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This paper presents a design methodology that allows to generate a C/YHDL system

model using the Ptolemy environment, The jrrst step is to generate a model for the whole

system using the SDF/DDF domains, This model is easy to obtain, fast to simulaR and

replaces the C model that many system designers usually develop to describe the

system’s behavior, Next, the system is parütioned into a hardware ünptementation part

and a software implementaüon part. Each part is describe(1 in the VHDL and CGC code

generation domains respecüvely which allow the conesponding WiDL and C

descriptions to be automaticatty deri\7ed. Each description may be separately inserted in

the whole model, replacing its conesponding SDF/DDF original one. This permits the

whole gystem to be co-simulated. At the end of this process a full C/YHDL model is

obtained which may be co-simulated using the gcc compiler/Synopsys simulation tool

ewironment. This C/1/HDL description also senles as input to a hardware/software co-

design tool. An important aspect of this gradual transformation of a SDF/DDF model

into a c/mDL model is that dWerent parütions may be tried in a short time. An ATM

switching system was used as a benchmark of this methodology.
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1. UVTRODUCTION

In rmnt years, there has t»en a trend in microelectronics towards complete integrated

systems on Silicon, comp>sed of millions of transistors. However, designing such complex circuits has t»en

increasingly difncult. The existing layout, logic and high level synthesis CAD tools, although helping to

increase the designers’ productivity, are not suHicient to produce high performance devices.

A new set of system level CAD tools [KA93], [KÇÜ95] are bing investigated in order to help

designers to obtain either hardware or hardware/software implementations of complex systems. These CAD

tools allow designers to descritx the system at the "system absüaction level", in contrast to the "RTL

absüaction level" required for high level synthesis [GAJ92]. Such a representation may tn simulated to prove

its correçtness at a very high level. A few CAD environments also contain tools that are able to lwtition the

system into a mixed hardware/software solution W93]. These CAD tools may &come the front end of future

"integrated system synthesis envüonments" . Ptolemy [BER96] is one such environment consisting of a large set

of CAD tools and libraües that allow a designer to descritx and simulate complex digital systems.

In [ARU971 we presented a system level model of an ATM witch using the Ptolemy

environment. In that model we descrit»d the data flow t»havior of ATM cells, representing their static flow

across the switch, from an input to an output lx)rt. The model was entirely desçrit»d using the synchronous data

flow (SDF) Ptolemy domain.

In this pal»r we present an extension of this model, incorFX)rating the dynamic txhavioral features of

the cell flow. The full ATIV[ switch description required the interacüon txtwoen two Ptolemy domains: SDF and

dynamic data flow (DDF), A large set of simulations validated this complete m(xiel. Two other Ptolemy

domains, CGC (a C code generation domain) and VHDL (a VHDL code generation domain), were also tested

for their ccxle generation and co-simulation prol»rties.

Based on this study case, we prolx)se a system design methodology in which a mixed SDF/DDF system

model is gradually converted into a C/VHDL model that may tn co-simulated (gcc/Synopsys environment) and

used as input of a hardware/software co<lesign environment. This methcxlology has the following advantages:

1) tx>th C and VHDL codes are automaücally generated by Ptolemy an(1 2) diaerent system partüions may tn

tested in a short time.

In section 2 we review the ATM witch speçiãcation. In section 3 we briefly explain the several ATM

cells flow paths across the ATM switch, which conesponds to the system’s tnhavior that was captured using

Ptolemy. In section 4 we give a brief overview of some relevant chaTacteristics of the Ptolemy CAD system. In

section 5 we present the co-simulation results of the full SDF/DDF model as well as of three other pairs of

domains: C/SDF, VHDL/SDF and C/VHDL. In section 6 we propose a system design methodology based on

Ptolemy and in section 7 we present our conclusions,



2. ATM SWiTCH SPEcnFicATioN

A black diagram of a four lx)rts ATM switch is shown in Figure 1. The physical line interfaae (ILF) is

tmsed on the UTOPIA standard The ILF dwouple a.the line rate from the ABSE’s clock rate. The ATM tnsic

switching element ABSE may interface to the ILF either by 8 bits _data transfers (suitable for line rates np 19

155 Mbps) or by 16 bits data transfers (suitable for line rates 622 Mbps or higher). The PCI and RCutx

interfaoes manage the communimtion t»tween the ATM switch and the host computer and the RCulx router

resl»çtively. The RCut» interface also provides the initialization of the RCutx router. The RCut» router is a

fast switching engine developd in Franoe [MAS196]. The VRAM memories store Kane control data, routing

data and management data. Each ABSE m«tule l»rforms all the other ATM switch functions. An ATM

switching system is comlx)sed of one or more ATM switch mcxtules plugged into the standard PCI slots and

inteKonneçted by high-sped serial links. This system will tn used in high-speed local area networks.

An ATM switch transfers ATM cells üom an input port to one or several output ports at very high

sped (155 Mbps or higher). An ATM cell consists of 53 bytes divided in two luas: a payload of 48 bytes (384

bits) and a header of 5 bytes (40 bits), The header consists of 6 ãelds: Generic Flow Control GFC (4 bits),

Virtual Path Identiâer VPI (8 bits), Cell Loss Püodty CLP (1 bit), Payload Tyl» PF (3 bits), Virtual Channel

Identi6er VCI (16 bits) and Header Error Control HEC (8 bits). At the physical layer, ATM cells are

transmitted as a stream of bits. Our ATM switch is capable of lxrforming the following functions: conversion

of the incoming (high sl»ed) bit stream into bytes; splitting the sewenw of bytes into rnyload and header

bytes; separation of ATM cell header fields, namely: VPI, VCI, CLP, PT, GFC and HEC; identiÊcation of user

signaling rolls and management cells; uaÊHc control by means of the leaky4>uçket algorithm [ETN96],

monitoring tx)th pak and average cell rate violations; generation of cell destination header and insertion of its

time stamp, management of physical mulücast ol»rations (8 ports maümum); insertion of routing data

required by the RCulx router and adaptation of the cell flow to the RCut» format VU encoding) [MAS196];

multi<lass quality of service management; statistical data generation (cell loss rate and others). More

information atx)ut the ATM switch may tn found in [HSS96].
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Figure 1 - A simplified block diagram of a 4 ports ATM Switching Mcxiule using the parallel RCutx’s inputs



3+ ATM CELLS FLOW ACROSS THE ATM SWITCH

In [ARU97] we presented a m(gel that descrit»d the flow of non-terminal ATM cells from an input to

an ouWt Inn. We will designate such flow as fundamental t»havior of the ATM switch, Ana]yzing the flow of

ATM cells across the switch, shown in ügure 1, we identiâed 37 l»ssible paths, del»nding on the cells’ header

information. The fundamental t»havior accounts for 10 of these lnths.

The model presented in this paper incorporates the following new features: the management of the

physical multicast or»raüon (8 HIts maximum); the VRAM memories management; the terminal cells oontrol

(chandng the header's VCI lwameter). The incorl»ration of these features aomunted for the 27 remaining

cells’ paths. A detailed description of the ATM cells’ flow txhavior can & found in [HSS96].

3.1 ATM Cells Fundamental Behavioral Description

The fundamental t»havior refers to the now of ATM non-terminal cells, i.e., cells whose final
destination is not directly connected to the switch. Such cells arrive at the ILF, go through the ICF, pass the

traaic control, get a new header with a new VPI, are routed just once through the RCut» (unicast cell) and are

plaad in the multi{lass output buRer waiting to tn sent over the physical line. A detailed description of this

txhavior, using the SDF Ptolemy domain, was presented in [ARU97]. This txhavior accounted for 10 possible

cells’ paths.

3.2 The Multicast Operation Control

An ATM cell will tx sent to more than one destination in the network (multicast cell) when a flag

(F_MC) is on. In this case the 3 bits signal “QPNF’ indicates how many ATM cells will tx send to the RCutx

router. All these signals come from the routing memory. This t»havior creates diRerent cell headers for the

same payload. The multicast ol»ration can only tx executed for a maximum of 8diaerent destinations. This

txhavior adds 9 ATM cell new l»ssible paths.

3.3 Management Memory Control

The management memory implemented in the ATM switch, stores the staüstical data generated in the

system. There are 10 types of data as the numbr of discarded excessive cells, the numt»r of routed cells, the

numtxr of discarded invalid VPI cells, etc. Each type of management data is stored in a slxçific memory

address. When a staüstical information is generated by the system, its type is identifieQ its previous count is

retüev«L incremented and stored back in the same address. This t»havior accounts for 10 ATM cells paths.

3.4 Terminal Cells Control

If the WF flag, stored in the routing memory, indicates that a cell is terminal, the ATM switch will

insert a new header comp3sed of new VPI and VCI fields_ in order to create these header two different data,

stored in diBerent parts of the routing memory, have to tx retrieved. Furthermore the new VCI value must tn

vahdated by checking a flag stored in the routing memory. If it is not valicl the cell has to tx discarded. This

txhavior adds 8 ATM cell lnths,



4. THE PrOLEBiY SYSTEM

Ptolemy is a comlnct software infrastructure upon which slxcialized design envüonments, called

domains, can tx built [BER96]. The software infrastructure, called Ptolemy kernel, is made up of a family of

C++ class deãnitions. IX)mains are deâned by creating new C++ cIas«s derived from the tnse classes in the

kernel. Ptolemy allows to build complex systems using a hierarchical composition (nested tree structure) of

simpler subsystems. The whole system is called the universe. A domain m(xiels each subsystem. A subsystem,

also called a @laxy, can intenrally use a diBerent domain than that of its lwents or children. In this case we

use targets to de6ne the lwents domain. In order to mix domains it is nwssary to ensure that the interface,

called a wormhole, is compatible, so the child galaxy ot»ys the semantics of the parent domain. The Ptolemy

system uses the usual data flow terminology where, actors are called stars, tokens are called lwücles and the

invocation of the goo method of a star is called a üring. The connection txtween two diaerent stars or @laxies

is called arc. When a star âres, it oonsnmes a numt»r oflwticles üom its input ares, and prcxtuces a diaerent

num&r of output parücles.

4.i PrOLEMY DOMAiNS

IX>mains can ol»rate in any (or all) of three mules, Simulation, where a scheduler invokes c(xle

segments in an appropriate sequence; code generation, where code segments in an arbiüary language are

stitched together to produce one or more programs that implement the slwiâed function and; compilation,

where the spciâcation is analyzed and translated into optimized code in any target language.

The computations can tn rnrformed using one or more implementation languages, such as C++, C,

MAI:LAB, and VHDL. A target coordinates the scheduhng and implementation of algorithms desaü»d in a

lwücular domain. As lmrt of the coordination, a target may provide an interface to software (compiler,

assembler, simulator, etc.) or hardware. Worrnholes and targets must tn used in order to define the relationship

t»tween the child and the lnrent of mixed domains.

4.2 THE SDF, DDF, CGC AND VHDL DOMArNS

The synchronous data flow (SDF) domain (data flow semantics) is used for signal processing and

communications algorithm development. The predictable control flow of SDF allows for e8icient schedulin&

but limas the range of applimtions. A dynamic data flow (DDF) domain extends SDF by allowing data-

del»ndent control flow. To suPF»rt broader applications, the DDF domain uses dynamic (run-time) scheduling.

For long runs, involving many interactions, this is more expensive than the static scheduling that is possible

with SDF. It suplx)ItS conditionals, data«lependent iteration, and Hue recursion.

The CGC domain is a code generation domain. The simulation in this domain uses commercial C

compilers like GNU or “gee” in Sun stations. This domain üanslates a simpler code, written in the “Ptolemy

Language” into a more complete C ccxie.

The VHDL domain generates ccxle in the VHDL programming language. This domain supports the

synchronous data flow model of computation. Ptolemy provides several VHDL targets as SimVSS-VHDL for

simulation using the Synopsys VSS VHDL simulator.



5. E)WERIMENTAL RESULTS

5.1 Complete Model of the ATM Switch

The fundamental ATM switch t»havior, fully descdt»d in the SDF domain, consists of a large amount

of sequential or»rations. The ATM gwjtch model (universe) is composed of the several @laxies. A source of

ATM cells provided a model for the physical line, generating the 40 bits of the header, This sour@ accepts the

GFC, VPI, VCI (minimum and maximum), PT and CLP as decimal lnrameters and generates these fields as a

bit stream (üom MSB to LSB) [JAL95]. This model was presented in [ARU97].

A - Mutücast operation control

The multicast txhavior, descdt»d in section 3.2, reqüred the description of arwursive procedure.

There is a variable numbr of control signals (represented as particles) during each interaction. The DDF

domain is well at to descritx such txhavior [BER96]. The «REPEATEIC’ control star from the Ptolemy library

was combined with other library stars as well with a few customized stars in order to model this t»havior as

shown in figure 2a. This new DDF @laxy was joined with the existing SDF @laxy that descrüxs the

fundamental txhavior, shown in figure 2b, through a customized wonnhole (ãgure 2). The target of the DDF

galaxy l»ints to the lwent domain, which is SDF.
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Figure 2 – Wormhole DDF/SDF a) DDF @laxy inside the wonnhole, b) SDF @laxy outsid 3 the wonnhole

B - Management Memory Control

The management data are stored in a 16-address memory, built from a pair of 8 address modules, as

explained in [ARU97]. In order to implement the t»havior descritxd in section 3.3, we descrit»d a SDF galaxy

comp)sed of tx)th customized and library stars. Figure 3 shows some simulation results of the management
memorv control.



C - Control ofTerminal Cells

In order to implement the lxhavior descdtxd in section 3.4, we built decision fOIkS using

some DDF IF-THEN-ELSE stars. This tyl» ofcb'namic control is txst suited to descrüx this typ of command

The control of terminal cells was finally descdt»d as a set of DDF @laües, all of them oontaining the IF-

THEN-ELSE stars. SDF-DDF wormholes, like the one shown in figure 2, were used to build the complete

mcxlel shown in âgure 4,
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Figure 3 - Output of the management memory

D - Simulations oJthe complete model

The simulations were r»rformed hierarchically. We first validated individual stars, tx>th primitive and

customized Then each galaxy, either SDF or DDF were tested and validated Finally, the whole model was

simulated, vert6'ing destination cell headers and counting the routed and the discarded cells. We also

simulated the reasons why some cells were discarded, by retdeving the corresponding data from the

management memories.
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Figure 4 - Complete ATM switch model

5.2 CoSimulation Results
The physical line (ILF) and physical layer (ICF) interfaces were used to test the co-simulation

characteristics of several Ptolemy domain combinations. The following four ILF/ICF models were generated:

ICFELF

Model 1: SDF - SDF
Mcxiel 2: CGC - SDF
Model 3: V}EDL - SDF
Model 4: VHDL - CGC.

All models were descritxd in the Ptolemy language, All desçripüons were composed of primitive and

customized stars and galaxies. The numtxr of primitive stars and galaxies vaúed according to the domain due

to the diaerences among their hbrades.

Simulations were lnrformed using the Ptolemy software for the SDF model, the “gee” compiler for the

C c(He and the Synopsys simulation tool for the VHDL code. The simulation of model 1 and the co-simulations

of models 2 and 4 were fast and eÊücient. The co-simulation of model 3 was very slow due to incompatibilities

that exist txtween the VHDL and the SDF domains. The latest Ptolemy version (Version 0.7) eliminated this

oo-simulation capability from the system. Models 2,3 and 4 made use of the two code generation domains,

CGC and VHDL. Both the C code as well as the VHDL code was simulated as they were, meaning that the

generated codes are compatible with the simulation tools. Part of the generated code, for tx)th C and VHDL,

was sl»ciÊed by the designer as a pragrna, meaning that the code generation process does not changed them.

This feature allows the designer to introduce code constraints. However the VHDL code was not ready for an

architectural synthesis based on the Synopsys tool.



6. System Design Methodology

A system design environment should assist a designer to «úckly generate a system mcxiel that

may tx validated and used as an input description to a hardware/software co«iesign environment, Such an

environment present two problems that have t»en addressed in many recent publications: 1) how to lwtition

the system into a hardware and a software part, and 2) how to co-simulate these HIts which are descritxd in

diRerent languages. It is our opinion that it is very difHcult to automatically find an optimal lwtition of a
system. Therefore we txheve that an environment that allows a designer to quickly descritx, and simulate

diRerent lnrtitions is the t»st solution to assist system designers.

Based on the study case descritxd in this pal»r, we dwised such a design methodology using Ptolemy,

The methcxiology starts by creating a system m(xlel using the SDF and DDF domain& These are the

most mature domains in Ptolemy and are well suited to descritx tx)th the data and the control flow features of

digital systems. This step nplaces the C mcxiel that many system designers produce in the txginning of any

project. Next, a set of txhavioIal test vectors are derived and used to validate the model. This model may tx

lwütioned into hardware and software implementation HIts. The CGC domain is used to mcxleI the C Imt.

The automatically generated C code may tn co-simulated with the original SDF/DDF code of the other prt of

the system, using the same test vectors. The VHDL domain is next used to m«leI the hardware implementation

part. The automatically generated VHDL code is combined with the prwiously generated C code, resulting in a

full C/VHDL system description. This mcxlel may tx once again Obsimulated using the same test vectors. The

partition txtween hardware and software of the entire model may tx manual or automatic. The incremental

nature of this meth«lology allows for a fast and correct development of the C/VHDL system mcxlel.

Consequently diaerent partiüons may tx generated and tested in a short time. The resulting C and VHDL codes

are well suüed to te used in conjunction with commercial synthesis tools like the Synolsys Behavioral

Compiler and the C compiler for the Motorola DSP56X [BER96]

7. CONCLIJSIONS AND FUTURE WORKS

7.1 ATM Switch Complete Model

In this pal»r we descritxd a complete model of an ATM switching system. The model required the

combination of two Ptolemy domains: SDF and DDF, The SDF domain descritxd the static characteristic of the

ATM cells t»havior while DDF was used to descritx the dynamic t»havior of these cells. The mcxiel made use

of some primitive stars from the Ptolemy library, combined with some customized stars developed for this

model. The “IF-THEN-ELSE” and “L(X)P’ t»havior were desçritxd as DDF galaües, also composed of

primitive and customized DDF stars. A DDF/SDF wonnhole was developed in order to joint the DDF galaxy

with the SDF model. The complete ATM switch mcxiel was asy to build and to simulate, due to the large

num&r of primitive stars in tx)th the SDF and the DDF domains. The biggest eRon was sl»nt to build and test

the SDF/DDF wormholes. We simulated the whole m(xiel for all 37 possible paths fonowed by ATM cells

across the switch. By changing the ATIVI cells headers we were able to simulate terminal and non-terminal cells



routed to the output ports, discarded ATM cells due to traffic control violations and other features of the whole

system [JAL95].

7.2 System Design Methodology within the Ptolemy Environment

Based on the ATM switch system study case, we prolx)sed a digital system design methodology well üt

for a hardware/software design environmenl taking advantage of four Ptolemy domains: SDF, DDF, CGC and

VHDL. The methcxiology has the following chaIacteristics: 1) Both the C and the VHDL ccxies requimd by the

hardware/software co«iesign synthesis tools are automatica:lb generated, and 2) a designer may quickly

evaluate diaerent system partitions.

The methodology consists of first creating a complete system m(xiel using the SDF/DDF domains.

These domains are the most mature and well documental among all Ptolemy domains. After validating this

model, the system is partitioned into hardware and software parts. The software part is descrü»d in the CGC

domain and the hardware part in the VHDL domain. Both are code generation domains that automatically

generate C and VHDL. In tx)th roses pragmas may tx introduced by the designer in order to speci$' part of the

final code. First, the resulüng C code is mixed with the original SDF/DDF model and validated by co-

simulations. Finally the resulting VHDL code is combined with the C c(xie and once a@n validated by co-

simulations, using the gcc compiler/Synopsys simulation tool. This C/VHDL code may also tn used as input to

the synthesis tools present in the Hardware/Software co«iesign environment.
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