r 15us , 50% duty cy c l e

2 c l k s e q = [ ]

3 c l k = 0

4 for i in range (0 , 15000 , 1 0 ) :

5 c l k = not c l k

6 i f ( c l k == True ) :

7 c l k s e q . append ( [ s t r ( i ) , ' 1 ' ] )

8 else :

9 c l k s e q . append ( [ s t r ( i ) , ' 0 ' ] )

10

11# I/O and i n t e r na l s i g n a l d e c l a ra t i on

12 i s i g s 0 = { 'D ' : ' i ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " r s t " , " c l k " , " s t a r t " , " c lkDiv " ]}

13 o s i g s 0 = { 'D ' : ' i n t r ' , ' d e l ' : 12 , 'T ' : ' b ' , 'L ' : [ 0 , 5 ] , 'N ' : [ " s t a t e " , "dataCounter " ,

14 "divCounter " ]}

15 o s i g s 1 = { 'D ' : ' o ' , ' d e l ' : 0 , 'T ' : ' b ' , 'L ' : [ 0 , 7 ] , 'N ' : [ " s l ope d " , " i n t e r c ep t d " ]}

16 i n t r s i g s 0 = { 'D ' : ' i n t r ' , ' d e l ' : 11 , 'T ' : ' b ' , 'L ' : [ 0 , 7 ] , 'N ' : [ " s l ope " , " i n t e r c e p t " ]}

17

18# Define va lue s f o r the t e s t b ench input s i g n a l s

19 s im s i g s 0 = { 'D ' : ' sim ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : " r s t " , 'V ' : [ [ ' 0 ' , ' 1 ' ] , [ ' 5 ' , ' 0 ' ] ] }

20 s im s i g s 1 = { 'D ' : ' sim ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : " c l k " , 'V ' : c l k s e q }

21 s im s i g s 2 = { 'D ' : ' sim ' , 'T ' : ' b ' , 'L ' : [ 0 , 7 ] , 'N ' : [ " s l ope " , " i n t e r c e p t " ]}
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Code Example 3.2: FSM description for controlling the linear regression arithmetic

block (part 1).

1 import SysPy setup

2 import toVHDL

3 import funcs . behSim

4 from l i nearRegre s s i onS imFunct ions import ∗

5

6 def proc 1 ( c l k ) :

7 # Signa l ' s r e s e t

8 i f ( r s t == 1 ) :

9 s t a t e = 0

10 dataCounter = 0

11 divClk = 0

12 divCounter = 0

13 s l ope = 0

14 i n t e r c e p t = 0

15 s l ope d = 0

16 i n t e r c e p t d = 0

17

18 # Define the data f i l ename and fp nota t ion

19 SimObj . dataFileName = " d a t a f i l e . txt "

20 SimObj . fpNotat ion = " 5 .3 "

21

22 # I n i t i a l i z e the r e g r e s s i on ar i t hme t i c model

23 SimObj . i n i t ( )

24

25 # Sta te machine d e s c r i p t i on

26 i f ( funcs . beh s im . r i s i n g e d g e ( " c l k " ) == True ) :

27 i f ( s t a r t == 1 ) :

28

29 # Clock d i v i d e r counter (100MHz / 4 = 25MHz)

30 i f ( divCounter == 3 ) :

31 divCounter = 0

32

33 divClk = not divClk

34

35 i f ( s t a t e == 0 ) :

36 s t a t e = 1

37

38 e l i f ( s t a t e == 1 ) :

39

40 # Write data to the model

41 SimObj . writeData ( )

42 dataCounter = SimObj . dataCounter
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Code Example 3.3: FSM description for controlling the linear regression arithmetic

block (part 2).

1 # Provide a vec tor with 10 data e lements

2 i f ( SimObj . dataCounter == 10 ) :

3 s t a t e = 2

4 else :

5 s t a t e = 1

6

7 e l i f ( s t a t e == 2 ) :

8 # After l oad ing the data s t a r t the r e g r e s s i on a lgor i thm

9 SimObj . s t a r tReg r e s s i on ( )

10 s t a t e = 3

11

12 e l i f ( s t a t e == 3 ) :

13 # Slope output ready

14 s l ope = SimObj . r e turnS lope ( )

15 s t a t e = 4

16

17 e l i f ( s t a t e == 4 ) :

18 # In t e r c ep t output ready

19 i n t e r c e p t = SimObj . r e t u rn In t e r c ep t ( )

20 s t a t e = 4

21

22 # Plot the f i t t e d l i n e over the data

23 SimObj . p l o tReg r e s s i onRe su l t s ( )

24

25 # Terminate the s imu la t ion

26 funcs . beh s im . endSimulat ion ( )

27

28 else :

29 divCounter = divCounter + 1
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• fp(4.4) - slope: 1.0, interception: 1.375, error: 0.9706

• fp(5.3) - slope: 1.0, interception: 1.0, error: 1.0604
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notation: fp(5.3)

Figure 3.4: Linear regression �t plots using di�erent �xed-point notations.

3.3.2 Using C tools in Python for hw/sw co-simulation

One of the reasons that we chose Python for the development of SysPy, except the language's

clear syntax and powerful text processing features, is that Python scripts can be easily

combined with and call C/C++ functions. Developing and using C code within a Python

testbench in SysPy, provides a great advantage in terms of hw/sw co-simulation, since the

software can be directly used to program a processor in silicon. To the best of our knowledge,

SysPy is the only high-level digital veri�cation tool that combines in the same simulation

model: a) software algorithmic development using Matlbab-like syntax (in SciPy) and b) C

functions that interact with the rest of the Python testbench (accept input arguments and

return data results) and simulate algorithms which with a minimal e�ort can be later on

mapped and executed by the embedded processor.
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RTL sequential logic

C implementation

SciPy

SciPy
algorithm

SciPy algorithm
import swig,scipy
def proc0(clk):

if (rising_edge(clk):
data_buf = data_in
if (control == '1'):

data_out = simObj.scipyFunc(data_buf)
elif (control == '0'):

data_out = swig.CFunc(data_buf)

.
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Figure 3.5: Simulation 
ow in SysPy using RTL and algorithmic models.

Our goal is to use in a testbench, either Python, SciPy compatible, or C code in a trans-

parent way to express algorithmic behavior. The suggested simulation 
ow, starting from a

high level description in Python, would use SciPy syntax to quickly express software func-

tionality, as in Code Examples B.1, B.2 and B.3, and interface with hardware descriptions in

Python. For the software descriptions in SciPy to be useful and support hw/sw co-simulation

in SysPy, we also provide the mechanism for expressing the software algorithms in C and

call these C functions within the Python testbench.

A detailed 
ow of the C functions supported feature is presented in Figure 3.5. In the

presented code example control signal select the execution of the proper function that han-

dles processing of data contained in the data buf signal. If control='0' then the SciPy

implemented function is called, while if control='1' the C implemented function is called.

Both function may accept as arguments digital I/O or internal signals (data buf), de�ned

in the top-level testbench using SysPy supported format (as shown in Code Example B.1)

and also return data in compatible format to other testbench variables (data out). The

Simpli�ed Wrapper and Interface Generator (SWIG) [86] is used within SysPy, to automati-

cally compile the C code, using GCC compiler in Linux and to generate the Python interface
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function (import swig). A detailed example is provided in Code Example 8.1, on the way a

SciPy function or a C function can be used interchangeably �rst to simulate and algorithm in

Python and then to develop and co-simulate the application software in C. The interface also

of the C function (input arguments and return variables) can be the same as the simulation

models in SciPy, so it can be exchanged in place in the Python testbench with a minimal

e�ort.

In Figure 3.5, a typical testbench i) describes, using HDL-like syntax, the main elements

of a pipelined datapath. ii) Python code in SciPy is used to describe in an algorithmic

way functionality of hardware blocks not yet de�ned in HDL. iii) The same functionality

can be expressed using C code, in case the required SoC functions need to be ported to

software executed by a processor core. iv) Signals plots are generated during simulation in

SciPy to observe signals behavior and also SysPy generates VCD �les to represent in binary

format the systems I/O signals. We tried to promote the concept how a scripting language

can be used to combine the algorithmic description features of SciPy, with the embedded

software development features of C. Calling di�erent functions within the Python testbench

the user can: a) easily simulate the expected algorithmic behavior, using SciPy syntax,

where the results are synchronized (datapath) with sequential logic and b) also simulate

most algorithmic parts of the C implementation (using the SWIG Python/C interface and

GCC in Linux) of his/her algorithm in case a software implementation is decided. In this way

decisions about the timing performance can be made early before RTL implementation, while

the software developers can also test and debug their embedded C code in a cycle-accurate

high-level testbench, along with hardware behavior expressed in Python.

3.4 I/O signal visualization

Timing results of the SoC can be observed using the digital waveforms dumped in the

automatically generated VCD �le and visualized using the GTKWave [38] digital waveform

viewer. Other simulation tools like ModelSim [66] can also be used to visualize the content

of VCD �les.

Using the provided clock signal information and also the assigned delays to speci�c output

and internal signals, the timing concept of a SoC can be captured in the top-level Python
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description. Accurate timing simulation models can be acquired only when the physical

design of a system has been accomplished, but during the initial design or speci�cation

steps it is very important to have description models where the timing information can be

expressed.

In Figure 3.6 the main 100MHz (clk) and the divided 25MHz signal (clkDiv) are pre-

sented. Two data values are transmitted to the regression module at the rising edge of the

divided clock and the value of the dataCounter is provided in the waveform along with the

state information of the FSM. New values are assigned to the slope and intercept output

after an 11ns delay during state 2, while the results are bu�ered to the SoC's output during

state 3 and 4.

11ns delay latched output

Figure 3.6: Digital I/O signal waveforms of the linear regression SoC.

The testbench format supported in SysPy provides all the required parameters that need

to be explored from the designer. Simulation results can be taken into account to de�ne

the system's clocking frequency, the arithmetic calculation accuracy, the design of the state

machine and also the architecture of the arithmetic block. If a higher clocking frequency

is required then pipelining must be applied to the computational stages of the arithmetic

block, which is considered as a combinational path with a �xed delay in our simulation. The

Python environment also gives great 
exibility in the way to de�ne values patterns for the

input signals, like the way the for loop was used in Code Example 3.1 (line 4). In this way

the Design Under Test (DUT) is considered as a black box, where input data patterns are

applied to it and arithmetic and digital plots are generated to assess the computational and

timing accuracy of a system.
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Chapter 4

RTL descriptions using SysPy

In this chapter we discuss the HDL generation features of SysPy and the features provided

to ease the description of processor-centric systems. Behavioral and structural descriptions

are supported to de�ne interface and glue logic around an instantiated processor core. Use

of Python functions to automatically instantiate hardware modules ease system integration

activities and support the use of a more compact structural description coding style. Au-

tomatic generation also of VHDL testbenches and XML-based IP-XACT models for every

module in a design support code re-use of RTL descriptions among a complete set of tools

developed by di�erent vendors, targeting digital design and veri�cation.

4.1 Python to HDL translator

The translation mechanism of Python descriptions to VHDL is the basis of the SysPy design

environment. It was very important right from the beginning to specify the subset of the

Python data and control structures that we would use to describe a digital system a) in an

HDL-like way especially for combinational glue and sequential control logic and also b) in an

abstract way for parameterizing and instantiating ready-to-use blocks, e.g. processor blocks

and also use Python algorithmic descriptions to auto-generate HDL code for arithmetic

blocks. Except from describing or instantiating digital blocks, a way to de�ne the I/O

interface and block related parameters, e.g. size of a bus, was also required.

A lexical analyzer [28] is used to track the structures in the Python code that describe a

digital system. Process structures with sensitivity lists are supported in behavioral descrip-
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tions, targeting the design of sequential circuits, e.g. Finite State Machine (FSM). All the

basic arithmetic and logical operations for binary, integer and array operands are supported.

It is also very important that user-de�ned Python components can be incorporated into the

same SoC design along with pre-existing user-de�ned or 3rd party components that can be

expressed in VHDL or in pre-synthesized netlists format. With the usage of Python dictio-

naries every signal or variable can be fully characterized by specifying its name, size, type,

direction and possible initialization value. Every signal, variable, or attribute is checked

against its declaration and the appropriate error messages are asserted as needed. Dic-

tionaries in Python are lists indexed by keys and they can be seen as associative arrays.

Dictionaries can be very useful in storing design or signal parameters, thus creating easy-to-

read hardware descriptions.

4.1.1 Behavioral descriptions

SysPy supports behavioral, data
ow and structural descriptions of hardware modules in

Python. In behavioral description, process structures with sensitivity lists are supported

targeting the design of sequential circuits (FSMs). Arrays of binary or integer signals are

modeled as RAM memories, implemented with Blocks RAMs (BRAMs) on FPGAs. Full

functional BRAMs can be used separately to form larger memory systems. All signals

and variables are declared as Python dictionary structures, while processes and port map

assignments are declared using function statements.

In Code Example 4.1 a typical FSM description in SysPy is provided. A set of dictionaries

is used to de�ne the desired design attributes, generic parameters and signals. In this

example, four elements are included in the attributes dictionary (lines 29-30): The sign

element is used to specify that the design will handle signed signals. The FSM STYLE and

the MULT STYLE elements are attributes related to the Xilinx Synthesis Technology (XST)

tools. The former speci�es the implementation style of FSMs (to be based on lookup tables)

while the latter speci�es whether DSP48 [49] blocks (Virtex family) or block multipliers

(Spartan-3 family) will be used for the multiplication operations. The FPGA DEV element

indicates the targeted FPGA family and is used for the correct instantiation of components

that are FPGA family (line 30) dependent, e.g. CoreLib netlists, BRAMs etc. A signal's
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dictionary, e.g. iosigs0, de�nes concisely a group of signals of the same direction (D), type

(T) and size in bits (L). The bit size of signals may depend on a generic parameter (n in this

example). All signal names are provided after the N declaration and signals can be initialized

to a speci�c value using the V declaration. For example, iosigs1 de�nes an output signal

of type binary and length n named PORTA that is represented as binary array with elements

indexed (n-1) downto 0.

The state machine is described with one process block (line 5), which has the reset and the

state transition logic. The value of the buf signal is de�ned in every state according to the

value of the ctl control signal. Combinational assignments are handled outside the process,

which is driven by a gated clock signal. Clock gating is controlled by the \clkCtl" signal

(line 25) and the output results is presented in the \PORTA" signal, using a combinational

assignments (line 26). The \toVHDL()" function is called at the end (line 45) to generate

the VHDL design �les. The function accepts as arguments the name of the top-level design

description �le and the dictionaries of all the I/O and internal signals, as well as the generics

and the attributes dictionaries.

4.1.2 Structural descriptions

While behavioral descriptions can be used to de�ne glue logic among the main digital blocks

of a design, SysPy also supports structural descriptions, where ready-to-use blocks can be

utilized. The blocks can be described in Python or HDL syntax or they can be in the

form of a synthesized netlist. Especially the netlist description format can be very useful,

since many FPGA design tools provide ready-to-use complex arithmetic and communication

blocks using this format. All components used in a top-level SoC description have to be

declared in a Python library �le, called the component library. For every block used in a

structural description, the I/O information must be provided, along with any existing generic

parameters related to the instantiation of the block.

Code example 4.2 presents the declaration of a user supplied custom core in the com-

ponent library of SysPy. The I/O signals of the core are shown in Figure 4.1. The core is

declared as a Python parameterized function in the component library, where the supplied

argument (\bus size"), declared in the \generics" list, is a generic parameter of the core. The
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Code Example 4.1: Typical FSM description in Python, using the supported HDL-

like description syntax in SysPy.

1 from i n sp e c t import ∗

2 import SysPy ver . toVHDL

3 def demo FSM ( ) :

4 # Behaviora l code ( process )

5 def proc 0 ( gatedClk , r s t ) :

6 i f r s t == ' 1 ' :

7 buf = "00000000"

8 s t a t e h rb = s0

9 e l i f r i s i n g e d g e ( gatedClk ) :

10 # FSM dec l a ra t i on

11 i f s t a t e == s0 :

12 i f c t l == ' 0 ' :

13 buf = "00000001"

14 else :

15 buf = "00000010"

16 s t a t e = s1

17 e l i f s t a t e == s1 :

18 buf = buf ∗ "00000011"

19 s t a t e = s1

20 else :

21 buf = "00000000"

22 s t a t e = s0

23

24 # combinat iona l assignments

25 gatedClk = c lk & c lkCt l

26 PORTA = buf

27

28# Design a t r r i b u t e s

29 a t t r i b u t e s = {" s i gn " : '+ ' , "FSM STYLE" : " l u t " ,

30 "MULT STYLE" : " block " , "FPGADEV" : "Virtex5 "}

31

32# Generic parameters

33 g en e r i c s = { ' n ' : 8}

34

35# I/O s i g n a l s

36 i o s i g s 0 = { 'D ' : ' i ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " r s t " , " c l k " , " c l kCt l " , " c t l " ]}

37 i o s i g s 1 = { 'D ' : ' o ' , 'T ' : 'b ' , 'L ' : [ " (n−1)" , 0 ] , 'N ' : "PORTA"}

38

39# In t e rna l s i g n a l s

40 i n t r s i g s 0 = { 'D ' : ' i n t r ' , 'T ' : ' s ' , 'L ' : 1 , 'N ' : " s t a t e " , 'V ' : [ " s0 " , " s1 " ]}

41 i n t r s i g s 1 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : [ " (n−1)" , 0 ] , 'N ' : "buf "}

42 i n t r s i g s 2 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : " gatedClk "}

43

44# Ca l l i n g "toVHDL" conver ter func t i on

45 SysPy ver . toVHDL . toVHDL( "demo FSM" , a t t r i bu t e s , g ene r i c s , i o s i g s 0 , i o s i g s 1 ,

46 i n t r s i g s 0 , i n t r s i g s 1 , i n t r s i g s 2 )
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Code Example 4.2: Custom block declaration in SysPy's component library.

1#Component l i b r a r y de c l a ra t i on o f the ` `demo FSM ' ' b l o c k

2 def demo FSM( bu s s i z e ) :

3 CompLib= ` ` custom ' '

4 g en e r i c s =[True , ` ` b u s s i z e ' ' ]

5 s i g n a l s =[{ `D ' : ` i ' , `T ' : ` b ' , `L ' : 1 , `N ' : [ ` ` r s t ' ' , ` ` c l k ' ' , ` ` c l kCt l ' ' ,

6 ` ` c t l ' ' ] } ,

7 { `D ' : ` o ' , `T ' : `b ' , `L ' : [ ` ` ( bu s s i z e −1) ' ' , 0 ] , `N ' : [ ` `PORTA' ' ,

8 ` `PORTB' ' ]} ,

9 [ CompLib , g ene r i c s , ` `demo FSM ' ' ] ]

10

11 return s i g n a l s

12

13#−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

14

15#Function l i b r a r y de c l a ra t i on o f the ` `demo FSM ' ' func t i on a s soc i a t ed with the

16#` `demo FSM ' ' component

17 def demo FSM ( ) :

18 #Dict ionary f o r the component a s s o c i a t i on

19 f un c i n f o = { ` `Comp name ' ' : ` ` demo FSM ' ' , ` ` numGPIOPorts ' ' : 1}

20

21 return f u n c i n f o
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demo_FSM

clk

rst

ctl

clkCtl

PORTA[(n-1:0]

PORTB[(n-1):0]

Figure 4.1: Demo FSM pinout.

\True" 
ag (line 4) in the \generics" is used to de�ne the existence of generic parameters in

the design. All the I/O signals are declared using Python dictionaries, in the same way as

it was described in In Code Example 4.1. All the signals' dictionaries are merged together

in the \signals" list (line 5). The library of the core is declared as \custom" (\CompLib"

variable, line 3), since the core has been provided by the user in the form of a Python or

VHDL description. Other blocks in an RTL or netlist form from commercial libraries can

also be used, such as Xilinx's Unisim or CoreLib library. Every block in the component

library is de�ned using a function and after the instantiation of the block in the top-module,

the function will return the signals, the generics and the CompLib lists which contain all the

required information for the block. Every time a block is connected in a structural descrip-

tion, its instantiation is checked against the information provided in the component library

and the appropriate errors are asserted if needed. A tool has been developed as part of the

SysPy project that parses component entity declarations in a VHDL package and generates

component declarations in Python syntax, compatible with the corresponding component

library format.

Since a module is de�ned as a function, it is possible in SysPy to hide some of the

low-level details, wherever it is possible and connect a module in a more abstract way. In

this way each module in the structural library can be associated with a Python function,

declared in SysPy's function library using the format shown in Code example 4.2 (line 17).

The function's body contains a dictionary (\func info") with the name of the associated

component (demo FSM) and any other special attribute required by the function to instantiate

the associated block. A special argument is used in this example (numGPIOPorts) (line 19)

to de�ne the number of I/O ports of the state machine. A function handler combines the

information of the modules' declaration along with data provided in the associated function.
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In this case the number of GPIO ports can have the value of 1 or 2, so either only PORTA

will be implemented or PORTA along with PORTB. The description of this function handler

is presented in Code Example 4.3. The function (demo FSM ports()) accepts as arguments

the number of the required GPIO ports and the signals' dictionary list, as it was de�ned

in the components library. An if-else structure (line 10) is used to remove the declaration

of PORTB (line 14-15) if only one data ports is required. The usage of handlers to modify a

blocks' connection and declaration in a structural description, shows how Python's compact

and easy to read coding style can be used to write abstract hardware descriptions. A more

detailed and complex example is presented in Chapter 7, where a function is used to initialize

a block's memory arrays with the content of an XML �le (see Figure 7.6).

Code Example 4.3: Function handler for automatic instantiation of a prede�ned

block.

1 def demo FSM ports ( IOPorts , numPorts ) :

2 """

3 FUNCTION: demo FSM ports (a{} , b i n t )

4 a : d i c t i ona ry conta in ing func t i on ' s IO por t s

5 b : i n t e g e r number o f implemented data por t s

6

7 − Function handler f o r "demo FSM( )" .

8 """

9

10 i f ( numPort == 1 ) :

11 ## One data por t implemented (PORTA)

12 for i in IOPorts :

13 ## Remove PORTB

14 i f ( i [ 'N ' ] == "PORTB" ) :

15 IOPorts . remove ( i )

16 else :

17 ## In any other case two por t s are implemented

18 pass

19

20 return IOPorts

In Figure 4.2, a Uni�ed Modeling Language (UML) sequence diagram shows the way

we combine the information about a hardware block from the function and the component

library, along with the way a block must be instantiated, described in the related function

handler. In Figure 4.2 a special argument such as \arg2" used in \function2". While \arg0"
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and \arg1" represent the values of generic parameters of \component2", \arg2" triggers the

execution of the handler, where \arg2" may represent the name of: a) a VHDL �le that will

be generated, b) a text �le that contains initialization values for BRAMs, c) a Tcl or Python

script �le that can be used e.g. to generate design �les or folders for other FPGA design

tools. The usage of functions favors compact abstract Python descriptions, while port-map

assignments give complete 
exibility in terms of connectivity of a component, e.g. the user

can de�ne internal or I/O signals to connect to the ports of a component. Every function

in the function library has a) a related block in the component library and can also have

b) a function handler which will process any special arguments related to a block, like the

\numPort" argument in Code Example 4.3.

Special arguments cannot be handled directly by an HDL language, like processing the

content of a text �le (see Figure 7.6) and make decisions about the structure of a block,

e.g. increase the size of memory blocks or change the number of I/O ports). Using function

handlers in SysPy adds more 
exibility in Python RTL descriptions, where Python is used

to auto-generate in a smart way the required RTL description, based on block information

de�ned in the component library.

Figure 4.2: UML sequence diagram depicting the usage of function handlers in Python

structural descriptions and the interaction among di�erent modules of SysPy's libraries.

While we support Python RTL-like descriptions we also provide the required level of
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abstraction using Python's programming and data structures. Functions in SysPy are used

in such a way to automate the insertion of ready-to-use digital blocks, while through the

use of dictionaries a structured way is also provided to declare I/O and parameterization

information of a digital module.

4.2 RTL veri�cation models

Except the generated VHDL descriptions, SysPy automatically generates di�erent models

and �les of a Python described design. Python is used to extract the required information

from the user's descriptions and generate di�erent views of a design useful in the veri�ca-

tion 
ow of a system. VHDL testbench and IP-XACT model �les are generated for each

Python described module, which can be used by third-party veri�cation tools (Xilinx ISE

[50], Mentor Graphics ModelSim [66]) to simulate the generated RTL code. In this way

Python support not only the use of high-level veri�cation models expressed in Python (see

Chapter 3), but also RTL functional simulations, especially useful for block-level veri�cation.

4.2.1 VHDL testbench template

To ease veri�cation procedure of automatically generated VHDL code, SysPy also gener-

ates VHDL testbench templates for each Python hardware module. Within the testbench

description the module-Unit Under Test (UUT) is instantiated, according to the I/O infor-

mation provided in the Python description. A clock process is also provided, where the use

has to de�ne the frequency of the main system clock. The input stimuli can then be de�ned

by the user in respect to any existing clock signals in the design. The testbench �les are

included along with the design VHDL �les in the design project generated for the Xilinx

design tools. In Figure 4.4 the auto-generated testbench template of the \demo FSM" block

in Figure 4.1 is presented.

In the beginning of a VHDL testbench some default libraries need to be used (lines 1-4),

while in the architecture block of the I/O signals are de�ned (lines 9-18). De�nition of any

existing clock driver is assigned according to the proper clock frequency (line 21) and all the

I/O signals are instantiated in testbench �le (lines 23-30). Duty cycle is de�ned as a 50
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Code Example 4.4: VHDL testbench template of the \demo FSM" block in Figure

4.1.

1 l ibrary IEEE ;

2 use i e e e . s t d l o g i c 1 1 6 4 . a l l ;

3 use i e e e . s t d l o g i c a r i t h . a l l ;

4 use i e e e . s t d l o g i c un s i g n ed . a l l ;

5−− Ent i ty d e c l a ra t i on

6 entity demo FSM tb i s

7 end demo FSM tb ;

8

9 architecture behavior of demo FSM tb i s

10 −− Component Dec larat ion fo r the Unit Under Test (UUT)

11 component demo FSM

12 port (

13 c l k : in s t d l o g i c ;

14 r s t : in s t d l o g i c ;

15 c l kCt l : in s t d l o g i c ;

16 c t l : in s t d l o g i c ;

17 PORTA: out s t d l o g i c v e c t o r (7 downto 0 ) ;

18 end component ;

19

20 −− Clock per iod d e f i n i t i o n

21 constant c l o c k p e r i o d : time := 1ns ;

22 begin

23 uut : demo FSM port map (

24 c l k => c lk ,

25 r s t => r s t ,

26 dimem => dimem ,

27 c l kCt l => c lkCt l ,

28 c t l => c t l ,

29 PORTA => PORTA

30 ) ;

31

32 −− Clock process with 50% duty cy c l e

33 c l o c k p r o c e s s : process

34 begin

35 <clock name> <= '0 '

36 wait for c l o c k p e r i o d / 2 ;

37 <clock name> <= '1 '

38 wait for c l o c k p e r i o d / 2 ;

39 end process ;

40

41 −− Stimulus process

42 s t imu lu s p r o c e s s : process

43 begin

44 −− Enter your t e s t b ench s t imu lus here

45 end process ;

46 end ;
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4.2.2 IP-XACT models

Generation of RTL code from Python descriptions in SysPy is compatible with the IP-XACT

XML schema. Using meta-data information in XML format, the IP-XACT standard [15]

tries to ease, integration and IP-reuse of IP blocks among many di�erent digital design and

veri�cation tools. Using keys in XML format several properties of an IP core can be de-

scribed using the IP-XACT standard and di�erent tools can parse information about a block

without reading the associated RTL description. This feature provides information about

the properties of a digital block in a higher, meta-data level. The IP-XACT XML schema

is an IEEE standard, is managed by the SPIRIT consortium and is supported by major

companies in the semiconductor industry like Intel, ARM, AMD, NXP, Texas Instruments

and Synopsys.

SysPy automatically generates the IP-XACT descriptions during a Python to VHDL

translation. The description contains �lepath information about the generated VHDL �les

along with I/O information of the associated IP block. In Code Example 4.5 we present the

IP-XACT representation of the \demo FSM" block in Figure 4.1. XML tags can be used to

provide general information about the block (lines 2-13) along with the I/O signal properties

(lines 14-46).

The IP-XACT generation feature in SysPy proves that Python can easily generate and

process many di�erent views of an IP core in di�erent syntax and languages [55]. The

IP-XACT standard promotes reuse of existing cores and standardizes the way information

about IP cores can be catalogued and also describes it in a format that can be processed

by system integration and veri�cation tools. IP-XACT keys can also be used to describe

memory mapping of peripheral blocks and their interconnection properties on a data bus.

An example on how useful the standard can be in a system-level, Universal Veri�cation

Methodology (UVM) [81] compatible, veri�cation environment is the way CPU registers can

be easily mapped and converted to SystemVerilog models, by using the meta-data informa-

tion provided for the registers in IP-XACT format [26]. While SysPy already provides tools

for building and simulating a SoC, with the addition of the IP-XACT generation feature it

proves its ability to be compatible with all the industry standards related to digital hardware

design and veri�cation.
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Code Example 4.5: XML description of the \demo FSM" block in Figure 4.1.

1<?xml version=" 1 .0 " encoding="UTF−8"?>

2 <sp i r i t : n ame>demo FSM</ sp i r i t : n ame>

3 < s p i r i t : d e s c r i p t i o n>Generated by SysPy , Author: Evangelos Logaras</ s p i r i t : d e s c r i p t i o n>

4 < s p i r i t : f i l e S e t s>

5 < s p i r i t : f i l e S e t>

6 <sp i r i t : n ame>f s−vhdlwrapper</ sp i r i t : n ame>

7 < s p i r i t : f i l e>

8 <sp i r i t : n ame>/home/ s im t e s t /SysPy/work/demo FSM . vhd</ sp i r i t : n ame>

9 < s p i r i t : f i l e T y p e>vhdlSource</ s p i r i t : f i l e T y p e>

10 <s p i r i t : l o g i c a lName>demo FSM lib</ s p i r i t : l o g i c a lName>

11 </ s p i r i t : f i l e>

12 </ s p i r i t : f i l e S e t>

13 </ s p i r i t : f i l e S e t s>

14 <s p i r i t :mod e l>

15 <s p i r i t : v i e w s>

16 <s p i r i t : v i e w>

17 <sp i r i t : n ame>vhdlwrapper</ sp i r i t : n ame>

18 < s p i r i t : e n v I d e n t i f i e r>:models im . mentor . com:</ s p i r i t : e n v I d e n t i f i e r>

19 < s p i r i t : e n v I d e n t i f i e r> : v c s . synopsys . com:</ s p i r i t : e n v I d e n t i f i e r>

20 < s p i r i t : e n v I d e n t i f i e r>: d e s i gn comp i l e r . synopsys . com:</ s p i r i t : e n v I d e n t i f i e r>

21 <s p i r i t : l a n g u a g e>VHDL</ s p i r i t : l a n g u a g e>

22 <spir i t :modelName>demo FSM</ spir i t :modelName>

23 < s p i r i t : f i l e S e t R e f>

24 <s p i r i t : l o c a lName>f s−vhdlwrapper</ sp i r i t : l o c a lName>

25 </ s p i r i t : f i l e S e t R e f>

26 </ s p i r i t : v i e w>

27 </ s p i r i t : v i e w s>

28 < s p i r i t : p o r t s>

29 < s p i r i t : p o r t>

30 <sp i r i t : n ame>c l k</ sp i r i t : n ame>

31 < s p i r i t : w i r e>

32 < s p i r i t : d i r e c t i o n>in</ s p i r i t : d i r e c t i o n>

33 <sp i r i t :w i r eTypeDe f s>

34 <sp i r i t :w i r eTypeDe f />

35 </ sp i r i t :w i r eTypeDe f s>

36 </ s p i r i t : w i r e>

37 </ s p i r i t : p o r t>

38 < s p i r i t : p o r t>

39 <sp i r i t : n ame>c e2 i n t</ sp i r i t : n ame>

40 < s p i r i t : w i r e>

41 < s p i r i t : d i r e c t i o n>in</ s p i r i t : d i r e c t i o n>

42 <sp i r i t :w i r eTypeDe f s>

43 <sp i r i t :w i r eTypeDe f />

44 </ sp i r i t :w i r eTypeDe f s>

45 </ s p i r i t : w i r e>

46 </ s p i r i t : p o r t>

Evangelos Logaras 126



Chapter 5

Processor-centric SoC designs

Utilizing a processor soft IP core in a SoC design is a challenging task in terms of: a)

handling implementation of the core by logic synthesis and physical design (placement and

layout) tools, b) handling software development 
ow and related tools and c) connecting

the processor with the rest of the design in a way that the processor does not decrease

computing performance of other blocks. The processor acts as a communication and control

gateway, since it is much easier to implement in software the layers of data transmission

protocols and control algorithms. In this chapter we present how the supported processor

cores are instantiated, using the supported syntax, in a Python top-level description. We also

present how the tool is used to ease development of bare metal and O/S-centric applications.

Software development for the processor core is also supported along with Tcl scripts to create

design projects and execute in an automated way the related Xilinx FPGA design tools.

5.1 Processor core instantiation

Structural and behavioral RTL descriptions in SysPy have been supported in such a way

to favor the instantiation of processor-cores in a design. Several parameters have to be set

related to the available resources that the core will utilize in the FPGA. Also dedicated

constraint �les must be used during synthesis for every processor core, so that the design

will meet the desired timing and optimal placement requirements.

SysPy generates synthesizable VHDL code of the RTL description of the SoC and im-

ports in the design folders the appropriate timing and placement constraints of the utilized
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processor core. The included constraint �les in SysPy cover the usage of all three supported

processor cores for implementation in one of the three Xilinx FPGA families that we used:

Spartan3, Virtex2Pro and Virtex5. Constraints �les for other FPGA families can be easily

added to SysPy's libraries.

The steps of the implementation 
ow used by the FPGA tools, like XST from Xilinx,

is presented in Figure 5.1. The constraints �les along with the RTL �les generated by

SysPy or fetched from the tool's libraries (ready-to-use blocks) are provided as input to

the synthesis tools. Synthesis tool transform the design into a 
at netlist, where nets are

used to connect the main building blocks of a design, e.g. memories, adders, multiplexers,

gates etc. As a next step, the synthesizer maps all the building blocks and any associated

glue logic into technology-speci�c implementation. In the case of FPGAs, the synthesizer

infers and connects hardwired macro blocks, such as BRAMs, arithmetic units, clock and

I/O bu�ers etc. According to the provided timing constraints, in the case of a sequential

design, the synthesis tool selects the appropriate blocks to build the clock tree structure to

propagate the main clock signals through the design with the minimum latency. In the case

of an FPGA synthesizer, the generated netlist also contains the Look Up Tables (LUTs)

to program the inferred logic blocks (CLBs), which usually implement glue or control logic

around the utilized macro blocks. For example, in the case of an arithmetic unit design, the

arithmetic operations will be mapped in a hardwired macro adder/multiplier block, while

the data 
ow and data bu�ering control will be realized with CLBs implementing an FSM

and a number of shift registers.

In case of a processor core implementation, the clock tree must support the required

frequency that the processor must be clocked at. Also special memory structures, like the

register �les and the cache memories are realized using BRAMs. Special high performance

peripheral units of the processor, like data, image or audio controllers, also have a set of

timing constraints that de�nes the relation of their clock signals with the clock signals of the

Central Processing Unit (CPU). The designer must manually edit the processor constraints

�les already imported by SysPy, in case new timing constraints have to be added, re
ecting

the behavior of added custom logic, e.g. new or modi�ed peripheral controllers.

After all the technology-speci�c logic has been inferred by the synthesizer, the related

netlist �le is generated and then the tool performs the 
oorplanning and the Place and Route
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timing
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placement
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logic synthesis
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file

Figure 5.1: Design 
ow adopted by FPGA tools, from RTL design down to the generation

of the FPGA bistream �le.

(PR) steps. During these steps the tool does the physical design of the SoC, where it selects

the location of the blocks that are going to be utilized on the FPGA device and also the

paths through the available programmable switches to connect them. The location and the

paths are selected in such a way to map similar logic functions close together and reduce the

length of routing paths. Placement constraints can be used to lock the location of speci�c

utilized blocks and also to de�ne the connection of the design to the FPGA I/O blocks and

pins, where other ICs are connected. In this case high speed I/O blocks can be used when

a fast connection is required, e.g. connection to an external memory IC, or slower, power
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optimized blocks can be used when power consumption is the critical factor, e.g. connection

with a slow serial bus controller.

Finally all the information regarding the physical placement and routing of a design

is converted into a bitstream executable �le which is downloaded to the memory of the

FPGA device. The content of the bitstream programs the LUTs in the CLBs and also the

programmable switches to form the desired signal paths.

5.2 Processor interface

One of the most challenging design task when adding a programmable controller, like a

processor, in hardware design, is the interface logic on the software/hardware boundary. The

speci�cations of this interface block de�nes the overall system performance. The processor

can easily handle in software all the interface tasks of a system, especially when data transfer

protocols must be used to communicate with other ICs on the FPGA board or even ICs on

di�erent boards or a host PC connected to the FPGA board. On the other hand the custom

hardware blocks must be able to perform data processing operating at a high speed frequency

and exchange data with the processor in a time e�cient way, so that the operation of these

blocks is not stalled by the slower operating frequency of the processor.

Fast local memory blocks have to be included in the design of the interface module to store

intermediate processing results. In order to have fast access, memory blocks that support

dual port access were designed, so that the processor and the custom hardware block could

perform read operations in parallel. The memories were used in a dual First In-First Out

(FIFO) con�guration, while the size of the memories and the number of available data ports

were implemented as con�gurable generic parameters in the HDL description. The interface

block was described in VHDL and added to SysPy's component and function library, so that

it can be instantiated in a design using a function call.

Two di�erent types of interface blocks were implemented: one for the AVR core and

another one for the Leon3 and the OpenRisc processors. The �rst one was designed using

BRAMs connected as a FIFO memories and an FSM was used to control data 
ow through

the memory. For the second implementation, a dedicated FIFO design was parameterized

and implemented using Xilinx Core Generator [53], which is a Graphical User Interface
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(GUI) for instantiating ready-to-use blocks from the Xilinx CoreLib library. More details

about the design of these interface blocks are provided in Chapters 6, 7 and 8, where the

design examples, where the blocks have been instantiated, are analyzed.

5.3 Embedded software 
ow

5.3.1 Using compilers for di�erent processor architectures

Although emphasis of this work is not in software development, we wanted to be able to have

a single description in Python that could support the related hardware and also de�ne the

software �les executed by the processor. In this way the top-level description of a processor-

centric system is self-contained since a designer can easily �gure out, by examining the

description, the processor core that is used, the surrounding glue logic and any custom

peripheral blocks and also the software executed by the processor.

In Figure 5.2 the envisioned software development process is presented. All three cur-

rently supported processor cores are supplied under a GPL license, while a C compiler under

the GCC project is also available for each one of them. The design 
ow automatically in-

vokes the required C compiler tools to compile software for the utilized processor core. SysPy

makes a system call to the appropriate compiler, which generates the binary executable �le

from the user's C/C++ code �le. In the case of OpenRisc and AVR processors, VHDL

�les are generated containing BRAMs instantiations, initialized with the hexadecimal code

of the executable �le. In the case of Leon processor only the executable �le is generated

that can be used to program the processor's external memory with the GRMON [10] debug

tool provided with the processor core. Especially for the openly available Leon3 processor

IP core, software development using an embedded 32-bit Linux O/S is supported, as SysPy

automatically compiles the user's C application along with the Linux kernel. The supported

Linux distribution is the Snapgear Linux kernel [84]. In order to prepare the O/S kernel for

compilation, SysPy copies the user provided custom application �les to the O/S folders and

registers the new application in the related con�guration �les. The tool also con�gures O/S's

parameters, e.g. program/data memory size etc., related to the hardware implementation

of the processor. These parameters are provided by the user in the top-level description of
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the system. After compilation, the O/S executable �le contains the user's custom software

as system application, which can be executed by the serial terminal, provided through an

RS-232 connection.

LEON3

C/C++ compiler

C/C++
processor’s

software

init.
BRAM

init.
BRAM

bin.
exec.

GRMON
debug

Linux
kernel

(optional)
+

OS configuration

Figure 5.2: Software compilation 
ow for the three supported processor architectures.

In Code Example 5.1 the Leon processor core (struct leon3mp) is instantiated in the de-

sign and connected to another custom block (struct FSM). The attributes dictionary contains

the SYS FREQ and the PROC FREQ attributes which de�ne respectively the system's main clock

frequency and the processor's frequency in MHz. This frequency con�guration is valid only

for Leon's implementation, since there is a parameter in its VHDL description that a�ects

the operation of a Digital Clock Manager (DCM) block connected to Leon. The processor's

frequency can be de�ned using a 10MHz step (160MHz maximum frequency). The attributes

dictionary also contains the names of the C �les (linux kernel, usr app classification)

that are automatically compiled using the \Sparc GCC" compiler to create the binary ex-

ecutable �le for the Leon processor and the family of the FPGA device that will be used

for implementation. A Tcl script is automatically generated and executed, to prepare the

complete hierarchy of �les needed to form a project for Xilinx synthesis tools. Linux kernel
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parameters can be speci�ed in a con�guration �le, e.g. RAM SIZE, ETHERNET EN, UART EN

etc. Using a con�guration �le, SysPy can be used as a Python package-tool. In this �le

(*.ini), the user can de�ne all the appropriate system paths (e.g. SysPy directory, gcc com-

piler directory etc.).

Code Example 5.1: Processor core instantiation in the top-level description.

1 import SysPy ver . toVHDL

2

3 # Connecting the Leon3 core

4 def s t ruct l eon3mp ( ) :

5 s y s r s t i n = s y s r s t i n

6 c l k ou t = c l k i n t

7 c l k 100 = c lk 100

8 c l k 200 p = c lk 200 p

9 c l k 200 n = c lk 200 n

10 c l k 33 = c l k 33

11 s ram f l a sh addr = sram f l a sh addr

12 s ram f l a sh da ta = s ram f l a sh da ta

13 PORTA out = inputA

14 PORTB out = inputB

15 .

16 .

17 .

18

19 # Connecting the a custom b l o ck to the Leon3 processor

20 def struct FSM ( ` ` 32 ' ' ) :

21 c l k = c l k i n t

22 c e2 i n t = ce2 i n t

23 PORTA in = inputA

24 PORTB in = inputB

25 .

26 .

27 .

28

29# Leon ' s so f tware C f i l e names

30 a t t r i b u t e s = { ` `SYS FREQ: ' ' 100 , ` `PROC FREQ' ' : 160 ,

31 ` `PROC SW' ' : [ ` ` l i n u x k e r n e l ' ' ,

32 ` ` u s r a p p c l a s s i f i c a t i o n ' ' ,

33 ` `FPGADEV' ' : ` ` Virtex5 ' ' }
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5.4 FPGA design tools scripting

Hundreds or some times thousands of �les are required to be generated or edited during the

design cycle of a SoC on an FPGA device. In order to e�ciently handle all the design steps

and also be able to rapidly \respin" and optimize the design, scripting tools are required to

automate as many design and implementation steps as possible.

A Tcl script ensures portability, since a design will be synthesized in the same way

independently of the host computer. The script also captures the desired design setup, so

that a design work can be shared among many designers. This feature can signi�cantly ease

maintenance of a design and of the associated �le hierarchy. Scripts can also be executed in

a command line mode, where the design steps are executed much faster than using a GUI

interface or entering the commands manually.

Except handling the large number of �les related to the design, a Tcl script must also

control the synthesis and 
oorplanning activities. FPGA synthesis process is a fairly complex

task where many parameters have to be de�ned by the user. Especially for the implemen-

tation of processor soft cores, as mentioned in Section 5.1, many timing and placement

constraints have to be used.

SysPy automatically generates a Tcl script that can be used to run all the implementation

steps on the XST design tools, according to the processor used in a design and also to the

parameters de�ned by the user in the top-level Python description. The script can be

executed in command line and run all the required steps, from logic synthesis down to the

generation of the bitstream �le to be used to program the FPGA. The top-level design �le

name is also declared in the Tcl �le, along with other HDL design �le names generated from

Python descriptions or the names of blocks used for structural descriptions from the tool's

libraries. In Figure 5.3 the �le hierarchy used for a design project in XST is presented.

The synthesis options that can be set by the user in a Python description are the following:

• FPGA DEV: de�nes the FPGA family used for implementation.

• FSM STYLE: controls the way state machines are implemented, using BRAMs or

CLBs to store the states' encoding.

• FSM ENCODING: de�nes the state encoding style used by a state machine, e.g. one
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Design project
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Figure 5.3: File hierarchy used in XST design project.

hot, gray, johnson etc.

• MULT STYLE: controls the way multiplier blocks are implemented, using hardwired

multiplier blocks or CLBs.

• RAM STYLE: controls the way memory blocks are implemented, using hardwired

BRAMs or CLBs.

• RESOURCE SHARING: de�nes if multiple arithmetic operations will share the same

logic block, if multiplication operations can be implemented in a pipelined way instead

of parallel execution.

All the values of the synthesis parameters de�ned by the user are parsed to the Tcl script.

Also SysPy generates the folders hierarchy required by XST, so that upon execution of the

Tcl script this hierarchy is recognized as an already existing project, ready to be synthesized
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by the tools. The full set of possible values for the synthesis options can be found in Table

1.1.

According to the diagram presented in Figure 5.3, SysPy delivers a ready to be synthe-

sized processor-centric design to the FPGA tools. Code reuse is exercised in SysPy, since

digital blocks in RTL or netlist description format can be utilized by the designer and com-

bined with custom de�ned logic. All the required hardware and software information is

provided along with the required Tcl scripts that \glue" all hw/sw design, logic synthesis

and physical implementation tools together.
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Image processing SoC design case

The �rst big design that we used to verify the processor-centric features of SysPy was an

image processing system built around the AVR 8-bit microcontroller (uC) core. It is the

�rst example that used the complete design 
ow, from top-level Python description down to

the generation of the binary FPGA programming �le. The tool was used in his example to

generate all the VHDL synthesizable code for the image processing block and its connection

to the uC and also insert the uC core in the design and compile the required software

developed in C and assembly language.

6.1 Design features for image processing

With the design described in this chapter we proved that a full, real system could be designed

using Python abstract descriptions in SysPy and implemented using an FPGA device. While

custom logic can be described directly in Python and translated by the tool to VHDL, other

modules are utilized as ready-to-use blocks in RTL or synthesized netlist description. As a

summary, the following three basic design concepts adopted in SysPy were used and tested

during the development of the image processing SoC:

(a) Python as an HDL: Capability to describe hardware components in Python that the

tool automatically translates to VHDL.

(b) Modular SoC design - Components Reuse: Use of Python to build descriptions of SoCs

based on hardware components that are de�ned in Python, but may have a Python or
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VHDL or pre-synthesized netlist implementation in a library.

(c) Processor-centric SoC design: Support for IP cores of programmable processors. The

tool takes as input the user's C code and implements all the steps necessary to produce

a synthesizable VHDL description of the corresponding program memory �le for the

targeted FPGA device.

Some features of the system also triggered the development of new tool features during

design. Most important are the automatic generation of Tcl scripts and the use of modules

in a synthesized netlist format from the Xilinx CoreLib library. In SysPy we wanted to

minimize the e�ort of connecting a processor core in a design. A large number of HDL �les

is used to describe even a small 8-bit processor core, like the AVR block. The automatic

generation of a Tcl script that could be used along with the FPGA synthesis tools, was

required to automate the processor instantiation in the design. We also wanted to take

advantage of the large number of complex IP cores that could be automatically generated

using the Xilinx Core Generator tool. The cores are provided in the form of a synthesized

netlist, so their HDL description could not be parameterized. We managed to synthesize a

number of useful arithmetic cores and store them in SysPy's libraries. According to user

provided attributes in the top level Python description, the proper synthesized block was

selected and instantiated in the design.

All the previous features were developed and tested using the implemented image pro-

cessing core. We especially tested the way to connect together the processor core and the

custom connected arithmetic blocks to speed up the image processing task. A serial connec-

tion was used to interface the design through an interface software developed with Matlab

and trigger data transfers between a host PC and the Virtex-5 FPGA board that we had

available.

6.2 AVR core and features

The processor core that we used in this design is a compatible VHDL description of the

8-bit AVR ATmega128 uC [45] from Atmel. The project for the AVR core is uploaded in

the OpenCores website [76]. The core has the following basic features:
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• 32x8-bit general purpose registers

• supports up to 128kb of program and 64kb of data memory

• programmable UART block

• Two 8-bit parallel ports

• Eight external interrupt sources

We selected the ATmega128 as the �rst processor core to use within the tool because

it is a small core with su�cient program memory that would let us prove the concept of

processor-centric design using SysPy. We used its UART module to communicate with a

host PC and the two available GPIO ports to interface custom peripheral logic in the FPGA.

GCC compilers have been ported to all the popular processor architectures, so we used the

available avr-gcc C compiler [3] to develop and compile the software for our application. A

block diagram of the AVR architecture is presented in Figure 6.1.

Figure 6.1: Block diagram of the AVR architecture (source: www.atmel.com).
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The AVR is one of the fastest 8-bit architectures available where most instructions require

just one clock cycle to be executed. The ATmega128 core was one of the few free available

and well tested 8-bit processor cores, also compatible with GCC software development tools.

While the core is not a fast, high end processor, it was used in SysPy to prove the supported

automated 
ow of inserting a processor core in a design and connecting it to custom blocks.

For the �rst processor core that we used we wanted to support at least serial connectivity

with the host PC and provide data ports for interfacing custom peripheral devices. We

also wanted to prove the ability to have a self contained Python description �le, where the

connection of a processor core along with the software to be executed are de�ned and the

related compilation tools (C compilers, RTL synthesizers) are invoked automatically.

All memories of the uC are mapped to BRAMs, e.g. register �le, data and program

memory. Two GPIO ports are supported for connecting the uC to other blocks in the

FPGA. The size of the implemented ROM memory was enough to hold the software that

we implemented, while the size of the RAM memory was also enough to hold the images

transmitted from the host PC to the FPGA. Using the two GPIO ports we implemented the

data and control interface between the processor and the custom blocks created to perform

the required arithmetic operation of the image processing algorithm. Any analog related

blocks shown in Figure 6.1, like the analog comparator, are obviously not implemented in

the IP core that we used and are part of the ATmega128 ASIC implementation.

The avr-gcc library, also used within SysPy, is a stable and well tested environment

for software development for the AVR architecture. It supports a subset of the standard

C library. It also provides ready-to-use code for several common tasks used in the AVR

architecture related to memory and peripheral device accesses. The library also supports

almost all of the available AVR devices. In general we can say that the ATmega128 core

along with its software development environment was a good candidate to initially test and

debug the processor-centric design 
ow that we implemented in SysPy.

6.3 Image processing SoC design

To demonstrate the capabilities of our tool, we have used SysPy to design a processor-centric

SoC system that applies Sobel edge detection [37] to grayscale images. The Sobel algorithm
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detects vertical and horizontal edges of an image. The result of the �ltering process is

two images representing the gradient of the original image in the horizontal and vertical

direction. By calculating the Euclidean distance between corresponding pixels in these two

images, a third image is produced representing the magnitude of the gradient. Finding the

edge of various objects in an image can reveal important object properties which later can

be used for applying more complex image processing algorithms, like object detection, image

transformation/editing etc.

6.3.1 Sobel's algorithm

The Sobel algorithm uses two convolution kernels to identify vertical and horizontal contrast

changes on an image.

N(x; y) =
1∑

k=−1

1∑
j=−1

K(j; k)p(x− j; y − k) (6.1)

Equation 6.1 describes the convolution between a K group of pixels of the image and one

of the two kernels used by the Sobel operator. Two new images are generated after applying

the two convolution kernels showing the gradient approximation for horizontal and vertical

contrast changes respectively. Equations 6.2 and 6.3 describe the convolution between the

two 3x3 kernels and the original image.

Gx =


−1 0 +1

−2 0 +2

−1 0 +1

 ∗ p (6.2)

Gy =


−1 −2 −1

0 0 0

+1 +2 +1

 ∗ p (6.3)

By calculating the Euclidean distance between corresponding pixels in these two images,

a third image is produced representing the magnitude of the gradient. The Gx and Gy

magnitude vectors are the x and y components of the combined G vector. The magnitude

and direction of the combined G vector can be calculated using Equations 6.4 and 6.5

respectively.
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G =
√
G2

x +G2
y (6.4)

� = tan−1

(
Gy

Gx

)
(6.5)

The magnitude of vector G represents the �nal processed image where the detected edges

information is included. By combining the Gx and the Gy using the Euclidean distance

computation (Equation 6.4) vectors it becomes easy for the algorithm to track steep line

curves of an image and also detect edges among many complex objects that exist in an

image. Other formulas can be used to calculate the magnitude vectors to avoid the square

root computation in the Euclidean distance formula like the absolute squared distance or

the Manhattan distance.

6.3.2 Using SysPy to glue the AVR uC and the custom peripherals

In Figure 6.2 we show the type of components involved and their connections. The SoC

incorporates the AVR processor IP core, a special purpose processor which implements So-

bel's operator and an arithmetic component from the CoreLib library used to implement

the square root function as needed for the Euclidean distance calculation. Sobel's algorithm

apply two, horizontal and vertical, 3x3 kernels on the original image. So the image has to

be partitioned into blocks of 3x3 pixels every time one of the kernels is to be applied. A

64x64 image is transmitted through a serial connection from a PC to the AVR controller

and stored in its data memory. This FSM applies the two Sobel kernels to the received block

and two pixels are produced. Their values are squared and then added. The result of the

addition is sent to the CoreLib component that calculates its square root by applying the

COordinate Rotation DIgital Computer (CORDIC) algorithm [91], [92]. The result is sent

back to the AVR and then returned to the PC through the serial connection.
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Figure 6.2: Diagram of the Sobel edge detection SoC. The shading indicates the type of each

component.

For the computation of nontrivial algebraic functions, like square root computation,

trigonometric functions etc. the Taylor series can be used to approximate the desired result.

The required function is then calculated as a series of multiply and add operations. The

CORDIC algorithm provides a more e�cient implementation for solving algebraic functions

which also favors hardware implementation. The algorithm is used in many applications

like calculators, adaptive �lters, FFT blocks, etc. The �rst implementation of the CORDIC

algorithm in FPGAs was introduced by Meyer-Base [67], realizing a multiplier free CORDIC

block for fast and accurate computation of trigonometric functions.

In our design the CORDIC block from the Xilinx CoreLib library [48] has been used to

implement the required square root computation of the Sobel algorithm. As presented in In

Figure 6.2 the CORDIC block along with an FSM to handle data 
ow forms a Sobel accel-

erator block attached through a data bridge to the processor's I/O ports. Sobel's algorithm

functions have been partitioned to the AVR which handles all memory management and data

manipulation and to the Sobel accelerator, along with the sqrt arithmetic component which
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handles all the numerical calculations. The two processors (AVR and Sobel) communicate

through a bridge that manages the interaction and data exchange between them, so that

alternative processor implementations can be plugged in and out as long as they respect the

de�ned protocol of interactions. The Sobel accelerator processes data faster than the AVR

controller, so the bridge acts as a bu�er and also produces all the control signals informing

the two components when they can send or receive data. The Sobel accelerator, the bridge

and a clock divider (needed to produce all the clock signals for the system) have been de-

scribed in Python. The bridge is a parameterized component, since its data buses can be

easily resized with the use of generic parameters declared in its Python description. The sqrt

CORDIC component is a pre-synthesized EDIF netlist taken from the CoreLib library. The

AVR processor third party soft core is provided in VHDL. The VHDL entity for its program

memory is produced by SysPy automatically based on the provided user C code.

In Code Examples 6.1, 6.2 and 6.3 the top-level description of the image processing SoC

is presented. In Code Example 6.1 in line 10 the AVR core is instantiated and connected to

the rest of the design. PORTE is used as a control port to exchange control signals with the

data bridge, while PORTA and PORTB are used as data ports. In Code Example 6.2 in line 2 the

Sobel accelerator is instantiated, interfacing with the rest of the design using the appropriate

reset, clock and control logic and the required data I/O ports. The accelerator block contains

the FSM block and the CORDIC block for the square root computation. The data bridge is

instantiated in line 13, where an argument is passed to the related function (struct bridge)

de�ning the width of its data ports (n = 8). A clock divider is instantiated in line 29 to

generate the 25MHz clock signal (used to clock the AVR and the Sobel accelerator block).

In line 35 design attributes like the FSM implementation style, the FPGA device type and

a C �le (sobel.c) representing the software executed by the processor, are de�ned in the

attributes[] dictionary. All the I/O signals are de�ned in line 39-41. In Code Example

6.3 all the internal signals are declared in lines 2-13, while the toVHDL() function is called

to generate the VHDL top-level description.

During the translation of the Python to VHDL description, the avr-gcc compiler is auto-

matically invoked to compile the available C software, while SysPy initializes AVR's program

memory with the generated hexadecimal code. The bridge and the Sobel accelerator blocks

are described in separate Python modules and they are translated to VHDL along with the
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top-level description. After translation a new directory is created containing all the required

VHDL and software �les ready to be used by FPGA synthesis tools for implementation. All

the Python description �les as well as the resulting VHDL �les produced by SysPy and used

for the FPGA implementation can be found in [88].
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Code Example 6.1: Top-level Python description of the image processing SoC (part

1).

1 from i n sp e c t import ∗

2 import SysPy ver . toVHDL

3

4 def sobe l wrapper ( ) :

5 gn = ' 0 '

6 gnb = othe r s ( ' 0 ' )

7 r s t i n t = ~ r s t b u f

8

9 # AVR core i n s t a n t i a t i o n

10 def s t r u c t a v r c o r e ( ) :

11 nr s t = r s t i n t

12 c l k = c lk d iv 25MHz int

13 porta = porta avr

14 portb = portb avr

15 portc = por t c av r

16 portd = portd avr

17 porte [ 0 ] = por t e av r [ 0 ]

18 porte [ 1 ] = por t e av r [ 1 ]

19 porte [ 3 ] = p ine avr [ 1 ]

20 porte [ 2 ] = p ine avr [ 0 ]

21 porte [ 7 ] = por te avr unus [ 7 ]

22 porte [ 6 ] = por te avr unus [ 6 ]

23 porte [ 5 ] = por te avr unus [ 5 ]

24 porte [ 4 ] = por te avr unus [ 4 ]

25 ddrareg out = ddra r e g ou t i n t

26 ddrbreg out = ddrb r eg ou t i n t

27 ddrcreg out = dd r c r e g ou t i n t

28 ddrdreg out = ddrd r eg ou t i n t

29 ddrereg out = dd r e r e g ou t i n t

30 rxd = rxd buf

31 txd = txd buf

32 INTx = gnb

33 TMS = gn

34 TCK = gn

35 TDI = gn

36 TDO = "open"

37 TRSTn = r s t i n t

38 man rst = r s t i n t
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Code Example 6.2: Top-level Python description of the image processing SoC (part

2).

1 # Sobe l a c c e l e r a t o r i n s t a n t i a t i o n

2 def s t r u c t s o b e l ( ) :

3 r s t = r s t b u f

4 c l k = c lk d iv 25MHz int

5 t c t s = t c t s i n t

6 t dpr = t dp r i n t

7 t w r i t e = t w r i t e i n t

8 t r ead = t r e a d i n t

9 data in = t da t a ou t i n t

10 data out = t d a t a i n i n t

11

12 # Data br i dge i n s t a n t i a t i o n with 8− b i t I /O

13 def s t r u c t b r i d g e (n = 8 ) :

14 r s t = r s t b u f

15 c l k = c l k bu f

16 h wr i t e = po r t e i n t [ 0 ]

17 t w r i t e = t w r i t e i n t

18 h read = po r t e i n t [ 1 ]

19 t r ead = t r e a d i n t

20 h c t s = p i n e i n t [ 0 ]

21 t c t s = t c t s i n t

22 h dpr = p i n e i n t [ 1 ]

23 t dpr = t dp r i n t

24 h data in = po r t a i n t

25 t d a t a i n = t d a t a i n i n t

26 h data out = po r tb i n t

27 t da ta ou t = t da t a ou t i n t

28

29 def s t r u c t c l k d i v ( ) :

30 c l k = c l k bu f

31 r s t = r s t b u f

32 clk div 25MHz = clk d iv 25MHz int

33

34# Design a t r r i b u t e s

35 a t t r i b u t e s = {" s i gn " : '+ ' , "FSM STYLE" : " l u t " , "MUXEXTRACT" : " yes " ,

36 "FPGADEV" : "Virtex5 " , "PROC SW" : [ " s obe l . c" ]}

37

38# I/O s i g n a l s

39 i o s i g s 0 = { 'D ' : ' i ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " c l k " , " r s t " , " rxd" ]}

40 i o s i g s 1 = { 'D ' : ' o ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : " txd"}

41 i o s i g s 2 = { 'D ' : ' o ' , 'T ' : ' b ' , 'L ' : [ 7 , 0 ] , 'N ' : " portc "}
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Code Example 6.3: Top-level Python description of the image processing SoC (part

3).

1# In t e rna l s i g n a l s

2 i n t r s i g s 0 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " c l k bu f " , " c lk d iv 25MHz int " ,

3 " c lk d iv 50MHz int " , " c l k d i v 100Hz in t " , " r s t i n t " , "gn" ]}

4 i n t r s i g s 1 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " t c t s i n t " , " t d p r i n t " ,

5 " t w r i t e i n t " , " t r e a d i n t " , " r s t b u f " , " txd buf " , " rxd buf " ]}

6 i n t r s i g s 2 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : [ 7 , 0 ] , 'N ' : [ " p o r t a i n t " , " po r tb i n t " ,

7 " p o r t c i n t " , " po r td i n t " , " por ta avr " , " portb avr " , " po r t c av r " ]}

8 i n t r s i g s 3 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : [ 7 , 0 ] , 'N ' : [ " portd avr " , " por te avr unus " ,

9 " dd ra r e g ou t i n t " , " dd rb r eg ou t i n t " , " dd r c r e g ou t i n t " ]}

10 i n t r s i g s 4 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : [ 7 , 0 ] , 'N ' : [ " dd rd r eg ou t i n t " ,

11 " dd r e r e g ou t i n t " , " t d a t a i n i n t " , " t d a t a ou t i n t " , " po r t c bu f " , "gnb" ]}

12 i n t r s i g s 5 = { 'D ' : ' i n t r ' , 'T ' : ' b ' , 'L ' : [ 1 , 0 ] , 'N ' : [ " p o r t e i n t " , " p i n e i n t " ,

13 " por t e av r " , " p ine avr " ]}

14

15# Ca l l i n g the "to VHDL()" func t i on to generate VHDL code

16 toVHDL . toVHDL( " sobe l wrapper " , a t t r i bu t e s , g ene r i c s , i o s i g s 0 , i o s i g s 1 , i o s i g s 2 ,

17 i n t r s i g s 0 , i n t r s i g s 1 , i n t r s i g s 2 , i n t r s i g s 3 , i n t r s i g s 4 , i n t r s i g s 5 )

6.4 Performance and implementation results

For the SoC implementation we used the ML509 FPGA board from Digilent [25] equipped

with the medium size Virtex-5 XC5VLX110T-1 FPGA device. For this initial SoC imple-

mentation using our tool the only requirements for the board were to a) have an FPGA

device equipped with DSP48 [49] blocks utilized by the CORDIC block and b) to have a

serial connection with a host PC, used to transmit JPEG images to the FPGA.

Correct functionality of the SoC, in terms of proper execution of the Sobel algorithm,

has been veri�ed using the Modelsim [66] and the Xilinx ISE (ISim) [50] RTL functional

simulators before the FPGA implementation. After implementation we validated the design

in silicon by processing several images and comparing the results that we got in terms

of proper edge detection. In Figure 6.3 we present two processed 64x64 pixel processed

images, where the detected edges are the combination of the two applied kernels of the

Sobel algorithm. The initial image was transmitted to the FPGA board through a serial

interface developed in Matlab and executed on the host PC and the processed images are

also transmitted back to the PC and stored.
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Figure 6.3: Processed 64x64 pixel images by the implemented SoC.

In Table 6.1 we summarize the synthesis results for each component used for the imple-

mentation of Sobel's algorithm. Sobel's FSM uses the sqrt component for the computation

of the Sobel gradient's magnitude. The sqrt utilizes eight DSP48 slices for the multiplica-

tion operations. BRAMs are utilized only by the AVR processor for its data and program

memory implementation. Each CLB in the Virtex-5 family contains eight 6-input LUTs,

while the BRAMs' block size is 36Kbit. According to place and route results, the system

can be clocked as high as 190MHz and it utilizes 367 CLBs, covering 6% of the available

CLBs and 32% of the available BRAMs of the device. With the current clock frequency

setting we measured that ten 64x64 images/second can be processed by the system . Tim-

ing measurements have been performed in silicon, after system's implementation, using the

provided by Xilinx ChipScope Pro [52] logic analyzer. The analyzer is con�gured as an IP

core in Xilinx ISE and connected to user de�ned signals in the design. After capturing the

desired signal values, data are transmitted to the host PC using the Joint Test Action Group

(JTAG) connection, used for FPGA system programming and debugging.

With the image processing SoC design we veri�ed correct functionality of SysPy's basic
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Components CLBs BRAMs DSP48

Sobel accelerator + sqrt 47 0 8

AVR Processor soft core 267 48 0

Bridge 3 0 0

Clock divider 5 0 0

Table 6.1: Synthesis results for the Sobel system. Utilized resources for the Virtex-5 LX110T

device are presented (CLB: two slices, Slice: four 6- input LUTs, BRAM: 36Kb, DSP48:

25x18-bit).

features. During system design we veri�ed proper: a) Python to VHDL translation, b)

use and insertion of processor soft cores and c) use of digital blocks in di�erent description

format (Python, VHDL, netlist) and d) use of software developing tools. After successful

implementation of this design we moved on with the development of SysPy and planned the

use of 32-bit processor cores to test and use the tool with more elaborate applications. We

also speci�ed the development of the hw/sw co-simulation mechanism to ease veri�cation of

the designed SoCs.
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Biomolecular interaction networks

simulation SoC design case

Based on the main tool features presented on Chapter 6 we extended SysPy features to

support the Leon3 32-bit processor soft core and its software development environment. By

using Leon3 we were able to implement a fast communication interface between the FPGA

board and the connected host PC and also have access to a large memory space on the board.

To support SoC design using the new processor core we also developed a new interface soft-

ware to ease data transfers between the FPGA board and the PC. To demonstrate SysPy's

improved design 
ow and functionalities we designed and implemented a processor-centric

embedded SoC for computational systems biology. The SoC combines high performance

computing features of FPGAs along with the 
exibility of a programmable processor core

to simulate e�ciently the stochastic behavior of large size biomolecular reaction networks.

7.1 Selection of a 32-bit processor soft core

Moving forward with the development of SysPy and using the results we got from the

development of the image processing SoC presented in Chapter 6, we searched for new

32-bit processor cores that we could add to the tool. As a minimum set of features for the

new cores we de�ned that the processor must be able to establish a fast connection (the

transfer rate should be in the order of Mbps) with a host PC and also have access to a

large memory space (in the order of hundreds of MB). Also general I/O ports should be
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available to interface the processor with custom processing blocks in the FPGA. To meet

these required set of communication and memory features, the cores should support at least

an 100Mbps Ethernet controller and an SDRAM DDR memory controller. The physical

layer for these two controllers was already present on the ML509 board that we were using

and only the higher protocol layers had to be implemented by the processor peripherals. The

required peripheral controllers for the Ethernet and the SDRAM DDR memory connection

were available for both the Leon3 and the OpenRISC core, so we decided to include them

both to the SysPy processor repository.

7.1.1 OpenRISC core and features

Initial trials for the use of a 32-bit processor core in SysPy have been done using the Open-

RISC 32-bit processor soft core [56] and more speci�cally using the Minimal OpenRISC

System on Chip (MinSoC) [29] customized implementation of the processor, while the pro-

cessor model is provided as a Verilog description. The processor supports the Wishbone [74]

protocol which is a general purpose communication interface for data exchange between IP

core modules. Several IP cores that exist in the OpenCores repository are compatible with

the Wishbone speci�cation and can be used as peripheral devices of OpenRISC. The basic

features of the processor are summarized in the following list:

• All major characteristics of the core can be set by the user.

• High performance of 300 Dhrystone 2.1 MIPS at 300 MHz using 0.18u process.

• WISHBONE SoC Interconnection Rev. B compliant interface.

• Support of a CPU/DSP central block.

• Debug unit and development interface.

The block diagram of the OpenRISC architecture is presented in FIgure 7.1.
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Figure 7.1: OpenRISC1200 block diagram (source: www.opencores.org).

Most integer instructions in OpenRISC can execute in one cycle, while a Multiply Ac-

cumulate (MAC) unit in the CPU executes DSP MAC operations. The implemented debug

unit also assists software developers to debug in real time code executed by the processor.

The MinSoC is a ready-to-use SoC that implements the OpenRISC1200 connected with var-

ious peripheral devices, like memory controllers, Ethernet, SPI and UART controller and

JTAG debug interface. The SoC also included speci�c code description for the memory, the

JTAG and clock management DCM blocks, for Xilinx and Altera FPGA devices, for easy

implementation using FPGA tools. The data and program memory is also easy resizable

using generic parameters in the HDL description. An overview of the MinSoC con�guration

is presented in Figure 7.2.
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Figure 7.2: MinSoC block diagram (source: www.opencores.org).

Several FPGA boards are supported for implementing the MinSoC design and our team

has been the �rst to port the SoC to the ML509 Digilent board, as mentioned in the MinSoC

project related webpage [29] in the OpenCores website. Also Python scripts that have been

developed under SysPy for program memory initialization of the MinSoC core are publicly

available and have been included to the projects' repository [75].

Although MinSoC's architecture and performance is almost equivalent to the Leon3 core,

while testing the core on our ML509 board we did not manage to get the Ethernet connection

working between the processor in the FPGA and the host PC. While we managed to get the

memory DDR controller working, the lack of network connectivity was a major step back

on the use of MinSoC in SysPy. Although the MinSoC core was integrated and added to

SysPy's component libraries, it was never used during the design 
ow of a complex system.

7.1.2 Leon3 core and features

Leon3 [11] is a popular, open source, 32-bit processor provided as a synthesizable VHDL

description by Aero
ex Gaisler. The core is compatible with the SPARC V8 architecture and

is highly con�gurable and distributed along with con�guration, debugging and simulation

software. The Leon3 core is also part of the GRLIB IP library [33]. The library contains a

large number of con�gurable IP core peripheral devices that can be connected to Leon. The
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library has many data and memory controller devices which can be attached to Leon using

the supported Advanced Microcontroller Bus Architecture (AMBA) [13] peripheral interface

bus. The processor has been ported in all major FPGA platforms (Xilinx and Altera) and

also can be synthesized using ASIC synthesis tools (Cadence, Synopsys). Typical synthesis

results show that the core occupies 25k-30k gates when implemented.

The main features of the Leon3 processor core are the following:

• Advanced 7-stage pipeline

• Hardware multiply, divide and MAC units

• Separate instruction and data cache (Harvard architecture)

• Up to 125 MHz in FPGA and 400 MHz on 0.13 um ASIC technologies

• AMBA-2.0 AHB bus interface

• Large range of software tools: compilers, kernels, simulators and debug monitors

The structure of the processor along with the main peripheral units and features is

presented in Figure 7.3.

Figure 7.3: Structure of the Leon3 processor (source: www.gaisler.com).
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All the tests with Leon have been accomplished using the integrated debug unit, con-

nected as a peripheral device to the processor. Using the GRMON debug tool [10], we were

able to use the provided debug interface, connect to the processor via Ethernet connection

and download the required software. Software debugging was also performed on silicon, since

using GRMON we were able to read/write to the entire memory space. Leon3 is highly con-

�gurable using the provided GUI interface or by modifying manually the VHDL description

of the processor. A functional simulator, called Tsim, exists that can be used for software

and hardware debugging, before FPGA implementation. Using GRMON we could also in-

spect the processor con�guration and mapping of peripheral devices in silicon, to check if it

matches the way the core was con�gured.

The sparc-elf-gcc was used to compile the C software developed for Leon and the gener-

ated binary �le was used to program the processor. In the case of Leon, the code is down-

loaded directly to the connected 256MB SDRAM DDR2 memory available on the ML509

board, which is used for mapping both the program and the data memory of the system.

The Ethernet PHY chip and the serial connection are also utilized on the FPGA board by

Leon. A large number of other peripheral devices, e.g. USB controllers, audio and video

drivers, hard disk controllers etc. also exist for Leon, that are compatible with the processor's

AMBA interface. The data transmission of the Ethernet connection was 100Mbps, while a

commercial version of Leon3 also supports Gigabit Ethernet connection. The Leon3 core

was a good candidate for the 32-bit core that we wanted to integrate to SysPy, since all the

I/O connectivity (Ethernet, GPIO ports) and memory requirements (SDRAM controller)

were met according to the core's supported features. The Leon3 core has been tested, using

SysPy to con�gure it, on the ML509 board as well as on the older Virtex-II Pro board [24]

from Digilent which we had at our disposal. Depending on the selection of the proper FPGA

device (FPGA DEV design attribute, see Section 4.1.1 and Table 1.1), proper constraints �les

are selected by the tool and used during logic synthesis.

7.2 BioModel �les

Advanced high performance computational techniques have been used the last decade in

several scienti�c domains to ease and accelerate simulation of complex physical phenomena.
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Computational and systems biology is a rather new scienti�c �eld that takes advantage of

computing techniques to describe and simulate complex biological phenomena and extract

knowledge from biological databases. Systems biology studies the dynamics of cellular pro-

cesses, rather than the characteristics of their isolated parts and is an emerging �eld that

bene�ts from advanced simulation techniques. By simulating the chemical kinetics of the dif-

ferent molecular species interacting in a cell, or in a population of cells, emergent properties

of a biological system can be studied in silico (i.e. with the use of computers). Stochastic

simulations of biochemical reaction networks, called BioModels [57], [17] can be performed

to study the properties of these biological systems. A large number of BioModels, can be

found online in the BioModel's database [27], [57]. The database remains the largest online

repository of dynamic models of biological processes and most models are validated and also

linked to external publications and original scienti�c data which used to create the model.

Figure 7.4: Submission 
ow to the BioModels database (source: www.ebi.ac.uk/biomodels/).

All models in the database are compliant with the Minimum Information Required In

The Annotation of Models (MIRIAM) standard [72]. Files in the database are divided to
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curated and to non-curated models, where curated models have been checked and validated

that they have the expected behavior during simulation, as it is described by the creators

of the model. Models can be stored in the database in SBML format [42] and can be later

downloaded in other formats too, like BioPAX, Octave, SciLab and PDF. The 
ow used for

submission and validation of models to the database is presented in Figure 7.4.

7.3 Gillespie's stochastic simulation algorithm

In order to apply computational techniques in system biology, models should be used that

describe the chemical dynamics of a cell or of a set of cells. These chemical reactions can

be expressed using coupled Ordinary Di�erential Equations (ODE). Using ODEs to describe

a chemical reaction is not always the best option, especially if there is no prior knowledge

about the initial conditions of the molecular species in the system [69]. Then it becomes

very di�cult to track the occurrence time of each reaction. Also it is very di�cult to detect

stochastic behavior of a small number of reactant species in a chemical reaction. Instead

of ODEs, a Stochastic Chemical Kinetic (SCK) model can be used to describe a chemical

process. A speci�c rate constant, cj, is assigned to every reaction in the system. This

constant expresses the probability that a combination of reactant molecules of Rj interact

in the next time interval [t; t + dt]. Multiplying cj by the number of possible combinations

of reactant molecules for Rj in state X yields the propensity function, �j(X), of reaction

channel Rj.

A jump Markov process [36] is used within SCK models to describe evolution in time

of a reacting system. In such a process the next state of the model is only dependent on

the present state. An equation can be used to describe the evolution of reactions in time,

using a dt time step. Using a small dt step size to advance time and solve this equation,

where on each time step: a) the system performs a reactions and its state is updated or b)

nothing happens and the system state remains unchanged. If the step is too small, then in

most cases there will be no reaction in the system. Gillespie proposed a new method to solve

these kind of equations, which is a Stochastic Simulation Algorithm (SSA) and called the

Direct Method (DM). This method improves the chemical reactions simulation's e�ciency

by performing only the necessary time steps.
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D. T. Gillespie also proposed another method known as the First Reaction Method

(FRM) [35]. In this approach every reaction is described as a \reaction channel" Rj and

a putative next reaction time is calculated for every channel. The algorithm detects the

reaction channel with the smallest reaction time and this reaction is \�red". According to

these statements, Gillespie described the FRM algorithm as follows:

1. Initialize t = t0 and X = X0.

2. For every reaction channel Rj evaluate propensity function �j(X).

3. In addition determine the putative time �j for each reaction channel Rj:

�j =
1

�j(x)
ln (

1

rj
) (7.1)

where rj is a unit uniform random number.

4. Let R� be the winner reaction channel whose �j is the smallest.

5. Determine the new state after �ring reaction R�: t
′ := t+ �� and X := X+ v�, where

v� is the stoichiometry change information.

6. If t′ is greater than the desired simulation time Tsim then halt.

7. Record (X; t) and go to step 2 to start a new reactions cycle.

The main idea of the design of our SoC was to accept as an input BioModel �les and

simulate the chemical reactions of the described system using the FRM algorithm. We

designed our SoC in a way that implements the exact Gillespie FRM SSA which simulates

all reaction events and not anyone of its many approximations (such as tau leaping [80]

etc.). Approximations are used during simulation to avoid high computational cost, but on

the other hand they reduce results' and calculations' accuracy. Only hardware based SSA

implementations, such as our SoC, can be used to apply parallel computation techniques and

in this way avoid approximations introduced by the majority of software implementations.

By choosing to design a SoC using SysPy to speed up the simulation of biochemical

reaction networks, we wanted to explore the capabilities of SysPy and use Python to extend

and improve the features of our tools in order to:
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• automatically parameterize and instantiate the custom core, implementing the FRM

algorithm.

• use Python text processing features to parse BioModel �les content and use it to

instantiate memory blocks in the SoC.

• use Python to develop a Hardware Abstraction Layer (HAL) for data exchange via

Ethernet connection between the SoC and the host PC.

Using this biomolecular SoC as a design example for SysPy we got feedback and new

ways to improve the tool. We also created a useful SoC which engineers from a di�erent

scienti�c �eld and with no knowledge in digital hardware design could easily modify, using

the supported design scripts, and use to perform their experimental studies to analyze fast

a number of di�erent BioModels.

7.4 Biomolecular network SoC features

7.4.1 Scalable IP core for stochastic simulation

An IP core (SSA core) implementing the FRM algorithm was already in place and designed in

our group before the availability of 32-bit processor cores in SysPy. The development of the

SSA core was done in parallel to the SysPy project and when it reached the desired maturity

as a standalone IP core we decided to include it to the SysPy component library. First version

of the SSA core was presented in [40]. The IP core implemented N Processing Elements

(PEs) working in parallel, for simulating in reasonable amount of time large-scale biochemical

reacting networks. The IP core was described in VHDL and it is parameterized by the

number of PEs (N) and the number of reactions in the BioModel (m). Other parameters of

the SSA core are also tunable in order to implement in an e�cient way a parallelized version

of Gillespie's FRM-SSA.

In particular, the DM requires summing up the propensity functions of the individual

reactions during the last step of a reaction cycle in order to �nd the next reaction to �re,

R�. The FRM-SSA allows parallel execution of the reaction channels Rj, where the inner

for loop in steps 2 and 3 of the algorithms description in Section 7.3 computes the reaction
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propensities and putative times (�j. The processing cost in the SoC is distribute among the

available PEs of the design. If the FRM-SSA core has N PEs, each PE will compute m=N

propensities and putative reaction times (�j) and their minimum in a pipelined fashion. A

simple binary tree of log2N comparators which is part of the Minimum Time Unit (MTU)

block in the FRM-SSA design �nds the global minimum time �� of the next reaction to

\�re", R�.

Another option was to use the NRM Gibson and Bruck's algorithm [34] which is faster

than the FRM-SSA implementation but much more di�cult to implement and parallelize it

in hardware since it requires maintaining a shared data memory structure. The NRM-SSA

has been implemented in hardware using FPGA devices [95], [96] using an interconnection

network of MUXes. Implementation results reported in [96] prove that it is di�cult to

implement the NRM-SSA using more than N = 4 PEs and this was one of the main reasons

for choosing to implement the FRM-SSA instead, since we were planning to scale our design,

using large FPGA devices, and implement up to N = 32 parallel PEs.

In this work we focus on how we can harness SysPy's design capabilities to build a


exible multi-processor SoC around the Leon3 processor utilizing an improved version of

this SSA IP core component as an accelerator for systems biology simulations. Proper

instantiation of the SSA core requires many, BioModel dependent, parameters. We present

how using SysPy's design 
ow we can automatically parse a BioModel's XML �le in Systems

Biology Markup Language (SBML) format [42], extract automatically these parameters and

construct the memory structures and the top-level speci�cation necessary for synthesizing

the SoC's FPGA implementation in an e�ortless way.

7.4.1.1 FRM SoC architecture

Comparing the design of the FRM-SSA design presented in [40] to the later IP core design

presented in [61], we improved the core's functionality so that it:

• Provides a high-level mechanism for con�guring the SoC's parameters based on the

BioModel's parameters.

• Provides an easy to follow design 
ow for translating the SoC's top-level description

into a hardware/software FPGA implementation for Gillespie's FRM SSA.
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• Provides an easy-to-use interface allowing a user application running on the host PC

to harness the computational power of the system biology speci�c SoC residing in the

FPGA.

• Facilitates the rapid prototyping of SoCs to e�ciently simulate any large-size biomolec-

ular reactions network using an appropriate size FPGA.

In [61] we presented a 
exible multi-processor SoC around the Leon3 processor using the

improved version of the FRM-SSA IP core. In this new design we proved how using SysPy we

can automatically parse a BioModel �le in SBML format, which uses XML syntax to de�ne a

biochemical reaction network. All the model's important parameters are extracted and used

to automatically construct the memory structures and the top-level speci�cation necessary

for synthesizing the SoC's FPGA design. With this design approach the SoC can be used

to process any BioModel of interest (captured in SBML) without any user intervention or

required expertise in FPGA design.

The supported list of generic parameters of the FRM-SSA IP core are presented in Table

7.1. Three di�erent versions of the SSA core implementing the FRM algorithm have been

designed, using one (FRM1X), two (FRM2X) or four PEs (FRM4X) operating in parallel

(N=1 or 2 or 4). The number of reactions m and the number of species n are automatically

parsed from the BioModel SBML �le, while the rest of the parameters mentioned in Table

7.1 are declared by the user. Each instantiated PE requires a di�erent random seed which

is used by a random number generator to provide the unit random number rj used in step

3 of the FRM algorithm, presented in Section 7.3. Two di�erent modes of operation are

supported in the design: each PE can either a) perform m=N reactions of a BioModel in a

pipelined fashion (in SSIP: Single Simulation In Parallel mode) or b) perform all m reactions

(in MSIP: Multiple Simulations In Parallel mode), while all N PEs work in parallel.
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Parameter Name Range

m Number of reactions 2e; e ∈ [0; 12]

n Number of species 2e; e ∈ [0; 12]

q Number of reactants (reaction order) [1− 3]

Nrep Number of simulation repetitions

RNGseed Initial seed for the number generator [0− 255]

K Mode of operation [0 = SSIP; 1 =MSIP ]

Tsim Simulation time in seconds

Table 7.1: Generic parameters of the FRM-SSA core.

A top-level architectural diagram of the FRM-SSA core is presented in Figure 7.5. The

processing procedure is handled by the Control Unit (CU) which is the main state machine

of the design. A number of memory tables hold information parameters about the reaction

network, which are parsed from the SBML �le. The memory Tables are the Reactions Table

(RT), the Stoichiometry Table (VT), the Species Table (ST) which holds the species counts

and the Flags Table (FT) which stores binary 
ags controlling the operation of the PE's

propensity function computation sub-module according to the order of the reaction channel

under evaluation. A Memory Management Unit (MMU) is required to address and combine

information included in the memory tables.
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Figure 7.5: FRM-SSA core architecture with four Processing Elements (FRM4X).

A tree of comparators is used to determine the reaction channel R� with the minimum

reaction time ��, according to step 4 of the FRM algorithm. The comparator is included in

the Minimum Time Unit (MTU) and is divided into two stages, where the �rst stage �nds

the minimum of the putative times for the reaction channels that are processed by each PE,

and the second stage compares these local minima to �nd the overall minimum �� time of

the reaction to �re R�.

The steps of the FRM algorithm in section 7.3 can be mapped to individual units on

the FRM-SSA IP core schematic in Figure 7.5. The PEs compute the propensity function

�j(X) and determine the putative time �j time of each reaction channel (steps 2 and 3).

The reaction channel R� with the smallest reaction time (step 4) is determined by the MTU,

Evangelos Logaras 164



Using scripting languages for hardware/software co-design

SSA core Reaction Cycle time (us) MReaction Cycles/sec.

FRM1X 1.356 0.737

FRM2X 0.93 1.075

FRM4X 0.73 1.37

Table 7.2: Throughput of the SSA cores at a clock frequency of 160MHz for a network with

m = 136 reactions and n = 93 molecular species.

while the TU calculates the new simulation time (step 5). The number of new species is

calculated by the SU (step 5) and the result is stored in the ST memory block.

The performance of the FRM-SSA IP core is measured in terms of Reaction Cycles

executed per second. One reaction cycle is required for the core to process all m reaction

channels of a BioModel and in the end the one with the minimum reaction time is selected

(steps 2-5). Processed information is presented at the end of a reaction cycle in the form

of a reaction packet containing 10x32-bit values. Using IEEE-754 single precision 
oating

point format the �rst eight values of the reaction packet represent the number of the species

involved in the reaction (three reactants and up to �ve products). The last two 32-bit values

represent the simulation time the reaction occurred (t′) and a pointer that speci�es which

reaction of the BioModel has been selected (R�). The performance results of the three FRM-

SSA core design (N=1 or 2 or 4) are presented in Table 7.2 in terms of time per Reaction

Cycle and the number of Reaction Cycles that can be executed per second when the clock

frequency of the cores is 160MHz.

7.4.2 Custom core automatic parameterization

The three developed cores presented in Table 7.2 were used as third party IP cores and

added to SysPy's component libraries. Python functions that automatically generated and

parameterize the HDL code of the FRM cores were developed and added to the tool's function

library, as described in Section 4.1.2. Using Python, any text based �le can be easily parsed

so that its content used to provided special generic parameters for IP core instantiation.

Function handlers are used to process the content of XML Biomodel �les in SBML format,
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where the BioModel's �le name is used as a special function argument (see Figure 4.2).
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Figure 7.6: Parsing SBML BioModel �les using SysPy.

An external C library called LibSMBL [16] is called within SysPy to identify the SBML

related XML tags in the BioModel �le and generate an intermediate raw text �le. This

�le is then processed further by the associated with the FRM core function handler and

used to initialize the memory block in the FRM-SSA core. The LibSBML library provides

several functions to manipulate SBML �les which were easily embedded in SysPy. As shown

in Figure 7.5 all the memory tables, mapped to BRAMs, in the FRM core have to be

initialized with data based on information available in the BioModel's �le. In Figure 7.6

we show the steps of the parsing procedure of the BioModel �le using SysPy. The Python

function is also used to initialize the values of the generic parameters of the SSA core. All

the values for the generic parameters in Table 7.1 are de�ned in a Python dictionary, while

the values of m and n are parsed from the SBML �le. Complexity of a biomolecular reaction
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network is directly related to these two values.

7.4.3 Leon3 interface and connection to the FRM-SSA core

According to the processors already embedded to SysPy, Leon3 was the best candidate to

support a processor-centric SoC and handle communication issues between a fast custom

processor and a host PC. The FRM core is connected to the GPIO ports of the processor,

while an FSM is used as a data bridge between the GPIO ports and the custom core. The

processor handles data transfers on the Ethernet channel as well as data storage on the

bu�ers of the data bridge during data processing and on the attached to the processor

SDRAM memory, where initial and processed data sets are stored.

In Code example 7.1 we show the top-level Python description of the SSA SoC, where

the SSA core, the interface FSM and the Leon3 processor core are connected. The Python

function \Gillespie FRM4X" (line 5), as described in 7.4.2, is used to instantiate the core.

Call of the associated Python handler is done automatically by SysPy for parsing the SBML

BioModel �le. The FSM block instantiation (\HAL FSM") is done using a port-map like

assignment (line 8) in Python and a generic parameter passed to the associated function

de�nes the size of its data ports. The Leon3 IP core is connected to the design using a port-

map like assignment (line 16), so the user can de�ne her/his own internal or I/O signals

that are connected to Leon's signals. Internal signals \inputA" and \inputB" (lines 25-26)

are used to connect the FSM to Leon. The internal signal \clk int" is used to clock the SSA

core and the FSM at 160MHz (line 30). All internal and I/O signals of the generated VHDL

entity, must be declared at the end of the Python description, using dictionary statements.

A set of software �les must be also provided by the user to program the processor. All the

�les are automatically compiled using the \Sparc GCC" C compiler. For the biomolecular

SoC three C �les were used and compiled (lines 31-32) to a single binary executable �le:

the greth api C library contains functions to access the Ethernet controller of the board

while the Python intrf user and Python intrf �les contain the user application which

implements the interface with the host PC. The C �les must be provided by the user under

his/her working directory, as shown in Figure 1.1. All the required arguments are passed in

the end to \to VHDL" function to generate all the HDL �les and the folders hierarchy to be
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Code Example 7.1: Python description of the SSA SoC top-level design �le, using

port-map like assignments.

1 import SysPy ver . toVHDL

2 def FRM4XplusLeon ( ) :

3 # Connecting the FRM4X SSA core

4 # and pass ing as argument the name of the SBML f i l e

5 func Gil lespie FRM4X ( ` ` Biomodel . xml ' ' )

6

7 # Connecting the FSM as a compoment us ing port−map l i k e statement

8 def struct HAL FSM ( ` ` 32 ' ' ) :

9 c l k = c l k i n t

10 c e2 i n t = ce2 i n t

11 PORTA in = inputA

12 PORTB in = inputB

13 .

14 .

15 # Connecting the Leon3 core

16 def s t ruct l eon3mp ( ) :

17 s y s r s t i n = s y s r s t i n

18 c l k ou t = c l k i n t

19 c l k 100 = c lk 100

20 c l k 200 p = c lk 200 p

21 c l k 200 n = c lk 200 n

22 c l k 33 = c l k 33

23 s ram f l a sh addr = sram f l a sh addr

24 s ram f l a sh da ta = s ram f l a sh da ta

25 PORTA out = inputA

26 PORTB out = inputB

27 .

28 .

29# Leon ' s so f tware C f i l e names

30 a t t r i b u t e s = { ` `SYS FREQ: ' ' 100 , ` `PROC FREQ' ' : 160 ,

31 ` `PROC SW' ' : [ ` ` Py thon in t r f u s e r ' ' , ` ` Python in t r f ' ' ,

32 ` ` g r e th ap i ' ' ] , ` `FPGA DEV' ' : ` ` Virtex5 ' ' }

33

34# Generic argument f o r Python func t i ons

35 g en e r i c s = { ` ` Gillespie FRM4X ' ' : { ` q ' : 3 : , ` ` Nrep ' ' : 10 , ` ` Tsim ' ' : 50000 , `K ' : 0 ,

36 ` `RNGseed1 ' ' : 3 , ` `RNGseed2 ' ' : 34 , ` `RNGseed3 ' ' : 100 , ` `RNGseed4 ' ' : 180}}

37

38# I/O and i n t e r na l s i g n a l d e c l a r a t i on

39 i s i g s 0 = { `D ' : ` i ' , `T ' : `b ' , `L ' : 1 , `N ' : [ ` ` s y s r s t i n ' ' , ` ` c t r l ' ' , ` ` c l k 100 ' ' ,

40 ` ` c l k i n t ' ' , ` ` c l k 200 p ' ' , ` ` c l k 200 n ' ' , ` ` c l k 33 ' ' , ` ` s r am c lk fb ' ' ,

41 ` ` phy tx c lk ' ' ]}

42 i s i g s 1 = { `D ' : ` i n t r ' , `T ' : `b ' , `L ' : [ 3 1 , 0 ] , `N ' : [ ` ` inputA ' ' , ` ` inputB ' ' ]}

43 .

44# Ca l l i n g the "to VHDL()" func t i on to generate VHDL de s c r i p t i o n s

45 SysPy ver . toVHDL . toVHDL( ` ` FRM4XplusLeon ' ' , a t t r i bu t e s , g ene r i c s , i s i g s 0 ,

46 i s i g s 1 , . . . )
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used as input of the FPGA synthesis tools, as described in Chapter 3.

Figure 7.7: Hardware Abstraction Layer API for interfacing a typical processor-centric SoC

running on the FPGA.

A piece of software was required on the PC side to handle: a) data 
ow from the PC down

to SSA core through Leon and also b) the memory transactions on the onboard SDRAM

memory. This interface software was implemented as a HAL API software for the Leon3

core. The interface supports one control channel and two fast data channels. The control

channel is implemented using the serial connection between the PC and the FPGA board.

The �rst data channel is based on the Ethernet 100Mbps connection and targets interfacing

of the SoC with other external digital systems. The second data channel is used for intra-

chip communication and is based on the GPIO channel connection between Leon and the

FRM core. Python was used to develop the HAL on the PC side, so that to create a uni�ed

environment where Python is used to design and also interface a complex SoC design after

its FPGA implementation. Object oriented capabilities of Python also let us develop the

HAL as a class with associated functions for data handling.

In Figure 7.7 the HAL implementation and connection between the PC and the FPGA

board is presented. The API is partitioned into two parts: a) a Python part running on
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a host PC and b) a part developed in C running on Leon in the FPGA. Functions are

provided through the HAL to receive and transmit data on all three supported data and

control channels (serial, Ethernet and GPIO). Identical functions for data transmission and

control have been implemented in Python (Python API part) on the PC side and in C (C

API part) on the processor side on the FPGA. Communication parameters e.g. Ethernet

MAC address and serial port number, can also be set using the Python API class attributes.

Execution of a Python function triggers the execution of the corresponding mirror function

on the SoC's processor. Data transmission on the GPIO channel is triggered using control

commands over the serial channel and is handled by the implemented interface FSM. With

Leon operating at 160MHz, a 25Mbps data rate is realized over the GPIO channel.

In Code example 7.2 we show how the Python HAL interface can be used on the host PC

side to create a HAL object and exchange data with the SSA core over the GPIO channel. An

object named Leon (line 4) inherits all its properties from the HAL API class. Communication

attributes are de�ned (lines 6-13) for the created object, such as the MAC address of the PC

and the FPGA board and the serial port number of the PC. Data sent from the SSA core

to the PC through the GPIO channel are stored in the gpio rx data[] list after calling the

gpio rx() function (line 31). Data sent from the PC to the SSA core must be �rst stored

to Python lists and then pass them as arguments to the available functions gpio tx() or

eth tx() (line 26) functions. The �rst function can be used to transmit directly to the SSA

core or the latter one to sent data to the SDRAM memory of the FPGA board. All data are

transmitted using Ethernet MAC long packets of 1024 bytes. The Python and the C HAL

API slice data stored in Python or C lists before transmission.

By using an object oriented programming environment for managing the hardware re-

sources of an embedded system, it becomes easier to distinguish data and the control pro-

cesses for storing and transmitting. A very good feature of Python is the ability to support

text processing and scripting features with object oriented capabilities. While object orien-

tation was not used for SysPy's hardware description features, object orientation was very

useful and handy for creating the HAL software. Object oriented languages have been used

in other projects to control functions of an embedded system. In [82] Java has been used

to develop a HAL software running on top of a Java Virtual Machine (JVM) running on

the programmable processor of a SoC. Java classes and functions are used for handling I/O
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Code Example 7.2: Creating a Python object to transmit/receive data over the GPIO

channel.

1 import HAL API

2

3# Creating o b j e c t us ing the ` `HAL API ' ' c l a s s

4 Leon = HAL API .HAL API( )

5

6# PCs Ethernet card i n t e r f a c e name

7 Leon . e t h e r n e t i n t e r f a c e = r ' \Device\NPF {514ED014−A2E9−4E68−8C7D−9AD9FBA598 . . .

8# PC ' s Ethernet MAC address

9 Leon . dest MAC = ` ` 0 : 2 3 : 8 b : 3 7 : 8 f : 81 ' '

10# FPGA board ' s Ethernet MAC address

11 Leon . source MAC = ` ` 3 0 : 3 1 : 3 2 : 3 3 : 3 4 : 3 5 ' '

12# PC' s s e r i a l por t address

13 Leon . s e r i a l i n t e r f a c e = ` `COM1' '

14

15# Li s t s ' d e c l a ra t i on

16 gp i o rx da ta = [ ]

17 gp i o tx da ta = [ ]

18

19# I n i t i a l i z i n g ` ` g p i o t x d a t a ' ' l i s t

20 for i in range ( 2000 ) :

21 gp i o tx da ta . append ( i )

22

23# Transmitt ing 0x7D0 (2 ,000) x 32− b i t ( l i s t " g p i o t x d a t a ")

24# data to GPIO port C bu f f e r i n g them in SDRAM memory at address 0x0

25# gp i o t x ( s t r port , i n t g p i o da t a t x [ ] , s t r s t a r t addr , s t r da t a l en )

26 Leon . gp i o tx ( ` c ' , gp io tx data , ` `00000000 ' ' , ` `000007D0 ' ' )

27

28#Rece iv ing 0xC350 (50 ,000) x 32−b i t data from GPIO port C

29#bu f f e r i n g them in SDRAM memory at address 0x0

30# gp io rx ( s t r port , s t r s ta r t addr , s t r da ta l en )

31 gp i o rx da ta = Leon . gp i o rx ( ` c ' , ` `00000000 ' ' , ` `0000C350 ' ' )
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peripheral devices e.g. serial and Ethernet communication controllers.

Use of Python to create the HAL API software is the �rst attempt to use a scripting

language to control a SoC's data processing tasks. Using a Python script on the host PC

side to initiate processing tasks on the FPGA gives 
exibility to the user to pre-process data

and also schedule the processing and communication tasks in the SoC in a very structured

way.

7.5 Performance and implementation results

The ML509 Xilinx board equipped with a Virtex-5 XC5VLX110T-1 FPGA device was used

for the implementation of the biomolecular SoC. The available PHY Ethernet chip and

the 256MB DDR2 SDRAM module clocked at 190MHz along with the FPGA device were

utilized from our design. The board was equipped with an 100MHz crystal oscillator and

with the use of the DCM block in the FPGA, we managed to generate all the required clock

signals in the design, especially the 160MHz signal used to clock the Leon3 processor and

the SSA core. The board was externally connected to the host PC using a serial RS-232 and

an Ethernet cable. The serial connection was used to trigger data execution on the board,

using a Python script which imports the HAL library, as the one presented in Code Example

7.2. A top level schematic of the SoC along with the connected peripheral devices on the

FPGA board is shown in Figure 7.8.
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Figure 7.8: SSA SoC. Connection of the SSA core to the Leon processor.

A complex SBML BioModel [78] having n = 93 chemical species and m = 136 reactions

have been used to test the SoC on the FPGA. The memory tables of the FRM core (FT,

RT, ST and VT) have been initialized using the content of the BioModel SBML �le. The

SoC has been synthesized and tested with all three di�erent version of the FRM-SSA core

shown in Table 7.2, using Leon connected to an SSA core with either one (FRM1X), two

(FRM2X) or four (FRM4X) PEs. FPGA resource utilization and power consumption results

for all three implementations and also the Leon3 core alone are presented in Table 7.3. The

Virtex-5 device present on the board was able to support up to N = 4 PEs working in

parallel (FRM4X core). The maximum number of PEs that can be instantiated on a given

device depends on the complexity of the BioModel �le in terms ofm and n. A higher number

of species and reactions requires more BRAMs to hold the associated memory tables. Larger

SoCs of the same architecture but with N = 8 PEs have also been synthesized for larger

Virtex-5 LX155T and Virtex-6 LX240T FPGA devices.

The Leon3 core has a small footprint on the FPGA, since it utilizes 1=3 of the available

logic blocks and 11% of the BRAMs for the data and instruction cache memories. All the rest

of the occupied BRAMs were used for the implementation of the memory tables inside every
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Leon3 Leon+FRM1X Leon+FRM2X Leon+FRM4X

Slices 5,436 (31%) 9,244 (53%) 13,214 (76%) 16,594 (96%)

BRAMs 17 (11%) 56 (37%) 78 (52%) 132 (89%)

MULs 0 (0%) 16 (25%) 26 (41%) 48 (75%)

Power (W) 0.6 4.1 4.8 5.9

Table 7.3: Resource utilization for the Virtex-5 XC5VLX110T-1FF1136 FPGA device (Slice:

four 6-input LUTs, BRAM: 36Kb, MUL: 25x18-bit).

PE, while the MUL blocks were utilized for the single precision 
oating point arithmetic

calculations of the FRM algorithm. Since FPGA devices are used to parallelize algorithms

using the large number of arithmetic and memory blocks, FPGA implementations do not

favor low power designs, compared to ASIC implementations. Despite that we can observe

that the Leon processor core consumes only 10% of the dissipated power. Power consumption

was estimated using Xilinx's XPower Analyzer tool. Most of the power is dissipated on the

memory, multiplier and especially I/O blocks, since a large number of external pins are used

to interconnect the FPGA with the Ethernet and memory peripheral ICs on the board.

7.5.1 Comparison against software based tools for BioModel stochas-

tic simulation

In order to validate our SoC implementation we performed measurements of critical control

and data signals using the Xilinx ChipScope Pro [52] logic analyzer. Several signals were

captured and analyzed to prove that all the required computations occur in the correct order

and that the computations have the required accuracy. BioModels simulation results were

transferred back to the host PC, where data returned from the HAL's gpio rx data[] (Code

Example 7.2) are exported to text �les for further processing. These results were compared to

the results generated while simulating curated models from the SBML BioModels Database

[27] using popular software simulators, like iBioSim [70] and StochPy [85]. We tested the

performance of the software simulators using a modern and fast PC con�guration where
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the latest version of the required Windows and Linux O/S were installed (Windows 7-

iBioSim/Ubuntu Linux 12.04-StochPy, 64-bit PC, 6GB RAM, Intel i7, 2.6GHz, quad-core

CPU). We used a complex BioModel for our tests [78] which forms a biomolecular network

with m = 136 reactions and n = 93 chemical species and models the role of the A-synuclein

(ASYN) protein on the homeostasis of dopaminergic neurons. Modeling this protein is of

great importance for understanding the pathogenesis of Parkinson's Disease.

The FRM core was implemented with four PEs (FRM4X) working in parallel and pro-

cessed data in SSIP mode, where each PE simulated 1=4 of the available reactions. Simulation

process was initiated using the proper command sequence from the Python HAL interface.

Simulation times presented in Table include the following individual processing/data trans-

mission times:

• Command transmissions, using the serial channel, from the host PC to Leon, initiating

the simulation on the SSA core.

• Simulation processing time of the FRM4X SSA core.

• Data transmission from the SSA core to Leon using the GPIO channel.

• Bu�ering data on the SDRAM memory on the FPGA board.

• Data transmission from the FPGA to the PC using the Ethernet channel.

• Saving simulation results on the PC's disk drive.

Six di�erent simulation run were conducted using the FRM SoC, iBioSim and StochPy

and the results are presented in Table 7.4. Simulation experiments were performed for three

di�erent simulation time values (Tsim), namely 50,000, 200,000 and 600,000 seconds (of lab

time) and conducting one (Nrep = 1) or ten repetitions (Nrep = 10) respectively, while

simulation performance was measured in MReactions/sec. The goal was to measure the

speed factor that the hardware implementation achieves compare to the software tools. As

presented in Table 7.4 the performance of the SoC design exceeds by 50 times or more that

of the software simulators. Also the parameter Tsim, which is the real lab time required

to perform the requested reaction cycles, does not a�ect the performance of the hardware

design and remains constant at about 0:35MReactions=sec: When we performed multiple
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ASYN BioModel in SSIP mode (m = 136; n = 93)

Nrep = 1

Tsim
(sec.)

FRM4X StochPy
Speedup

factor

iBioSim
Speedup

factor
End-to-end
time (sec.) MReact./sec.

Sim. proc.

time (sec.) MReact./sec.

Sim. proc.

time (sec.) MReact./sec.

50k 1.06 0.353 58.2 0.0066 54.9 54.5 0.0069 51.4

200k 4.38 0.354 231.0 0.0071 52.7 223.0 0.0071 50.9

600k 12.6 0.354 623.0 0.0075 49.4 584.0 0.0078 46.3

Nrep = 10

Tsim
(sec.)

FRM4X StochPy
Speedup

factor

iBioSim
Speedup

factor
End-to-end
time (sec.) MReact./sec.

Sim. proc.

time (sec.) MReact./sec.

Sim. proc.

time (sec.) MReact./sec.

50k 10.6 0.353 615.7 0.0064 58.1 792.0 0.0049 74.7

200k 44.4 0.354 2425.0 0.0066 54.6 3952.0 0.0040 89.0

600k 127.0 0.354 7400.0 0.0061 58.3 14545.0 0.0031 114.5

Table 7.4: End-to-end performance comparison of FRM4X SoC to software simulators.

simulation runs (Nrep = 10) of we observed a non-linear increase on the required simulation

time Tsim while using iBioSim. On the contrary the performance of StochPy remained almost

constant. When the number of repetitions was greater than two (Nrep > 2) we noticed that

iBioSim had a poor performance because it was executing a large number of disk accesses.

Comparison was also performed with biochemical reactions performed in a stochastic

way, where computer clusters were involved to apply distributed computing techniques. In

[79] a 20 nodes cluster (each node is a 2.4GHz AMD Opteron dual-core CPU) was used to

simulate BioModels behavior. Two BioModels, the logistic-growth with only two reactions

(m = 2) and the epidemiological metapopulation model (SIRS) applied to 100 \patches"
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having overall m = 4 ∗ 100 = 400 reactions were simulated in SSIP mode in the cluster.

The performance achieved by [79] is 0.132E-3 MReactions/sec for the logistic-growth and

0.029 MReactions/sec for the SIRS model (estimated using the data reported in Table 1 of

[79]). The performance of our FPGA implementation is more than an order of magnitude

higher than the cluster's performance. Nowadays a large number of PEs can be instantiated

and interconnected in a single large FPGA device, so it comes as no surprise that the

FPGA implementation outperforms a computer cluster implementation, where a lot of time

is wasted on data communication across many di�erent circuit board and ICs interconnected

using many di�erent transmission protocols. Furthermore the FPGA implementation o�ers

an order of magnitude more area and power e�cient solution.

In this SoC design we demonstrated how SysPy can be used to combine a 32-bit pro-

grammable processor core along with a dedicated custom co-processor, targeting applica-

tions related to a real world, biologic related application. Using Python we also managed

to provide a uni�ed development and testing environment, since Python controls the hard-

ware/software design related 
ow, but also interface application after the implementation of

the SoC in an FPGA device. The design has been tested thoroughly using real biological

models and has been developed in a way that is easy to be used and interfaced by users and

scientists with little or no experience in digital hardware design.
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Chapter 8

Audio processing SoC design case

In the current chapter we demonstrate the veri�cation and O/S based software development


ow supported in SysPy, via the design of an audio signal processing SoC, implemented using

a Xilinx Virtex-5 FPGA device. We present how SysPy facilitates SoC development early

in the design phase where models of hardware components (not yet captured in HDL) and

software code to run in the processor core can be co-simulated using Python descriptions.

The design is based on the Leon3 core, running an embedded Linux O/S. In this way �le-

oriented data processing is achieved, while the FPGA board acts as a data co-processor

attached as a network node in an Ethernet TCP/IP network.

8.1 Audio SoC features

In this design we use a bank of four FIR bandpass �lters, which divide the audible spectrum

into four regions. According to the �ltered audio signal strength in these four audio bands,

the processor in the design can classify a music �le into one of four styles (rock, pop, classical,

electro). Several features of SysPy were exercised during the design of this SoC, like high-

level hw/sw co-veri�cation, automatic generation of RTL code and software development

using an embedded Linux O/S kernel.

With this design example we tested SysPy's high-level veri�cation features by creating

a Python testbench when the speci�cation of the system was available. With the testbench

we were able to de�ne in advance key parameters of the system that would let us to analyze

accurately and fast the frequency content of the music �les. The required data �xed-point
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representation was de�ned using the testbench, as well as the size of the memory bu�ers

between the processor and the �lter bank. After de�ning the parameters of the system,

we used high-level Python descriptions for the instantiation of the processor IP core and of

the high-order digital �lters (accelerators), which SysPy translated to synthesizable VHDL

code. The RTL code for the �lter bank was auto-generated using Python parameterizable

functions.

On this design we wanted to use the Ethernet connection in a di�erent way, compared to

the biomolecular SoC design where a bare-metal application was executed by Leon. Using

a standalone application it was hard to use all the layers of the Ethernet protocol. That is

why the HAL interface for the biomolecular SoC was implemented, exchanging data using

MAC packets. In the current design the software of the application is compiled along with

the Linux embedded O/S kernel and the application take advantage of the O/S: a) imple-

mented TCP/IP stack and b) installed, ready-to-use application, like an FPT client used to

transfer data between the FPGA board and a connected via Ethernet host PC. Decisions

were also taken about the control software that the processor would have to execute in order

to store the music �les, broadcast data to the �lters, collect and store the �ltered results and

�nally analyze the results to de�ne the music genre of each �le. Linux kernel parameters

were also speci�ed using dedicated con�guration �les, while the kernel and the related C

application were compiled through SysPy, using the dedicated C compiler supporting the

Leon architecture. Using the top-level Python description, SysPy generates automatically:

RTL VHDL code, compiled software for the processor and all the script �les necessary to

facilitate synthesis and physical implementation of the SoC.

8.2 Audio processing SoC design

8.2.1 SoC veri�cation using SysPy

For the design of the SoC we used SysPy to create a Python testbench of the system early

in the design phase. The testbench was used to capture the complete system's functionality

using Python and co-simulate its hardware and software. Simulation models were used to

describe the functionality of the �lters and also Python code to de�ne the control algorithm
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needed to be executed by the processor. The testbench was built in such a way so that

during the design phase it was easy to exchange the hardware simulation models by Python

functions that would generate the required RTL code and instantiate the blocks in the top-

level Python description.

A top-level schematic of the SoC is shown in Figure 8.1. Leon3 is running an FPT client,

along with the user custom application in the Snapgear Linux O/S.The custom application

uses the client to establish an FPT connection with an FTP server running in the connected

PC. Upon reception of a music �le, data is stored in the system's RAM memory and the

custom application, implemented in C, copies the �le content to an array. The �lter bank

is connected to the GPIO ports of the processor, through a FIFO bu�er, which is required

to store and synchronize data transmission between the two di�erent clock domains of the

processor and the �lter bank. The Universal Asynchronous Receiver Transmitter (UART)

serial connection is used to provide command line access to the O/S, where the user can

trigger execution of his application.

FIR0 FIR1 FIR2 FIR3

FIFO buffer

GPIO ports

RS-232

Ethernet
FTP

256MB
RAM+

user app

(Linux kernel)

PC

Figure 8.1: Top-level schematic of the audio SoC.

In Figure 8.1 dashed line boxes are used for the hardware and software modules that

we simulated in our testbench. By simulating the SoC's functionality at a high-level using

Python models, we were able to make judicious decisions regarding the following key aspects

of the hardware/software design space: a) �lter properties e.g. �xed-point notation, number
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of taps, value of the taps using SciPy according to the desired cuto� frequencies, b) size of the

data bu�ers and control signals needed to handle data 
ow between the processor core and

the �lter bank and c) control software running on the processor, which was later developed

on top of the Linux kernel, that allows data to be handled in a �le oriented manner.

In Figure 8.2a a more detailed block level schematic of the abstract simulation model of

the audio DSP SoC is presented. Software blocks are represented using dashed line boxes

inside the processor's block, while the rest of the blocks correspond to hardware functionality.

SysPy.simFunctions

+musicFileName:string

+filterDict:dict

+inputFifo:list

+outputFifo:list

+inputFifoReady()

+outputFifoCounter(string)

+fir(string)

+init()

SysPy.behSim

+simTime()

+simRisingEdge()

+endSimulation()

*.wav file I/O

FIFO control

audio classif.

FIFO
in

FIFO
out

FIR
filter0

FIR
filter1

FIR
filter2

FIR
filter3

interface
FSM

output
fifo ready

input
fifo ready

(Python lists)

(SysPy RTL)

(SysPy RTL + SciPy)

(Python class)

Processor core

*.wav file

(Python file I/O)

(a) (b)

Figure 8.2: a) Abstract modeling of the SoC using SysPy and SciPy, b) diagrams of the

Python classes used in the SoC's testbench.

Software on the processor handles music �le I/O, transmits the audio samples to the input

FIFO and reads back the �ltered samples. Finally the processor classi�es the audio �les by

analyzing the �ltered samples from the four audio bands. Simulated hardware functionality

in the SoC involves the FIFO memories, the interface FSM that handles the data tra�c from

and to the FIFO memories and the four FIR �lters.

The text in parentheses in Figure 8.2a states the type of Python structure used to simulate

each block. Functions of the core classes of SysPy support the timing mechanism of the

cycle-accurate simulation, while user provided classes model the algorithmic behavior of

the SoC, especially of hardware blocks that have not yet been de�ned at the RTL level.

Diagrams of the Python classes used for the audio SoC simulation are shown in Figure
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8.2b. The three functions provided by SysPy's behSim class handle timing information in

the testbench: simRisingEdge() to simulate a pipelined synchronous datapath, according

to the provided clock source, simTime() which makes the simulation time visible to the

testbench and endSimulation() which terminates the simulation when a desired condition

is met.

A number of data structures and functions are de�ned in the simFunctions class pro-

vided by the user. The inputFifo and outputFifo Python lists are used as data bu�ers

and simulate the behavior of the data transactions between the processor and the �lter

bank. During system reset, function init() initializes the data bu�ers and calculates the

�lter tap values, according to user supplied speci�cations (cuto� and sampling frequencies,

number of taps) provided for each �lter in the filterDict dictionary. The processor and

the �lters exchange data in an asynchronous way using control signals generated by the two

implemented bu�ers. Function inputFifoReady() is used to inform the processor that the

input bu�er is ready to accept data, which the processor reads from the provided music �le

(musicFileName). Function outputFifoCounter() returns the number of existing �ltered

data in the output bu�er and the simulation is terminated if the number of data has reached

a desired value. Function fir() is used to simulate, in a bit-true manner, the registered

datapath of the �lters. The number of registers is de�ned by the number of the required taps

for each implemented �lter. Control and storage functions can be described in an abstract

manner, using Python libraries.

The I/O signals among the blocks in the testbench are pipelined using the timing sim-

ulation functions provided by SysPy. Signals' values are also stored in VCD �le format, so

that their behavior can be checked in respect to the clock and reset circuitry of the system.

8.2.2 Filter bank design using SysPy and SciPy

One of the main targets of the developed testbench for the audio SoC was to de�ne and �ne-

tune the parameters of the four implemented �lters. Three di�erent aspects of the �lters

could be easily explored using the SysPy testbench:

• values of the �lter coe�cients to tune the �lters to the desired frequencies

• number of taps of the �lters
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• �xed-point notation and number of bits used to express the parameters

Calculation of the values of the parameters and the number of taps can be explored using

SciPy provided functions for digital �lter calculations, used within the model developed in

SysPy. The accuracy of data processing is heavily a�ected from the chosen representation,

something that was easy to explore using SysPy provided functions for converting �xed-point

decimal numbers to binary format and vice versa.

In Code Example 8.1 a code snippet is presented with two functions used to simulate the

datapath of the FIR �lters. In line 1 the SciPy library is imported, while in line 3 the SWIG

interface C function is imported. In line 4 the class simFuntions is de�ned to hold all the

required data and functions for modeling the FIR �lters. Sampling and cuto� frequencies and

number of taps for each �lter are stored in dictionaries (lines 8-12) and passed as arguments

to the SciPy firwin() function which calculates the coe�cients. Alternatively a C function

can also be used to calculate the �lter coe�cients by passing the same arguments used with

the firwin() function. The hamming win in lines 19-20 is implemented as a C function using

SWIG and returns back to the testbench the desired set of coe�cients according to the input

arguments (methodology on how to use C functions in Python is described in Section 3.3.2).

The SysPy provided function fp sign to bin() in line 26 is used to convert the coe�cients

to the corresponding �xed-point notation format. The fir() function in line 29 is used to

implement the register logic of the pipelined datapath in the �lters. The registers chain

is created using the for loop in lines 30-32 and the Multiply Accumulate (MAC) operation

for each tap is implemented using the for loop in lines 38-40. One data element is pushed

to the datapath every time the fir() function is called. This function is called within the

testbench on the occurrence of a rising edge on the main system clock, simulating in this

way the clocking process of the datapath (Code Example B.5, lines 30-33). A described

also in Chapter 3, the C code implemented using SWIG and co-simulated in SysPy, can be

compiled and used directly to program the Leon3 processor.
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Code Example 8.1: Using SciPy for simulating the �lter's datapath and C function

for hw/sw co-simulation.

1 from s c ipy import s i g n a l

2 from f p s i g n t o b i n import ∗

3 import swig

4 class SimFunctions :

5 # Fi l t e r 0

6 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

7 # Calcu la t e F i l t e r 0 c o e f f i c i e n t s us ing SciPy func t i ons

8 c o e f f F i l t e r 0 = s i g n a l . f i rw i n ( s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ 'N ' ] ,

9 [ s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f c 0 " ] ,

10 s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f c 1 " ] ] ,

11 nyq = (0 . 5 ∗ s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f s " ] ) ,

12 window = 'hamming ' )

13 ## OR

14

15 ## Calcu la t e c o e f f i c i e n t s in C

16 print "C implementation "

17

18 for i in range ( l en ( c o e f f F i l t e r 0 ) ) :

19 c o e f f F i l t e r 0 [ i ] = swig . hamming win ( s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ 'N ' ] , i ,

20 s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f c 1 " ] , s e l f . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f s " ] )

21 #−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

22

23 # Convert the c o e f f i c i e n t s to the requ i red b inary f i x ed−po in t format

24 c o e f f F i l t e r 0Fp = [ ]

25 for i in c o e f f F i l t e r 0 :

26 c o e f f F i l t e r 0Fp . append ( i n t ( f p s i g n t o b i n ( i , s e l f . fpNotat ion ) , 2 ) )

27

28 # Simulate the FIR p i p e l i n e d data path

29 def Fir ( s e l f , S igna l In , FilterName ) :

30 for i in range ( ( l en ( s e l f . F i l t e rD i c t [ FilterName ] [ " r eg i s t e rQueue " ] ) − 2) , −1, −1):

31 s e l f . F i l t e rD i c t [ FilterName ] [ " r eg i s t e rQueue " ] [ i + 1 ] =

32 s e l f . F i l t e rD i c t [ FilterName ] [ " r eg i s t e rQueue " ] [ i ]

33

34 s e l f . F i l t e rD i c t [ FilterName ] [ " r eg i s t e rQueue " ] [ 0 ] =

35 i n t ( s e l f . MusicFi leArray [ s e l f . F i l t e rD i c t [ FilterName ] [ "Counter" ] ] )

36

37 acc = 0

38 for i in range ( l en ( s e l f . F i l t e rD i c t [ FilterName ] [ " r eg i s t e rQueue " ] ) ) :

39 acc = acc + s e l f . F i l t e rD i c t [ FilterName ] [ " C o e f f i c i e n t s " ] [ i ] ∗

40 s e l f . F i l t e rD i c t [ FilterName ] [ " r eg i s t e rQueue " ] [ i ]

41

42 s e l f . F i l t e rD i c t [ FilterName ] [ "OutPort" ] = acc

43 s e l f . F i l t e rD i c t [ FilterName ] [ "Counter" ] = s e l f . F i l t e rD i c t [ FilterName ] [ "Counter" ] + 1

44

45 s e l f . outputFi fo [ FilterName ] . append ( s e l f . F i l t e rD i c t [ FilterName ] [ "OutPort" ] )

46

47 return ( s e l f . F i l t e rD i c t [ FilterName ] [ "OutPort" ] )
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The four designed �lters had 30-tap each, covering the audible spectrum and their coef-

�cients were calculated using SciPy (0-1KHz, 1-3KHz, 3-5KHz, 5-8KHz). Filters with fewer

taps have also been tested, but the best classi�cation results, also considering the available

resources on the FPGA, were obtained using 30-taps. The frequency and phase response of

the four implemented �lters is presented in Figure 8.3.
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(0kHz - 1kHz)

(1kHz - 3kHz)

(3kHz - 5kHz)

(5kHz - 8kHz)

Figure 8.3: Frequency and phase response of the four implemented �lters.
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The model of the �lters is instantiated at the Python testbench and connected to a state

machine which controls data 
ow in the testbench from and to the processor. Using the

testbench it was easy to change on the 
y the parameters of the �lters, data input or the

state machine synchronization. The full testbench where the �lters model is instantiated is

presented in Code Examples B.4, B.5 and B.6.

8.2.3 Processor interface using SysPy

As presented in Figure 8.1, using the FIFO bu�ers blocks we were able to partition the design

into two main clocking domains: a) the 160MHz domain where the processor is implemented

and the 100MHz domain, where the FIFO memories and the �lter bank are implemented.

The clock frequency used for Leon is the highest that could be achieved on the Virtex-5

device. With this frequency a data rate of 25Mbps was measured on the connected GPIO

ports.

While the data rate performance of the processor is not very high, the Leon core add soft-

ware programmability in the system which is very important for handling I/O and control

operations. Without the existence of the processor all the required drivers for the Ether-

net, GPIO and UART communication should be hardcoded using huge state machines to

implement all the layers of the related communication protocols. In order to decouple the

performance of the processor from the high data rate performance of the �lter bank, we used

the FIFO generator tool provided in Xilinx ISE [51] to build a dual 64kx32-bit FIFO block.

The functional diagram of the FIFO block is presented in 8.4. According to the required

FIFO size, the generator cascades the required number of built-in FIFO blocks. These blocks

are physically implemented using BRAMs, distributed RAM (CLBs) or shift-registers. Two

clocking domains exist in the FIFO design, supporting concurrent read and write operation.

The generator tool also implements the FIFO interface logic, providing all the data I/O and

control signals.
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Figure 8.4: Functional FIFO diagram (source: www.xilinx.com).

The block diagram of the interface unit is presented in 8.5. The interface unit consists of

two 64kx32-bit FIFO memories and four FSMs. When a new 8-bit data sample is received

from the GPIO, it is stored in the Tx FIFO and then broadcasted to the �lter bank unit

consisting of four parallel �lters. The interface unit and the �lter bank are connected on

the same clock domain, running at 100MHz. A new �ltered value appears at the output of

each �lter after one clock cycle. The Rx FIFO collects the output from each �lter (a 32-bit

value) and stores the four outputs in four di�erent memory locations. The processor polls

the interface unit and fetches �ltered results when available.
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Figure 8.5: FIFO interface architecture in the audio SoC design example.

The FIFO design has been inserted as a block into the structural library of SysPy, so

that it can be instantiated at a top-level Python description. The design has been generated

and synthesized in the Xilinx ISE design environment and the generated netlist (*.ngc �le)

has been stored in SysPy's libraries. SysPy automatically creates the ISE compatible folders

hierarchy and copies the required netlist �les every time the FIFO block is used in a Python

description. A smaller FIFO design has also been generated using the FIFO generator tool

in SysPy. This design can be instantiated directly in the top-level module, using an HDL-like

description and connected to the GPIO ports of the processor. Although the FIFO blocks

have been synthesized for the Virtex-5 XC5VLX110T-1FF1136 device that we used, the

synthesizer is able to re-synthesize the block for other devices without the user having to

re-generate the block using the FIFO generator tool, if the FPGA device has the resources

to support the FIFO design, e.g. compatible dual-port BRAMs.
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8.2.4 SoC simulation results

A testbench setup was used to verify the SoC functionality using models for the software

algorithm needed and for the design of the �lter bank. We used SciPy FIR functions to model

the �lters data path behavior and also plots to observe the �lters' response. Combining the

�lter models with abstract software descriptions in Python and also with the digital plot

results generated in VCD format we were able to con�gure the SoC's arithmetic calculation

and timing parameters.

In SciPy we plotted the input music signal waveform and the output waveform from

Filters 0, 1, 2 and 3, as presented in Figure 8.6. A *.wav music �le was used as an input to

the �lter with a sampling frequency of 16kHz and the �rst 100 samples are presented in the

plot. Simulation results for the four �lters was also stored in text �les during simulation for

further analysis.

Figure 8.6: Filters time response plotted in SciPy.

Using the generated VCD �le during simulation, digital waveforms can be observed using

the GTKWave tool. In Figure 8.7 the I/O signals of the SoC, including all the clock, reset,

control and data signals, are presented. The �lter output results are presented after a delay
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that is user de�ned in the testbench (7ns) (Code Example B.6, line 14). In Figure 8.7a,

signal input fifo ready is generated in the testbench in a random way, simulating the way

the processor polls the control signals of the FIFO memory to provide new data samples to

the �lter bank. Using the testbench it was was easy to experiment and �ne-tune the various

parameters of the SoC. In Figure 8.7b, compared to Figure 8.7a, we changed the cuto�

frequency fc0 from 1kHz to 100Hz and also the output delay for Filter0 (signal filt out0.

The �ltered values are di�erent in Figure 8.7b and the logic delay has been increased to

15ns.

(a)

(b)

7ns delay

random delay

15ns delay

Figure 8.7: Digital I/O signal waveforms of the audio processing SoC.

Using the developed testbench for the audio processing SoC, it was easier for us to de�ne

the required set of tap parameters for the �lters, the size of the FIFO memories, the clocking

frequency of the system and data transfers synchronization between the processor and the

�lter bank. A prototype of the software executed by the processor has also been de�ned in

Python before starting software development.
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8.2.5 Mapping co-simulated design to hardware

It is highly desirable that any kind of models of a digital design must be easily adaptable to

synthesizable RTL code. SysPy provides the means to ease hardware and software mapping,

from Python hw/sw descriptions and behavioral models to synthesizable RTL and executable

software for the processor respectively.

The state machine description in our testbench and the I/O interface of the SoC can

be used within SysPy to automatically generate synthesizable RTL code. Moreover, for the

implementation of the FIR �lters, a parameterized Python function is used to auto-generate

their synthesizable RTL description.

An example of the usage of Python functions to instantiate hardware blocks is shown

in Code Example 8.2. Function func fir filt s is used to instantiate an FIR �lter in a

VHDL RTL description. The function generates the RTL description of a �lter with signed

coe�cients. In lines 5 and 6 the coe�cient of the �lters and the required �xed-point notation

are provided as arguments in decimal format. The tap parameters of the �lter are provided

as they have been previously estimated during the SoC's simulation. SysPy will translate

and initialize the values of the taps in binary format while instantiating the block in VHDL.

In line 14 (8-bit + 1-bit for signed representation, 'n': 9) the number of the input bits is

provided in the generics dictionary, while the �xed-point representation, the values and

the number of taps are function parameters and are handled in an automatic way by SysPy

during RTL code generation. I/O signal names are de�ned in lines 17-19. If prede�ned names

are used (filt in, filt out, clk and rst) then they are connected automatically to the

instantiated �lter. The generated VHDL code for the �lter can be found in Code Example

B.7.

Leon is connected to the FIFO interface unit using its GPIO ports. The Python algorithm

tested during simulation was used as a template for the development of the FIFO control and

classi�cation C code. The user application for the SoC was compiled and built on top of the

Snapgear Linux kernel. The names of the O/S kernel and of the user C application �le are de-

�ned in the attributes dictionary (lines 10-11, linux kernel, usr app classification).

SysPy makes an external call to the Sparc GCC compiler and one single binary executable

(image) �le is generated after compilation. Several Linux parameters can be de�ned in
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SysPy's con�guration �le, e.g. RAM SIZE, ETHERNET EN, UART EN. For the SoC im-

plementation, a set of low level Linux GPIO drivers was developed in the user application.

The full set of parameters of the Snapgear O/S kernel that can be con�gured through SysPy

can be found in Table 1.2. The drivers for the ports were accessed by the application by

mapping them to the RAM memory of the system. The application also performed process-

ing of the �ltered music values to �nd the genre of each music �le. We de�ned four music

styles/groups and assigned to them, according to measurements, a vector with the average

values of the output for the four frequency bands of the implemented �lters.

By using SysPy to describe the SoC, most of the system parameters, related either

to hardware or software implementation are visible and con�gurable within the Python,

self-contained, top-level description. Many system parameters also de�ned during system

simulation using SysPy can be directly used in the system's Python description, like the

�lters' tap values, order of the �lters �xed-point notation, SoC's control logic implemented

in software and CPU and the SDRAM clock frequency.

Code Example 8.2: Python function description used to instantiate an FIR �lter

block.

1 import SysPy ver . toVHDL

2 def f i l t S oC ( ) :

3 # 30− taps FIR f i l t e r with 1.7 f i x ed−po in t no ta t ion fo r

4 # parameters ' s b inary r ep r e s en ta t i on

5 f u n c f i r f i l t s ( [−0.0019 , −0.0042 , −0.0080 , −0.0100 ,

6 −0.0028 , 0 .0648 , 0 .1203 , . . . , ] , " 1 . 7 " )

7

8# Leon ' s so f tware C f i l e names

9 a t t r i b u t e s = { ` `SYS FREQ: ' ' 100 , ` `PROC FREQ' ' : 160 ,

10 ` `PROC SW' ' : [ ` ` l i n u x k e r n e l ' ' , ` ` u s r a p p c l a s s i f i c a t i o n ' ' ,

11 ` `FPGADEV' ' : ` ` Virtex5 ' ' }

12

13# Generic argument f o r Python func t i ons

14 g en e r i c s = {" f i r f i l t s " : { ' n ' : 9}}

15

16# I/O and i n t e r na l s i g n a l d e c l a r a t i on

17 f i l t i n = { 'D ' : ' i ' , 'T ' : ' b ' , 'L ' : [ 8 , 0 ] , 'N ' : " f i l t i n "}

18 c l k r s t = { 'D ' : ' i ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " c l k " , " r s t " ]}

19 f i l t o u t = { 'D ' : ' o ' , 'T ' : ' b ' , 'L ' : [ 1 6 , 0 ] , 'N ' : " f i l t o u t "}

20

21# Ca l l i n g the "to VHDL()" func t i on to generate VHDL code

22 SysPy ver . toVHDL . toVHDL( " f i l t S oC " , a t t r i bu t e s , g ene r i c s , f i l t i n , f i l t o u t , c l k r s t )
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8.3 Software development using an embedded Linux ker-

nel

8.3.1 Software debugging

Developing our software application on top of the Linux kernel, gave to the SoC access to

fast I/O interfaces and large memory space. All the complex software interface layers needed

to map the Ethernet and the SDRAM controllers were already implemented in the kernel.

Required software also needed to handle �le-oriented operation was also included in the

kernel. The user control application used to handle data 
ow, storage and processing was

compiled along with the O/S kernel and utilized all of the ready-to-use features of Linux.

Although software debugging during development was possible in SysPy, since compila-

tion message appeared in Python's command line during parsing of the top-level design, more

complex debugging techniques have to be used when compiling an O/S-centric application.

To support this requirement Leon3 was implemented using: a) the UART interface, b) the

Ethernet interface with TCP/IP support and c) the Debug Support Unit (DSU) interface.

Implementation of the DSU block enabled the usage of the GRMON [10] debugging tool,

supplied along with the Leon3 distribution.

To debug our software code, we con�gured GRMON to connect to the DSU through the

Ethernet connection. Using the debug tool we were able to:

• download to the processors program memory (SDRAM) the compiled executable im-

age, containing the Linux kernel along with the user applications

• verify hardware con�guration of the processor (memory size, available peripheral units,

clock frequency etc.)

• read/write memory content

Using the debug tool, we implemented step-by-step the communication sequence between

the processor, the interface block and the �lter bank. Having access to the entire memory

space of Leon gave us the ability to test in real time the implementation of the GPIO low-

level drivers and exchange data with the FIFO memories and the �lters. Implementation of
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a programmable complex debug unit is another reason why the existence of a processor in a

SoC design is useful not only during functional mode but also during test mode of a design.

8.3.2 Software development 
ow

The 
ow that we used during software development, followed the path of data 
ow in our

system. A complete processing sequence in the audio SoC, implements the following steps:

(a) data transfer of an audio �le from the host PC to the FPGA board

(b) save the �le to the SDRAM memory

(c) open the �le in embedded Linux and pre-process the audio samples

(d) send the audio samples to the �lter bank

(e) receive and store the �ltered samples

(f) analyze �ltered samples and de�ne the audio �le genre

(g) send the �ltered samples back to the PC using raw text �le format

First thing was to setup the FTP connection between the host PC and Leon. An FTP

server was con�gured on the PC side, while an FTP client application was activated in the

Linux kernel on the FPGA side. A bash script was developed in Linux to setup the network

connection (IP address, subnet and gateway) and to start the FTP client. All the scripts

that we used were stored in a default directory of Snapgear Linux during development so

that they were included in the image of the kernel after compilation.

The compiled C application was implemented in the kernel and registered as an environ-

ment variable, so that can be called from any path location of the O/S. The standard output

of Linux was the serial terminal connection, where the bash script was executed. After hav-

ing the audio �les stored in the SDRAM memory the processing application was executed

to start transmitting the audio samples to the �lters and also receiving the �ltered samples.

The application is also parameterizable and can be used to process only part of an audio �le.

The audio samples were copied from the �les to an array and then moved sequentially to the

FIFO memory. New �ltered samples were stored in four di�erent arrays, one for each �lter.
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The software also used a moving time window to evaluate the mean value of the �ltered

audio samples for each �lter. At the end of the �ltering process, a vector with four values,

representing the mean value of the �ltered samples for each of the four frequency bands, was

created. According to the distance of the vector from each of the vectors representing the

available music groups, the audio �le was categorized to one of these groups. The �ltered

samples were also copied to four di�erent �les and sent back to the PC through the FTP

connection, while the assigned music group and the required processing time were presented

in Linux command line.

By using a compiled C application to control data 
ow in the SoC and also scripts running

in the O/S to handle �le I/O operations, it became much easier to take advantage of the

memory and I/O peripherals on the FPGA board. Using the O/S in our processor-centric

SoC, it was also much easier to debug software and hardware issues. Also many di�erent

scripts and application could be loaded at the same time on the processor, merged together

with the Linux image kernel. reducing in this way the time needed for software development

since di�erent programs could be tested at once, without having to reprogram the processor

or the FPGA.

8.4 Implementation results

The ML509 Xilinx board from Digilent [25], equipped with the medium size Virtex-5 XC5VLX

110T-1 FPGA device, was used for system implementation. The board also includes a

256MB SDRAM DDR2 memory, clocked at 190MHz, which used as the main program and

data memory for Leon3. An Ethernet PHY and a UART RS-232 chip are also included on

the board and connected as peripheral devices to the processor.

During system development we managed to clock the processor at 160MHz, which is

the maximum frequency for the Leon3 core. It was very important to get the processor to

operate at the highest possible frequency since its performance is the bottleneck in the data

processing path. The �lter bank was clocked in its own domain at 100MHz. To estimate the

processing throughput we had to measure the timing performance of the following individual

processing and data transferring tasks taking place in the system:

• data transfer speed over the FTP connection
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• communication speed between Leon and the �lter bank

• �lter data path clocking frequency

• processing of �ltered samples

A music �le having 3,924,170x8-bit samples was used to perform the timing measure-

ments. The �le transfer speed on the FTP connection, over an 100Mbps Ethernet connection,

was 21.9Mbps. A 15MMAC/sec. performance has been achieved during the �ltering of the

music �le. The number of �ltered samples returned to the processor was four times higher

(all the samples were processed in parallel from all �lters). The data throughput processing

of the �lter bank was calculated using the following formula: 3; 924; 170samples ∗ 8bit ∗

4filters ∗ 30taps)=31:5 sec. = 119.6Mbps have been processed in parallel in the pipelined

path of the four FIR �lters. This performance is four times higher than an all-software C

implementation running on Leon and processing the same data. The same performance was

obtained on average for many other music �les. Timing performance results of the SoC are

presented in Table 8.1.

SoC
Leon

(C implementation)

FTP transmission time (sec.)
1.4

(21.9Mbps) -

Filter processing time (sec.)
31.5

(15.0 MMACs/sec)
132.3

(3.6 MMACs/sec.)

Data throughput (Mbps) 119.6 -

Table 8.1: SoC timing results when processing a music �le (3,924,170 samples x 8-bit)

compared to a C software implementation of the �ltering algorithm running on Leon.

Resource utilization results are presented in Table 8.2 for the processor core only and for

the entire SoC design for di�erent number of �lter taps. For 30-tap �lters 120 multipliers

were utilized, using multiplier/DSP slices or logic (LUTs) slices. While the processor core

utilized almost 1/3 of the available logic resources, on the other hand through the software

implementation of the embedded Linux kernel we managed to utilize the required memory

and communication resources available on the board.
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Leon3 15-taps 20-taps 30-taps

Slices 5,436 (31%) 6,235 (36%) 6,880 (40%) 7,190 (42%))

BRAMs 17 (11%) 132 (89%) 133 (90%) 133 (90%)

MULs 0 60 80 120

Table 8.2: FPGA resources utilization used by the SoC's implementation in the Virtex-5

XC5VLX110T-1FF1136 device. (Slice: four 6-input LUTs, BRAM: 36Kb, MUL: 25x18-bit)

(implemented using multiplier/DSP slices or logic (LUTs) slices).

Implementing the audio SoC design we managed to use the complete design and veri�-

cation 
ow of SysPy. Using the supported hw/sw co-simulation environment it was possible

to build simulation models for software and hardware modules of the design and de�ne crit-

ical parameters of the system before writing software or RTL code. Automatic compilation

of a Linux kernel, along with user-de�ned application, provided easy-to-use communication

solutions, such as the FTP protocol. The embedded O/S also facilitates the usage of system

scripts to control data I/O and processing tasks in the design, allowing the user to control

the SoC from the Linux command line.

8.5 Usability evaluation of SysPy

In order to establish a quantitative approach and assess how the developed methodology can

help a designer during the design 
ow of a SoC, we adopted the metrics used in the BDTi

evaluation methodology [46] for high-level synthesis tools developed by Berkeley Design

Technologies. The BDTi has been established as a benchmark to evaluate the performance

of embedded and DSP processors. Except the basic benchmark, other 
avors exist for eval-

uating processors for special applications, like video and real-time data processing. Another


avor of the benchmark, that is useful in our case, evaluates the capabilities of high-level syn-

thesis tools. In Berkeley Design Technologies they developed this speci�c testbench because

they recognized that development of design tools has not kept pace with the rapid growth of

the capacity of FPGAs. With the development of the testbench the Berkeley team wanted

to evaluate any existing FPGA high-level design tools and also trigger the development of
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more tools that can be used and design complex SoC devices in an e�ortless way.

From the available BDTi high-level synthesis benchmark we made use of the available

metrics and evaluated our tool while using SysPy. We focused on the usability metrics and

input was provided by three designers who were involved in the design of the biomolecular

and the audio processing SoCs. The metrics results are presented in Table 8.3. Every metric

in the testbench is assessed using one of the following scores: \Excellent", \Very Good",

\Good", \Fair", \Poor". The following list provides description about the evaluation metrics

that we used:

• Out-of-Box Experience: Ease of installing the tool in a Debian Linux O/S.

• Ease of Use: Assessment about how easy was to use the tool in terms of productivity

and bug-free operation.

• Completeness of Capabilities: Assessment to check if the features of the tool are ade-

quate to design a processor-centric SoC in FPGA.

• Quality of Documentation and Support: Evaluation of the documentation supplied

with SysPy.

• Learning to Use the Tool: Ease of learning to e�ciently use the high-level synthesis

tool.

• First Compiling Version: Evaluate the e�ort required to design initial functional design

of a SoC.

• Final Optimized Version: Evaluate the e�ort required to design the �nal version of the

SoC.

• Platform Infrastructure Development: Assess any external tools supported by SysPy

(e.g. Xilinx physical integration tools) to ease physical implementation in silicon.

According to the results presented in Table 8.3 the supported features were well evaluated

and the designers can get in a descent amount of time an initial version of their design up

and running in the FPGA. Also the \Platform Infrastructure Development" was also well

evaluated, since a number of auto-generated scripts ease physical development of a SoC and
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Out-of-Box
Experience Ease of Use

Completeness of
Capabilities

Quality of
Documentation and Support

Good
Fair
Fair

Poor
Good
Good

Fair
Good
Good

Poor
Poor
Fair

Learning to Use
the Tool

First Compiling
Version

Final Optimized
Version

Platform Infrastructure
Development

Fair
Fair
Fair

Good
Good
Fair

Good
Fair
Fair

Very Good
Fair
Good

Table 8.3: Usability metrics, according to the BDTi benchmark, provided by three di�erent

designers.

also the supported HAL and Linux O/S based interfaces helped the designers to use their

SoCs in real world applications, where data could easily transferred from a host PC to the

FPGA board and vice versa. The designers easily learned how to create their own examples

and designs with the tool and also appreciated the way high-level descriptions and pure

RTL-like coding are used within SysPy, by utilizing and modifying the existing component

and function libraries and the function handlers to instantiate already existing blocks in an

e�ortless way (Figure 4.2). SysPy scored poor results in documentation, since at the time

when the SoCs were designed, there was no full documentation and code examples in place.

This is the reason why the tool also scored poor results in the \Ease of Use" metric, since

without full documentation it was some time hard for the designers to understand the syntax

and the design 
ow they should follow.

The feedback that we got from the preliminary usability evaluation was very useful and

helped us improve several aspects in the adopted design 
ow, especially in the simulation


ow. We applied improvements on the way an input signal sequence and timing delays are

declared. We also put a lot of e�ort to improve the way abstract algorithmic models are

connected in an RTL description (Figure 3.2 and Code Examples B.4, B.5 and B.6). We

also applied changes to the HAL interface and the way objects are initialized and used to
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exchange data with the FPGA board over the Ethernet channel (Code Example 7.2). In

general during development we always tried to deliver a tool where the supported Python

syntax is compatible with the most common coding styles, so the hardware descriptions in

Python can be easily read by people with little experience in hardware design. On the other

hand the supported syntax should be powerful enough to used within SysPy to generate

RTL and functional testbenches and also deliver synthesizable VHDL RTL code.

The usability metrics results also reveal another aspect of conducting research in the area

of high-level hardware design tools. Although new methods have to be introduced in the

area of design abstraction so that complex SoCs can be designed in a block-oriented manner

and veri�ed in an faster way, these new methods must remain consistent to the strict design

rules de�ned by the already existing ecosystem of digital design tools. Abstraction methods

must be introduced step by step and the �nal outcome must always be pure synthesizable

HDL code that can be used as an input to the FPGA logic synthesis and physical design

tools. The adopted methodologies must also be consistent to the design rules of synchronous

datapath designs and must use a syntax/language to express a design that is familiar to other

engineers. The new methodologies must also adopt and use any already existing and well

de�ned 
ow in digital design, as we do in SysPy, e.g. Tcl scripting, VCD �les, Matlab-like

algorithmic coding, GCC compilers, IP-XACT models etc.
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Conclusions

In this dissertation we proved the thesis that a popular language, mainly used by the software

development community, can be used for the hw/sw co-design and veri�cation of SoCs at

an early design phase. The presentation also of three complicated processor-centric design

examples show how the developed tool combines all the necessary steps to support a hw/sw

co-design 
ow, even for non-trivial SoCs where a Linux O/S is used to control data processing.

9.1 Summary of contributions

Although some well established platforms exist for high-level digital modeling and veri�ca-

tion, like SystemC, there is still not a single integrated environment that can be used: a)

to model and co-simulate the hw/sw architecture of a processor-centric SoC and b) perform

all the steps needed to implement the design using FPGA devices. Other tools that exploit

Python's unique text processing features for digital design have been developed in academia.

None of them support the full design 
ow, from simulating and verifying a design down to

providing the means to handle FPGA synthesis tools. Some of them focus only on speci�c

steps of the design 
ow, like PyMTL [58] which supports a very fast RTL simulation engine.

To our knowledge, and according to the comparison performed against other related tools

(Table 2.1), SysPy is the �rst available tool that can handle the complete design 
ow of an

FPGA processor-centric design (RTL/functional or algorithmic/high-level simulation - HDL

implementation - software implementation - FPGA tools scripting - interface implemented

design in silicon) After reviewing the tools and the methods already available we believe
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that in the area of processor-centric design and veri�cation 
ow more research is needed to

develop tools that can take advantage of at least freely available processor cores (in the form

of soft or hardwired cores) and provide suitable syntax and methods to help software and

hardware designers to design and implement a system using modern FPGA devices. The

required methods should provide a high-level of abstraction, especially for these software

or hardware modules of a system not yet speci�ed, so that a designer can use hw/sw sw

models and easily alter system parameters in the hw/sw design space during simulation.

This will help a designer to make correct architectural choices regarding functionality and

timing performance of a system.

The usability metrics results that we performed for SysPy also revealed another aspect of

conducting research in the area of high-level hardware design tools. Although new methods

have to be introduced in the area of design abstraction so that complex SoCs can be designed

in a block-oriented manner and veri�ed in an faster way, these new methods must remain

consistent to the strict design rules de�ned by the already existing ecosystem of digital design

tools. Abstraction methods must be introduced step by step and the �nal outcome must

always be pure synthesizable HDL code that can be used as an input to the FPGA logic

synthesis and physical design tools. The adopted methodologies must also be consistent to

the design rules of synchronous datapath designs and must use a syntax/language to express

a design that is familiar to other engineers. The new methodologies must also adopt and

use any already existing and well de�ned 
ow in digital design, as we do in SysPy, e.g. Tcl

scripting, VCD �les, Matlab-like algorithmic coding, GCC compilers, IP-XACT models etc.

In the methodology developed we used a popular and easy to read and write language like

Python to address the area of processor-centric design and veri�cation using FPGA devices.

Our main focus from the design point of view was to ease the integration of freely available

processor cores in a design, by providing all the necessary scripting and HDL generation

tools. From the veri�cation point of view we utilized the SciPy powerful arithmetic package

available in Python and developed a way to combine arithmetic models along with digital

HDL-like descriptions for system-level veri�cation. Across all design and simulation steps in

our 
ow we use Python structures/syntax, and not any custom-de�ned syntax, to describe

the datapath of the SoC and the related simulation models. This is very important since the

main target group of a high-level design tool are engineers and scientists who have little or
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no experience at all in digital hardware design. The goal in this case is to deliver a design

tool where a high-level interface can be used to:

• Design a SoC in a block-oriented way, using IP cores in RTL or netlist format and

apply minimum e�ort to include any required digital glue logic between the blocks.

• Support a high-level veri�cation 
ow, where Python descriptions can be used along

with Matlab-like or C descriptions to simulate a digital block either at a functional/al-

gorithmic or in a cycle-accurate Register-Transfer-Level.

• Automated generation of FPGA synthesizable VHDL descriptions

• Provide tools to interface a SoC design after its implementation, in the form of software

components running in parallel on the processor-core in the SoC and in the host PC

connected to the SoC.

• Ease the use of digital synthesis and physical implementation tools for FPGAs, by

auto-generating synthesis and compilation scripts.

All �ve items in the previous list are critical for modern SoC designs. We believe that

the methods developed in this thesis and SysPy provide an integrated environment and uti-

lizes Python best programming practices like object oriented programming, text processing

features, associative lists and ready-to-use numerical libraries, in order to design, verify, im-

plement and test a processor-centric SoC. The tool supports the most common and basic

Python syntax and also any third-party tool or �le format used or called within SysPy is

adopted by the EDA industry and the software community tools, like Tcl, VCD, Linux OS,

SciPy and gcc compiler. In this way our tool was implemented on top of already existing,

popular and standard tools used in a hw/sw co-design 
ow and we do not introduce any

new, custom de�ned and \exotic" practices that would be uncommon.

Although the basic syntax for describing digital models in Python and all the required

lexical analysis tools were developed during the initial development steps of the thesis, many

other features have been developed or improved during the implementation of the SoC design

case studies that we presented in Chapters 6, 7 and 8. In the following list we summarize

the main innovative features of the tool developed and tested in each of the design examples:
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• Image processing SoC

{ Automatic compilation of C software code.

{ Use of pre-synthesized, netlist block in structural descriptions.

{ Use of Python functions to parameterize, instantiate and connect a block in a

structural description.

• Biocomputing SoC

{ Utilize fast data transmission Ethernet channel between the FPGA and the host

PC, so that the FPGA is used as a co-processor unit that stores and retrieve data

to and from the connected PC.

{ Utilize large SDRAM memory resources connected to the FPGA for fast data

storage.

{ Parse and use special arguments during a block's instantiation that parameterize

an RTL design, e.g. XML �les, using the implemented function handlers.

{ Provide Hardware Abstraction Layer (HAL) to interface the implemented SoC

design.

• Audio processing SoC

{ Develop of O/S-centric applications using Linux embedded O/S.

{ Simulation mechanism in RTL and functional/algorithmic level for specifying the

architecture of a SoC early in the design phase.

{ Hw/sw co-simulation using algorithmic Matlab-like models and with C functions

along with RTL hardware descriptions.

{ Provide simulation results in the form of VCD �les, compatible with popular RTL

simulation tools (e.g. Modelsim).

Using a 32-bit CPU connected to custom hardwired co-processors, we proved with the re-

sults reported in Chapter 7 (Table 7.4) that using the processor-centric design 
ow adopted in

SysPy we easily outperformed the simulation performance of popular software tools used for

simulating biomolecular reaction networks. We also presented in Chapter 7 a very structured
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way for building an object oriented interface environment and easily parse and exchange,

between an FPGA board and a host PC, any kind of data �les over an Ethernet connection.

In addition we demonstrated how contents of a data �le can be used to parameterize and

instantiate an IP core in a higher-level compared to using only generic parameters in VHDL.

Python scripts parse these special parameters and re-arrange the structure of an IP core,

e.g. modify the number of memory blocks, change �xed-point number representation etc.

O/S software development features added to SysPy, by con�guring and compiling a Linux

embedded O/S along with user application �les, demonstrated the ability to easily design

a system capable to act as a co-processor attached to a host PC, connected in an Ethernet

network. Since the existence of the Linux O/S easily adds IP based Ethernet addressing,

the FPGA board could also act as a data processing FTP client. Development also of the

simulation environment added value to SysPy's FPGA SoC implementation features, since

a designer can get a �rst good timing estimation of a system's data processing capabilities

and also easily explore di�erent architectural options.

9.2 Proposed future research

According to the experience that we acquired through the design examples implemented

using SysPy and also from the user feedback we can summarize some points towards the

improvement and further enhancement of the design tool. We can divide these points into

three main categories of improvements: a) add new design and veri�cation features, b)

enhance the tool's already existing libraries with new digital blocks and models and c) use

the tool to provide more real world processor-centric SoC design examples.

A good design feature improvement would be to support ASIC implementations by gen-

erating HDL code compatible with popular ASIC synthesizers, like Cadence RTL Compiler

and Synopsys Design Compiler. In this case ready-to-use pre-synthesized netlist components

could be structurally connected in a top-level Python description, in the same way we are

using FPGA synthesized blocks. Also memory blocks should be mapped to RAM structures

design using standard cell libraries and not BRAMs as we use in FPGAs.

The tool's function and component library can also be enhanced with more modules and

models. Especially the function library must be enhanced by also adding more function
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handlers and in this way automate instantiation of complex logic and arithmetic blocks, like

the function handler used in Figure 7.6. Good candidates blocks are DSP related modules

used in audio and video processing. More processor cores can also be supported in SysPy

supporting other than Xilinx FPGA devices, like the LatticeMico32 processor core by Lattice.

Although Xilinx is the largest FPGA provider, it would be a very good feature to support

FPGA families by di�erent vendors. Candidate processor cores must support Linux or other

high-end O/S to ease handling of many di�erent communication protocols and device drivers.

More designs must also be developed to present the capabilities of our methodology to

ease the design 
ow of processor-centric systems. The design of SoCs that require high

performance computing resources, like video and network processors, would emphasize on

SysPy's features to couple together processor cores and custom arithmetic blocks in the

FPGA silicon. The way Python is used to parse any form of data �les and use them

during simulation or implementation of a SoC can also be exercised in these new design

examples. Faster data communication channels can also be supported, like PCI Express or

Gigabit Ethernet, so data can be exchanged faster between host PCs and the FPGA board

or between di�erent FPGA boards. Also better processor-custom block interface logic should

be implemented, to improve data throughput, provided that the processor is able to handle

and process these higher data throughputs.

In order to make the tool widely accessible and also to get feedback from users we provide

access to the tool's source code through a public Git code repository. The repository is hosted

in GitHub [89], which is one of the largest online code repositories. Code examples are also

provided in the repository, along with information on how to setup the tool and run the

examples. SysPy is delivered as an open source design tool in order to continuously improve

its features and also increase the number of people that use it to design processor-centric

embedded SoCs for FPGAs based on Python component descriptions.
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Installing SysPy

A.1 SysPy setup in Debian Linux

SysPy has been developed and tested under a Debian Linux operating system. In order to

resolve path installation issues for the various tools used within SysPy, we decided to use a

con�guration �le, where all the required system paths info is included.

The following tools must be already installed in a system prior to SysPy's usage:

• Python v2.6 or v2.7

{ SciPy Python package v0.14.0

{ matplotlib Python package v1.4.2

• Tcl v8.5 or greater

• avr-gcc C v1.8 compiler for the AVR architecture

• sparc-elf-gcc compiler for the Leon3 architecture

• or1k-gcc for the OpenRic architecture

• Xilinx ISE v12 or greater

SciPy [7] and matplotlib [5] are Python packages which can automatically be down-

loaded and installed in Python. The two packages are required for SoC veri�cation. The

Tcl compiler is available under all Linux distributions, while the avr-gcc [3], the sparc-elf-gcc

Evangelos Logaras 209



Using scripting languages for hardware/software co-design

[4] and the or1k-gcc [6] C cross-compilers have to be downloaded and installed in the Linux

environment. If an O/S based application has to be developed for the Leon3 architecture

the Snapgear embedded Linux [84] tool chain has to be installed. The Xilinx ISE FPGA

tools have to be installed by the user if auto-generated by SysPy Tcl scripts are going to be

used in command line to execute the FPGA implementation steps. Otherwise the user can

manually create a design project in ISE, using the generated HDL and constraints �les from

the SysPy working directory. All required tools used by SysPy are also presented in Figure

1.1.

Python C compilers

ISE Design Suite

SysPy install dir work dir

LEON3

sim VHDL Tcl software IP-XACT

Tcl scripting IP-XACT descriptions

Figure 1.1: Design tools used by SysPy installed under Debian Linux.

The working directory can be placed by the user in the desired path. A setup initialization

�le (*.init) is used in SysPy, where the user can de�ne the installation paths of the required

compilers. A setup script is run automatically by SysPy to resolve these paths and also

register the user-provided Python top-module to the main Python path, so that this modules
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can be directly imported by SysPy. Under the work directory �ve subfolders are generated,

containing a) the VHDL generated �les, b) the compiled executable software �les, c) the

VCD simulation �les, d) Tcl script �les that can be used along with the ISE design tools and

e) IP-XACT [15] description of Python described blocks, which can be used along with the

generated VHDL �les for easy integration and reuse in other digital design and veri�cation

tools. With the use of the initialization �le and of the setup script, SysPy is used as a

standalone Python package which references all the user-provided tools in order to compile

all the required software, simulate a SoC design, generate the related HDL �les and execute

the required Tcl scripts for FPGA implementation.

A.2 Synthesis options

Synthesis options Possible values

FPGA DEV spartan3 | virtex2p | virtex5

FSM STYLE lut | bram

FSM ENCODING auto | one-hot | compact | sequential | gray | johnson | speed

MULT STYLE auto | block | lut | pipe block

RAM STYLE auto | block | distributed

RESOURCE SHARING yes | no

Table 1.1: Synthesis options and possible values.

• FPGA DEV: de�ne one of the supported FPGA device families in SysPy

• FSM STYLE: logic resources used for the implementation of state machines Faster

implementation can be obtained by using BRAMs, when available
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• FSM ENCODING: state machine coding style

• MULT STYLE: de�nes the way multipliers block are implemented. DSP48 [49] macro

blocks can be used in Virtex-5 devices for fast multiplier implementations

• RAM STYLE: de�nes the way RAM memory will be implemented, either by using

BRAM blocks or in a distributed way using CLB block

• RESOURCE SHARING: resource sharing of arithmetic operators

A.3 Snapgear Linux kernel parameters

Kernel compilation parameters Default values

CPU FREQ 100MHz(default)

ETHERNET EN yes | no

FPU EN yes | no

MUL DIV EN yes | no

SDRAM FREQ 100MHz(default)

SDRAM SIZE 256MB(default)

SERIAL BAUDRATE 38400bps(default)

TCPIP EN yes | no

UART EN yes | no

Table 1.2: Snapgear Linux kernel compilation parameters and default values.

• CPU FREQ: processor's clock frequency in MHz
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• ETHERNET EN: include Ethernet controller driver

• FPU EN: enable 
oating-point libraries compilation

• MUL DIV EN: MUL and DIV operations hardware support

• SDRAM FREQ: SDRAM memory clock frequency in MHz

• SDRAM SIZE: SDRAM memory clock frequency in MB

• SERIAL BAUDRATE: serial communication baud rate in bps

• TCPIP EN: enable TCP/IP stack compilation

• UART EN: include UART serial communication drivers
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Appendix B

Extended code examples

B.1 Python examples

B.1.1 Arithmetic simulation model

Code Example B.1: Linear regression class model (part 1).

1 import math

2 from f p s i g n t o b i n import ∗

3 from s c ipy import s i gna l , s t a t s

4 from random import ∗

5 import matp lo t l i b . pyplot as p l t

6

7 class l i nearRegre s s i onS imFunct ions :

8 slopeOut = 0

9 interceptOut = 0

10 stdErrOut = 0

11 dataCounter = 0

12 # data input b u f f e r

13 dataFi leArray = [ ]

14

15 # regre s s i on v a r i a b l e s

16 s l ope = 0

17 i n t e r c e p t = 0

18 r va l u e = 0

19 p va lue = 0

20 s t e r r = 0

21

22 # input FIFO of the ar i t hme t i c b l o c k

23 FIFOSize = 10

24 FIFOArray = FIFOSize ∗ [ 0 ]

25 fpNotat ion = ' '

26 fpDec imalS ize = 0

27 dataFileName = ' '
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• line 2: import the SysPy provided function for converting �xed-point numbers to binary

format

• line 3: import the SciPy package

• line 5: import the matplotlib package required for creating data plots

• line 7: declare the class used to model the linear regression block

• line 13: create array to hold �le data

• lines 16-20: initialize all the model related variables

• line 24: array to model the input FIFO bu�er of the arithmetic block
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Code Example B.2: Linear regression class model (part 2).

1 def i n i t ( s e l f ) :

2 # Open the data f i l e

3 dataF i l e = open ( s e l f . dataFileName , ' r ' )

4

5 # Read f i l e data in to an array

6 s e l f . dataFi leArray = dataF i l e . read ( )

7 s e l f . dataFi leArray = s e l f . dataFi leArray [ : ( l en ( s e l f . dataFi leArray ) − 1 ) ]

8 s e l f . dataFi leArray = s e l f . dataFi leArray . s p l i t ( "\n" )

9 # Extract decimal no ta t ion form fp nota t ion

10 i = s e l f . fpNotat ion . f i nd ( ' . ' )

11 s e l f . fpDec imalS ize = in t ( s e l f . fpNotat ion [ ( i +1 ) : ] . r e p l a c e ( ' " ' , ' ' ) )

12

13 def writeFIFO ( s e l f ) :

14 s e l f . FIFOArray [ s e l f . dataCounter ] = in t ( f p s i g n t o b i n (

15 s e l f . dataFi leArray [ s e l f . dataCounter ] , s e l f . fpNotat ion ) , 2)

16 # Store data va lue s to the ar i t hme t i c b l o c k input FIFO

17 i f ( s e l f . FIFOArray [ s e l f . dataCounter ] < 255 ) :

18 # Pos i t i v e va lue s

19 s e l f . FIFOArray [ s e l f . dataCounter ] = f l o a t ( s e l f . FIFOArray [ s e l f . dataCounter ] ) /

20 f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

21 else :

22 #Negat ive va lue s

23 s e l f . FIFOArray [ s e l f . dataCounter ] = −1.0 ∗ f l o a t (512 −

24 s e l f . FIFOArray [ s e l f . dataCounter ] ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

25 # Increase FIFO counter

26 s e l f . dataCounter = s e l f . dataCounter + 1

27

28 def s t a r tReg r e s s i on ( s e l f ) :

29 xAxe = [ 0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 ]

30 # Calcu la t e the r e g r e s s i on a lgor i thm

31 s e l f . s lope , s e l f . i n t e r c ep t , s e l f . r va lue , s e l f . p value , s e l f . s t e r r =

32 s t a t s . l i n r e g r e s s (xAxe , s e l f . FIFOArray )

33 def p l o tReg r e s s i onResu l t s ( s e l f ) :

34 # Open f i l e to s t o r e r e g r e s s i on r e s u l t s

35 simDataFi le = open ( " . / sim/simData . txt " , 'w ' )

36 # Convert the c a l c u l a t e d s l ope parameter to the prov ided fp nota t ion

37 s l ope = in t ( f p s i g n t o b i n ( s e l f . s lope , s e l f . fpNotat ion ) , 2)

38 i f ( s l ope < 255 ) :

39 s l ope = f l o a t ( s l ope ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

40 else :

41 s l ope = −1.0 ∗ f l o a t (512 − s e l f . s l ope ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

42 # Convert the c a l c u l a t e d i n t e r c e p t parameter to the prov ided fp nota t ion

43 i n t e r c e p t = in t ( f p s i g n t o b i n ( s e l f . i n t e r c ep t , s e l f . fpNotat ion ) , 2)

44 i f ( i n t e r c e p t < 255 ) :

45 i n t e r c e p t = f l o a t ( i n t e r c e p t ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

46 else :

47 i n t e r c e p t = −1.0 ∗ f l o a t (512 − s e l f . i n t e r c e p t ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )
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• line 1: class initialization function

• line 3: open data �le

• lines 6-8: copy �le data into the dataFileArray[]

• lines 10-11: extract the number of decimal points from the supported notation

• line 13: function to store data into the FIFO memory of the arithmetic block

• line 14-15: converting decimal values to the corresponding �xed-point form (fp sign to bin())

• lines 17-24: distinguish between positive and negative data values

• line 28: function to perform the linear regression algorithm

• line 33: function to plot regression results

• lines 37-47: convert the linear equation parameters (slope and intercept) to the de�ned

�xed-point notation
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Code Example B.3: Linear regression class model (part 3).

1 # Convert the c a l c u l a t e d standard error parameter to the prov ided fp nota t ion

2 s t e r r = in t ( f p s i g n t o b i n ( s e l f . s t e r r , s e l f . fpNotat ion ) , 2)

3 i f ( s t e r r < 255 ) :

4 s t e r r = f l o a t ( s t e r r ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

5 else :

6 s t e r r = −1.0 ∗ f l o a t (512 − s t e r r ) / f l o a t (pow(2 , s e l f . fpDec imalS ize ) )

7

8 # Write to f i l e the r e g r e s s i on r e s u l t s

9 simDataFi le . wr i t e ( " Slope : "+ s t r ( s l ope ) + "\n" )

10 simDataFi le . wr i t e ( " I n t e r c ep t i on : "+ s t r ( i n t e r c e p t ) + "\n" )

11 simDataFi le . wr i t e ( "Standard e r r o r : "+ s t r ( s t e r r ) + "\n" )

12

13 simDataFi le . c l o s e ( )

14

15 FIFOArrayFloat = [ ]

16 for i in s e l f . FIFOArray :

17 FIFOArrayFloat . append ( f l o a t ( i ) )

18

19 FIFOArrayEstimatedHw = [ ]

20 FIFOArrayEstimatedSw = [ ]

21 for i in range (0 , 1 0 ) :

22 FIFOArrayEstimatedHw . append ( s l ope ∗ f l o a t ( i ) + i n t e r c e p t )

23

24 # Plot the data po in t s a logn with the c l a c u l a t e d r e g r e s s i on l i n e a r curve

25 p l t . p l o t ( range (0 , 10) , FIFOArrayFloat )

26 p l t . p l o t ( range (0 , 10) , FIFOArrayEstimatedHw , ' r ' )

27

28 p l t . show ( )

29

30 # Return s l ope r e s u l t to the t e s t b ench

31 def r e turnS lope ( s e l f ) :

32 return i n t ( f p s i g n t o b i n ( s e l f . s lope , s e l f . fpNotat ion ) , 2)

33

34 # Return i n t e r c e p t r e s u l t to the t e s t b ench

35 def r e t u rn In t e r c ep t ( s e l f ) :

36 return i n t ( f p s i g n t o b i n ( s e l f . i n t e r c ep t , s e l f . fpNotat ion ) , 2)

• lines 1-36:
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B.2 Testbench example for the audio processing SoC

Code Example B.4: Testbench for the audio processing SoC (part 1).

1 import SysPy setup

2 import toVHDL

3 import funcs . beh s im

4 from f i l t e r S im f u n c t i o n s import ∗

5

6 def f i r s im ( ) :

7 numOfSamples = 100

8

9 def proc 1 ( c lk , r s t ) :

10 i f ( r s t == 1 ) :

11 s t a t e = 0

12 s im time = funcs . beh s im . simTime ( )

13 ou tpu t f i f o r e ady = 0

14 data counter = 0

15

16 # Read va lue s from ∗ . wav f i l e

17 SimObj . musicFileName = " mu s i c f i l e . wav"

18

19 # Define f i l t e r parameters (# of taps , sampling

20 # and c u t o f f f r e q . in Hz) F i l t e r 0

21 SimObj . F i l t e rD i c t [ " F i l t e r 0 " ] [ 'N ' ] = 30

22 SimObj . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f s " ] = 16000.0

23 SimObj . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f c 0 " ] = 250 .0

24 SimObj . F i l t e rD i c t [ " F i l t e r 0 " ] [ " f c 1 " ] = 1000 .0

25

26 # Define f i l t e r parameters (# of taps , sampling

27 # and c u t o f f f r e q . in Hz) F i l t e r 1

28 SimObj . F i l t e rD i c t [ " F i l t e r 1 " ] [ 'N ' ] = 30

29 SimObj . F i l t e rD i c t [ " F i l t e r 1 " ] [ " f s " ] = 16000.0

30 SimObj . F i l t e rD i c t [ " F i l t e r 1 " ] [ " f c 0 " ] = 1600 .0

31 SimObj . F i l t e rD i c t [ " F i l t e r 1 " ] [ " f c 1 " ] = 4800 .0

32

33 # Define f i l t e r parameters (# of taps , sampling

34 # and c u t o f f f r e q . in Hz) F i l t e r 2

35 SimObj . F i l t e rD i c t [ " F i l t e r 2 " ] [ 'N ' ] = 30

36 SimObj . F i l t e rD i c t [ " F i l t e r 2 " ] [ " f s " ] = 16000.0

37 SimObj . F i l t e rD i c t [ " F i l t e r 2 " ] [ " f c 0 " ] = 3000 .0

38 SimObj . F i l t e rD i c t [ " F i l t e r 2 " ] [ " f c 1 " ] = 5000 .0

39

40 # Define f i l t e r parameters (# of taps , sampling

41 # and c u t o f f f r e q . in Hz) F i l t e r 3

42 SimObj . F i l t e rD i c t [ " F i l t e r 3 " ] [ 'N ' ] = 30

43 SimObj . F i l t e rD i c t [ " F i l t e r 3 " ] [ " f s " ] = 16000.0

44 SimObj . F i l t e rD i c t [ " F i l t e r 3 " ] [ " f c 0 " ] = 5000 .0

45 SimObj . F i l t e rD i c t [ " F i l t e r 3 " ] [ " f c 1 " ] = 7999 .0
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• lines 3-4: import the �lter simulation mode (filterSimfunctions) and SysPy's timing

simulation library ( beh sim)

• line 7: de�ne the number of audio samples to be processed

• line 9: state transition, sequential part of the state machine

• lines 11-14: initialize state and output signals. sim time is used to observe simulation

time

• line 17: open the audio �le

• lines 19-45: de�ne number of taps, sampling frequency and cuto� frequencies for the

four implemented �lters
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Code Example B.5: Testbench for the audio processing SoC (part 2).

1 # I n i t i a l i z e s imu la t ion o b j e c t

2 SimObj . i n i t ( )

3

4 i f ( funcs . beh s im . r i s i n g e d g e 2 ( " c l k " ) == True ) :

5 s im time = funcs . beh s im . simTime ( )

6 i f ( s t a r t == 1 ) :

7 i f ( s t a t e == 0 ) :

8 s t a t e = 1

9 e l i f ( s t a t e == 1 ) :

10 i n p u t f i f o r e a d y = SimObj . inputFifoReady ( )

11 i f ( i n p u t f i f o r e a d y == 1 ) :

12 s t a t e = 2

13 else :

14 s t a t e = 1

15 e l i f ( s t a t e == 2 ) :

16 i f ( SimObj . outputFi foCounter ( " F i l t e r 0 " ) == numOfSamples ) :

17 s t a t e = 3

18 else :

19 s t a t e = 1

20 e l i f ( s t a t e == 3 ) :

21 SimObj . pr intOutputFifoData ( )

22 SimObj . plotSignalWaveforms ( )

23 s t a t e = 3

24 funcs . beh s im . endSimulat ion ( )

25

26

27

28 def proc 2 ( s t a t e ) :

29 i f ( s t a t e == 2 ) :

30 f i l t o u t 0 = SimObj . F i r (1 , " F i l t e r 0 " )

31 f i l t o u t 1 = SimObj . F i r (1 , " F i l t e r 1 " )

32 f i l t o u t 2 = SimObj . F i r (1 , " F i l t e r 2 " )

33 f i l t o u t 3 = SimObj . F i r (1 , " F i l t e r 3 " )

34 data counter = SimObj . outputFi foCounter ( " F i l t e r 0 " )

35 e l i f ( s t a t e == 3 ) :

36 ou t pu t f i f o r e ady = 1

37 else :

38 f i l t o u t 0 = SimObj . Pre se rveState ( " F i l t e r 0 " )

39 f i l t o u t 1 = SimObj . Pre se rveState ( " F i l t e r 1 " )

40 f i l t o u t 2 = SimObj . Pre se rveState ( " F i l t e r 2 " )

41 f i l t o u t 3 = SimObj . Pre se rveState ( " F i l t e r 3 " )

42

43 g en e r i c s = {}

44# Simulat ion parameters (50ms duration , 1ns time s t ep )

45 a t t r i b u t e s = {" s i gn " : '− ' , " s imu la t i on " : [5000000 , 1 , "ns" ] , "FPGADEV" : "Virtex5 "}
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• line 2: initialize a simulation object using the provided class

• line 4: begin state transition section

• line 11: check if there is free space in the connected input FIFOmemory. inputFifoReady()

function models asynchronous communication between the processor and the �lter

bank

• line 16: function outputFifoCounter() is used to provide the number of processed

audio samples existing in the output FIFO memory

• line 21: function printOutputFifoData() is called to generate a text �le with the

values of the �ltered samples

• line 22: function plotSignalWaveforms() is used to plot, using SciPy, the initial and

the �ltered audio signals

• line 24: function endSimulation() is used to terminate the simulation

• line 28: combinational part of the state machine

• lines 30-33: function Fir() used for each of the �lters to push one audio sample to the

�lters' datapath, simulating in this way one processing cycle

• line 36: output fifo ready signal is asserted in state 3 to indicate that the requested

number of audio samples have been �ltered

• line 45: de�ne simulation step and duration
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Code Example B.6: Testbench for the audio processing SoC (part 3).

1# Create a 50MHz c l o ck sequence fo r 50ms, 50% duty cy c l e

2 c l k s e q = [ ]

3 c l k = 0

4 for i in range (8 , 50000000 , 2 0 ) :

5 c l k = not c l k

6 i f ( c l k == True ) :

7 c l k s e q . append ( [ s t r ( i ) , ' 1 ' ] )

8 else :

9 c l k s e q . append ( [ s t r ( i ) , ' 0 ' ] )

10

11# I/O and i n t e r na l s i g n a l d e c l a r a t i on

12 i s i g s 0 = { 'D ' : ' i ' , 'T ' : ' b ' , 'L ' : 1 , 'N ' : [ " r s t " , " c l k " , " s t a r t " ]}

13 o s i g s 0 = { 'D ' : ' o ' , ' d e l ' : 0 , 'T ' : ' b ' , 'L ' : [ 0 , 5 ] , 'N ' : " s t a t e "}

14 o s i g s 1 = { 'D ' : ' o ' , ' d e l ' : 7 , 'T ' : ' b ' , 'L ' : [ 0 , 1 6 ] , 'N ' : [ " f i l t o u t 3 " , " f i l t o u t 1 " ,

15 " f i l t o u t 2 " ]}

16 o s i g s 2 = { 'D ' : ' o ' , ' d e l ' : 15 , 'T ' : 'b ' , 'L ' : [ 0 , 1 6 ] , 'N ' : " f i l t o u t 0 "}

17 o s i g s 3 = { 'D ' : ' o ' , ' d e l ' : 0 , 'T ' : ' b ' , 'L ' : 1 , 'N ' : " i n p u t f i f o r e a d y "}

18 o s i g s 4 = { 'D ' : ' o ' , ' d e l ' : 0 , 'T ' : ' b ' , 'L ' : [ 0 , 3 1 ] , 'N ' : " s im time "}

19 o s i g s 5 = { 'D ' : ' o ' , ' d e l ' : 0 , 'T ' : ' b ' , 'L ' : [ 0 , 3 1 ] , 'N ' : " data counter "}

20 o s i g s 6 = { 'D ' : ' o ' , ' d e l ' : 0 , 'T ' : ' b ' , 'L ' : 1 , 'N ' : " o u t pu t f i f o r e ady "}

21

22# Define va lue s f o r input s i g n a l s

23 s im s i g s 0 = { 'D ' : ' sim ' , 'T ' : 'b ' , 'L ' : 1 , 'N ' : " r s t " , 'V ' : [ [ ' 0 ' , ' 1 ' ] , [ ' 5 ' , ' 0 ' ] ] }

24 s im s i g s 1 = { 'D ' : ' sim ' , 'T ' : 'b ' , 'L ' : 1 , 'N ' : " c l k " , 'V ' : c l k s e q }

25 s im s i g s 2 = { 'D ' : ' sim ' , 'T ' : 'b ' , 'L ' : 1 , 'N ' : " s t a r t " , 'V ' : [ [ ' 0 ' , ' 0 ' ] , [ ' 6 ' , ' 1 ' ] ] }

26

27 code = g e t s o u r c e l i n e s ( fsm sim )

28

29 toVHDL . toVHDL( " f i r s im " , a t t r i bu t e s , g ene r i c s , i s i g s 0 , o s i g s 0 , o s i g s 1 , o s i g s 2 ,

30 o s i g s 3 , o s i g s 4 , o s i g s 5 , o s i g s 6 , s im s i g s0 , s im s i g s1 , s im s i g s2 , code )

• line 4-9: create a 50ms clock sequence with a 50MHz frequency and 50% duty cycle

• lines 12-20: de�ne I/O signals

• line 14: de�ne data path delay to 7ns for �lters 1, 2 and 3

• line 16: de�ne data path delay to 15ns for �lter 0

• line 23: de�ne rst signal input sequence (assert reset for the �rst 5ns)

• line 24: assign the 50MHz clock sequence to the clk signal

• line 25: de�ne start signal input sequence (assert the signal after 6ns)
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• line 29: call to VHDL() to start simulation
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B.3 HDL examples

Code Example B.7: Auto-generated VHDL description for the Python description

in Code Example 8.2.

1−− f i l t S oC . vhd

2−− Generated by SysPy

3−− Mon Nov 17 15:29 :42 2014

4

5 l ibrary IEEE ;

6 use i e e e . s t d l o g i c 1 1 6 4 . a l l ;

7 use i e e e . s t d l o g i c a r i t h . a l l ;

8 l ibrary work ;

9 entity f i l t S oC i s

10 port (

11 c l k : in s t d l o g i c ;

12 r s t : in s t d l o g i c ;

13 f i l t i n : in s t d l o g i c v e c t o r (8 downto 0 ) ;

14 f i l t o u t : out s t d l o g i c v e c t o r (18 downto 0 ) ) ;

15 end f i l t S oC ;

16

17 architecture f i l t S oC a r c h of f i l t S oC i s

18

19−− In t e rna l s i g n a l s

20−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

21 signal f i l t o u t i n t : s t d l o g i c v e c t o r (18 downto 0 ) ;

22−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

23

24 component f i r f i l t s c om p

25 generic (n ,m , f i l t p a r am : i n t e g e r ) ;

26 Port (

27 c l k : in s t d l o g i c ;

28 r s t : in s t d l o g i c ;

29 f i l t i n : in s t d l o g i c v e c t o r ( ( n − 1) downto 0 ) ;

30 f i l t o u t : out s t d l o g i c v e c t o r ( ( f i l t a c c b u s (n , m) − 1) downto 0 ) ) ;

31 end component ;

32

33 begin

34

35 f i r f i l t s c omp U0 : f i r f i l t s c om p generic map( f i l t p a r am => "111110011000011010" ,

36 m => 2 , n => 8)

37 port map (

38 c l k => c lk ,

39 r s t => r s t ,

40 f i l t i n => f i l t i n ,

41 f i l t o u t => f i l t o u t ) ;

42

43 end f i l t S oC a r c h ;
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B.4 Tcl example

Code Example B.8: Auto-generated Tcl script used for synthesizing, placing/routing

the design and generating the FPGA programming �le (part 1).

1# Define p ro j e c t d i r e c t o r y

2 set c omp i l e d i r e c t o r y Leon3SoCTest

3

4# Define a l l the custom r e l a t e d b l o c k s and the top− l e v e l b l o c k o f the processor

5 set h d l f i l e s [ l i s t \

6 . . / . . / SysPy ver /Leon3 comps/ahbrom.vhd \

7 . . / . . / SysPy ver /Leon3 comps/ con f i g . vhd \

8 . . / . . / SysPy ver /Leon3 comps/ leon3mp.vhd \

9 . . / . . / SysPy ver /Leon3 comps/Leon3 wrapper .uc f \

10 /home/ t e s t /SysPy/work/ top l eve l wrappe r . vhd \

11 /home/ t e s t /SysPy/work/demo FSM.vhd \

12 ]

13

14# Timing and placement con s t r a i n t s

15 set c o n s t r a i n t s f i l e . . / . . / SysPy ver /Leon3 comps/Leon3 wrapper .uc f \

16

17# Create p r o j e c t d i r e c t o r y

18 i f { ! [ f i l e isdirectory $comp i l e d i r e c t o ry ]} {

19 f i l e mkdir $ comp i l e d i r e c t o ry

20 }

21

22# Define p ro j e c t name

23 p r o j e c t new Leon3SoCTest

24

25# Define FPGA dev i ce and des ign a t t r i b u t e s

26 p r o j e c t set f ami ly Virtex5

27 p r o j e c t set dev i ce xc5v lx110t

28 p r o j e c t set package f f 1 136

29 p r o j e c t set speed −1

30 p r o j e c t set t op l eve l modu l e type "HDL"

31 p r o j e c t set s y n t h e s i s t o o l "XST (VHDL/Ver i l og ) "

32 p r o j e c t set s imu la to r " ISim (VHDL/Ver i l og ) "

33 p r o j e c t set " Pre f e r r ed Language" "VHDL"

34 p r o j e c t set "Mu l t i p l i e r S ty l e " Block

35 p r o j e c t set "FSM Sty l e " l u t

36

37# Copy des ign f i l e s to the p ro j e c t

38 foreach f i l ename $ h d l f i l e s {

39 x f i l e add . . / $ f i l ename −copy

40 puts "Adding f i l e $ f i l ename to the p r o j e c t . "

41 }

42

43# Set top− l e v e l module

44 p r o j e c t set top " r t l " " t op l ev e l wrappe r "
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• lines 6-8: de�ne processor and cache memory cores description �les

• lines 10-11: include the top wrapper module and any custom peripheral modules

• lines 10-11: include the top wrapper module and any custom peripheral modules

• line 15: de�ne timing and placement constraints �le

• lines 26-28: set FPGA device family and package

• lines 31-35: set synthesis options

• lines 38-40: create design project and copy all the HDL �les

• line 44: de�ne top-level module

Code Example B.9: Auto generated Tcl script used for synthesizing, placing/routing

the design and generating the FPGA programming �le (part 2).

1# Create processor r e l a t e d l i b r a r i e s

2 x f i l e add " . . / . . / . . / SysPy ver /Leon3 comps/ l i b s / eth /comp/ethcomp.vhd" − l ib vhd l eth

3 x f i l e add " . . / . . / . . / SysPy ver /Leon3 comps/ l i b s / eth / core / grethc .vhd " − l ib vhd l eth

4 x f i l e add " . . / . . / . . / SysPy ver /Leon3 comps/ l i b s / g a i s l e r / j t ag / ahbjtag bsd .vhd " − l ib vhd l g a i s l e r

5 x f i l e add " . . / . . / . . / SysPy ver /Leon3 comps/ l i b s / g a i s l e r /misc/ahbram.vhd" − l ib vhd l g a i s l e r

6 x f i l e add " . . / . . / . . / SysPy ver /Leon3 comps/ l i b s / g a i s l e r / uart / ahbuart.vhd" − l ib vhd l g a i s l e r

7 x f i l e add " . . / . . / . . / SysPy ver /Leon3 comps/ l i b s / g a i s l e r / uart / apbuart.vhd" − l ib vhd l g a i s l e r

8 .

9 .

10 .

11

12# Run s y n t h e s i s , PR and generate the FPGA programming f i l e

13 proce s s run " Synthes i z e − XST"

14

15 proce s s run "Generate Programming F i l e "

• lines 2-7: add HDL �les related to peripheral devices attached to the processor, e.g.

UART, Ethernet and memory controllers etc.

• lines 13-15: execute in command line mode synthesis and PR processes and generate

FPGA programming �le
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List of abbreviations

ADL (Architectural Description Language)

API (Application Programming Interface)

ASIC (Application Speci�c Integrated Circuits)

AMBA (Advanced Microcontroller Bus Architecture)

CLB (Con�gurable Logic Block)

CORDIC (COordinate Rotation DIgital Computer)

CPU (Central Processing Unit)

CSV (Comma Separated Value)

CU (Control Unit)

DCM (Digital Clock Manager)

DM (Direct Method)

DSP (Digital Signal Processing)

DSU (Debug Support Unit)

DUT (Design Under Test)

EDA (Electronic Design Automation)

FIFO (First In-First Out)

FPGA (Field Programmable Gate Array)

FRM (First Reaction Method)

FSM (Finite State Machine)
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FT (Flags Table)

GCC (GNU Compiler Collection)

GUI (Graphical User Interface)

HAL (Hardware Abstraction Layer)

HDL (Hardware Description Language)

HLS (High-Level Synthesis)

IC (Integrated Circuit)

IP (Intellectual Property)

JTAG (Joint Test Action Group)

JVM (Java Virtual Machine)

LUT (Look Up Table)

MAC (Multiply Accumulate)

MB (Mega Bytes)

MIRIAM (Minimum Information Required In The Annotation of Models)

Mbps (Mega bits per second)

MinSoC (Minimal OpenRISC System on Chip)

MMU (Memory Management Unit)

MSIP (Multiple Simulations In Parallel)

MTU (Minimum Time Unit)

ODE (Ordinary Di�erential Equations)

OOP (Object Oriented Programming)

O/S (Operating System)

PE (Processing Element)

PLD (Programmable Logic Device)

PR (Place and Route)
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RT (Reactions Table)

RTL (Register Transfer Level)

SBML (Systems Biology Markup Language)

SSA (Stochastic Simulation Algorithm)

SoC (System on Chip)

SSIP (Single Simulation In Parallel)

ST (Species Table)

SWIG (Simpli�ed Wrapper and Interface Generator)

TCL (Tool Control Language)

UART (Universal Asynchronous Receiver Transmitter)

UML (Uni�ed Modeling Language)

uC (microcontroller)

uP (microprocessor)

UUT (Unit Under Test)

UVM (Universal Veri�cation Methodology)

VCD (Value Change Dump)

VT (Stoichiometry Table)

VHDL (Very high speed integrated circuit Hardware Description Language)

XST (Xilinx Synthesis Technology)
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