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Abstract

The reconfigurable computing has presented a prom-
ising progress. The development of platforms that match
the reconfigurable hardware with programmable elements,
such as DSPs or microprocessors promise great applicabil-
ity in diverse areas in the future. In this article we describe
a co-design methodology for single-context and virtual
hardware applications based on Petri net for PISH design
environment. A platform description is presented as well as
the reconfiguration methodology. A temporal partitioning
is described exploring different solutions for different ap-
Dlications with time and communication constraint.

1 Introduction

With the increasing in the complexity and size of the
digital systems, more powerful CAD tools are needed to
speed up the validation processes and the prototyping plat-
forms in digital system designs. Many rapid prototyping
platforms have been launched aiming at giving digital sys-
tem designers the option to implement their projects in a
fast and reliable way, aiming at cost reduction, better per-
formance and minor time -to-market. Prototyping platforms
are in general based on single or multiple reconfigurable
hardware [7],[8]. Generally, hardware implementations
allow concurrency explotation and increasing data process-
ing speed. These hardware components will also continue
to grow and so the problem of fitting them into a single
reconfigurable component sich as a FPGA or an ASIC
would not be always possible.

Software implementations present some advantages
such as flexibility and low implementation cost of complex
functions. However, it presents limitations as difficulties to
exploiter parallelism and meet constraints for high-speed

applications. Both worlds, hardware and software, how-
ever, have to work together aiming to reduce time -to-
market, costs and improving performance.

In a hardware/software codesign methodology, the
advantages of both approaches are taking into account. This
methodology offers flexible alternatives based on criteria
and constrains for hardware and software components (cost
function), such as silicon area and speed. Software comp o-
nents are represented by microcontrollers or microproces-
sors and hardware ones by ASICs or FPGAs [7],[8].

In this article, we present a codesign methodology for
switching context application based on a CDFG-Petri net
model [13],[16]. This approach is integrated with PISH
environment (Integrated Design of Sw/Hw) [2] and Chame -
leon prototyping platform [12). The prototyping platform
allows run time switching context in a XC400XX
FPGA Xilinx series. The platform contains a micro-
controller that manages each access to the FPGA and
its configurations. In Section 2, the methodology and
the prototyping environment are d escribed. Section 3
presents the Petri net model. Section 4 presents CDFG
- Petri net model used for control and data flow repre-
sentations. Section 5 discusses hardware area estima-
tion. Section 6 intoduces temporal partitioning tools.
Section 7 presents a complete example and some re-
sults. Finally, Section 8 presents conclusions and fu-
ture works.

2 PISH codesign system overview

The PISH codesign methodology (see Figure 1)
aims to provide a complete top-dow environment for
hw/sw codesign, from the system specification to its
prototyping. Its current specification mechanism uses
Occam [10] as specification language.

After the specification, the system is partitioned
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Figure 1 —PISH methodology

The partitioning, through a formal mechanism,
guarantees the semantics preservation of the initial
specification. The analysis phase is carried out con-
sidering a Petri net representation [6],[15],[16] of the
description as a model to perform quantitative analy-
sis and metrics computation (time and area). An
automatic interfaces generator [1] implements the
hw/sw communication after partitioning. As results,
the software and hardware components can be imple-
mented in the Chameleon prototyping platform [12].

2.1 Chameleon prototyping platform

The Chameleon platform is showed in Figure 2. The
platform is composed of software component, a microcon-
troller 8051 type, a hardware component, a Xilinx FPGA,
and two banks of memory to keep program and data.

Figure 2 — Chameleon platform

An overview of he prototyping environment is de-
picted in Figure 3. P
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Figure 3 — Prototyping environment
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A graphical user interface has been developed in order
to provide a friendly design environment. A database stor-
ages all hw and sw application cores, and a supervisory
system, installed in the PC host, manages the download of
all applications, through a serial link with the platform.

2.2 Run time reconfiguration

In general, a complex hardware specification is repre-
sented by a single file that can be too large to be fitted into
a single FPGA. Thus, the circuit requires splitting the origi-
nal file into small ones in order to fit the logic into the
FPGAs. Multi-FPGAs platforms [7], [12] are possible solu-
tions since it is possible to split the system into smaller
processes adjustable to the platform. However, this -
proach demands hardware area proportional to the system
complexity. In our model, the context partitions could be
switched at a time in a single FPGA, according to a sched-
uling algorithm. The methodology suggests a virtual hard-
ware mechanism like a virtual memory [9]). The switching
context is based on Petri net analysis. Figure 4 shows the
design flow for hardware and software components consid-
ering a single FPGA platform.

System
Specification

HW ¢ i
Partitionig

1 HW
Specitication

sw
Specification

DrieDazsacarce
Information
Informati Context
nformation J Spacification ] ﬁ
F
I avdmee |
Synthesis I
I

Switch Context
Mechenism

Software
Syni-asls

Al dwale "
Symihea vHou

3 Timed Petri Net

Petri nets are formal specification techniques that al-
low a graphical and mathematical representation and have
powerful methods for qualitative and quantitative analysis
[14]. Petri nets are used to systems modeling {17], [18].
Petri net temporal approach was proposed by Ramchandani
[19].

Timed Petri nets are Petri net extensions in which the
time information is expressed by duration (deterministic
timed net with three phase policy firing semantics) and is
associated to the transitions.

Definition1— Timed Petri Nets: Let Nt = (P,T,1,0,
My,N,D,C) be a timed Petri net, , D:T —4, A=f{a/a >0, a
€ R} is a function which associates with each transition
the duration of the firing d; C: T—»B, B={b [ be [0,1], b €
IR } is a choice function which assigns a free-choice
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probability to each transition of the net, where 27, C(t) =
1. Tc c Tis a set of structural conflicting transitions.

4 Intermediate model

After the hw/sw partitioning, the Occam code is trans-
lated into a Petri net intermediate representation (see Fig-
ures 5 and 6). In this section, the control flow and data
models are defined [13],[15]. The formal definitions are
described below.

Definition2 — Control Flow Model: PN is safe and
timed Petri net Nt=(P°,Tf,0°'M,",D,C) as defined in
Definition1, Section 3, and represents the control flow.

Definition3 — Data Flow Model: G=(V=TUIn
U Out, E,FD) is the data dependence graph. T is Petri net
transitions set; In and Out are data input and data output
points respectively; ECVxV is the edge set that represents

data dependence between vertex of & in V set; FD(e) is
the variables sub-set associated to the data flow repre-
sented for e € E.

Figure 5 shows a simple example, in order to explain
the principles of our approach. The example written in
Occam is translated into control @N°) and dataflow Gd)
models. These models are described in Figure 6 as control
data flow graph.

The construction rules of net PN are dscribed in
[15]. Although the model has been originally conceived for
Occam description, other languages such as SystemC [20]
can also be considered.

INT a,b,c,de
CHAN OF INT ch
PAR
SEQ
a=a+l
b=a+2
SEQ
IFc<0
c=c+1
IFc>=0
c=c+2
chlc
SEQ
ch?d
d:=d+e

Figura 5— A Occam code example

5 Hardware area estimation

Before the hardware synthesis, it is necessary to esti-
mate its total area. For a given high-level behavioural de-
scription, the hardware design is divided into two classes of
functional blocks: data-path and controller.

This estimate is accomplished considering the CDFG
=(PN°, Gd) and hardware models. The method for estimat-
ing hardware area is described in [15], [16].
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Figure & — COFG — Petr net modeal
5.1 Hardware model

The controller is synthesized directly from PN® [15],
where each place is associated to a flip-flop type D and
each transition associated to an AND gate as it is depicted

in Figure 7.

AHp1= Aprp + Aanm Himrtn-1) Aorz

(@
Pll [grdt] P:
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® AH;=(n+g-1)Aaxe| g =number of [grdt]’s

Figure 7 - Hardware model for controller: place (a)
and transittion (b).

In Figure 7, AHp; and AH; are the areas for implemen-
tation of ap place and ¢ transition respectively.
These metrics are given by the expressions:

AHp; = Aprp + Aqnpat(m+n-1) Aor; (1)
AH,; = (n+g-1)Aanp2,, g = number of [grdt] (2)

Arrp is the area of the Flip-Flop D, A4yp; and
Aor2 are the areas of the AND and OR gates of 2 in-
put. The data -path circuit consists of registers, multi-
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plexers and functional units defined in the Data-path
Components Library: DCL = {R1(1bit register), MUX2
(multiplexer2:1 bits ) } v FUL. FUL= {FUi, i =1.2,..
,n} is a Functional Unit Library. Figure 8 illustrates
the data-path models. The DCL component areas are
designated by: AHp;, A Hyyx,, AHpy;.

Op_Code )
status

Figure 8 — Data-path hardware model

The area estimation is carried out based on
equivalent gates number for the XC400XX FPGAs
[13], considering control and data-path areas:

AH= AHcrp, + AHpp 3)
5.2  Area estimation techniques

The control area estimation are obtained directly from
expressions (1) and (2):

AHcrr= Zvper” AHpi(p) + Zvier AH(Y) (4)

For data path area (4Hpp), it is important to find out
the number of registers, multiplexers and functional units.

The registers area (4H,,) is calculated as a function
of the number of variables used in the process (VP). If VP
is the set of variables in the process and /v/ is the length in
bits of ve VP, Then the registers area used is:

AHpgp = Xvvevp [V/AHp; (5)

In the same way, multiplexers area @ H,y,,) is esti-
mated as a function of the number of incidences for each
operation in hardware process. If OP is a set of incident
operations, N(op) is the number of times that op € OP
appears in the process and /op/ is the length in bits of the op
inputs. Then, the area estimated of mu ltiplexers is given by:

AHpyy = ZW)peOPN (¢ OP)/ OP/AHMUXZ’ (6)

The expressions (5) and (6) do not take into account
register and functional units reutilization. Hence, the esti-
mates cbtained may not be very accurate. For functional
units area estimates, (Hp,), the results are closer to real
metrics. If Vop € OP, 3 FU,,e FUL that implements op,

and N(FU,) is the number of functional units of the type
FU,p, then the estimate area for functional units is given by:

AI{fu=ZVopEOPN (F UOp) AHFUop (7)
Data-path area is the summation of (5), (6) and (7):

AHpp =AHreg+AHmux+AIIfu (%)
5. 3 Functional unit estimation

The calculation of the number of functional units
N(FU,p, in the expression (7), is accomplished in two parts
[15),[16]. First, the set Py PN’) of pminimus invariants
supports [14] for PN® is calculated and the universal set of
transition-paths UTPS(Py(PN°) is generated. Let T,, be
the PN transitions set that represent operations op. The
upper limit of N(FU,,) is given by the smallest number of
sets TS; (TS; € UTPS(Pyy(PN9)), whose union covers T, o
It is because the paths of transition 7S may represent transi-
tions that has exclusion relation in the PN®

The second stage of the N(FUy) calculation consists
of a refinement of the bound obtained in the first stage. PN
is extended for PN by introduction of a set of places P,
P"U represents functional units and arcs among these places
and transitions represent the operation allocation. The
amount of tokens in these places is represent by N(FU,p,).
The execution time of the net PN is computed, by using
the INA tool [18], for combinations of initial marking of

v starting from the upper minimal bound, until the mini-
mum amount of functional units that do not increase the
execution time. This method has provided good results for
the area of functional units.

6 Temporal partition and virtual hardware

Figure 9 illustrates de temporal partition for virtual
hardware methodology. The hw process may be repre-
sented by a CDFG-Petri net model P = (PN°,G"). In case
the estimated area is larger than the available FPGA area,
the hw process is partitioned into multiple contexts that are
performed in a time multiplexing approach. In [11] is pre-
sented temporal partitioning from a data flow graphs hard-
ware description. In [4], [5] is presented a hardware gate
level partitioning. In ths work, The PN°and G* is parti-
tioned at the operation level. Each context has a controller
that is derived from a partition PN, PN’, and a data-path
obtained from a pattition G%, c G*.

The foresee methods described in Section 5 are used
to guide the partitioning of the PN, G*) in subproc-
esses placed, as contexts, into FPGA.
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Figure 9 -~ Methodology to virtual hardware: a)
temporal partitioning, b) Context implementation in
FPGA

6.1 Multi-contexts implementation

Contexts are implemented, in the FPGA, a structure as
showed in the Figure 9(b). The context switching is per-
formed by microcontroller. FPGA reconfiguration spends
several milliseconds in XC400XX chips. For industrial low
speed applications, this overhead can be supported. Reg_/
to Reg_n, used as partial result I/O ports, are accessi-
ble through the system bus. In the end of each context,
the registers with partial results are saved in the RAM

memory and, after the FPGA reconfiguration, sent to
the registers of the next context.

6.2 Temporal partitioning algorithm

The partitioning algorithm groups trans itions into
contexts:

Definitiond — P partitioning: Let a pair B = (PNC,
G%) be a CDFG hardware process inplemented in an
FPGA area AHpp;,, we defined a j partitioning as being
a comntexts set PartTHW ={C, G,..., C} and C.T Cj.T =
oV GC e PartZHW , # j. C.T is the transitions set con-
tained in each context; C. Ay is the FPGA area used in
each context and context execution order is C;—Cy—...C,,
PartT™ Constraints is:

Area: C Ay, < AHpp., VC, ePartTH W.

Precedence: tc C,.T = (Vt'el(p) A pel): 3 C | t’e

C,Th j<i)

When a context cannot group more transitions

without violating the Area constraints, a new context
is created. The order which transitions are grouped

must respect the Precedence constraint. Figure 10
shows the group transitions method.

Figure 10 —Group transitions methods

Transitions t; and t, form context C;. The Cand-
Trans set {t3tsts} represents the candidates to be
grouped in G without violate Area and Precedence
constraints. The grouping method adopted uses local
criteria (myopic heuristics) for transition choice:

Concurrency Criterion: Group the transition that ex-
ploits less concurrency or Group the transition that e-
ploits more concurrency.

Communication Criterion: Group the transition that
minimizes the communication between contexts.

In Figure 10, the criterion more concurrency im-
plies the choice of transitions § and t4. During the
partitioning, transitions are searched in width, consid-
ering parallelism exploration and execution time
minimization. The criterion less concurrency implies
the choice of transition ts: b:=a+2. Hence, transitions
are searched in depth take into account parallelism
minimization. The criterion minimizes the communica-
tion implies the choice of the trans ition that results in
less data edges, in graph G, crossing the context.
Transition ts is chosen, implying parallelism reduction
and execution time increasing.

7 Casestudy

The methodology presented was applied to Occam
representation that describes a differential equation:
x(+i)=x(t) +y@).i
W+ i) =y - f(x).y@).1i-3.x1).i
t’ = t+i, newtvalue
The CDFG-Petri net resulted in 40 places and 39 tran-
sitions. Table 1 shows the temporal partitioning results
according to two criteria:

Table 1 — Temporal partitioning results

Partitioning 1 Partitioning 2
Criterion : More Concurrency Criterion : Minimizes Communic.
Cx | A [T C Ctx | A [ 1] C
1 4987 4 13 1 4768 | 8 11
2 4371 5 15 2 4512 | 5 17
3 4995 6 19 3 2589 | 5 17
4 1053 2 9
Total 15412 | 17 56 Total 11869 | 18 45

Ctx = Context, A = Area(equivalent gates), T = Time(cycles) and C =
Communication (bytes). FPGA area is AHrpg4= 5000 equivalent gates.
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The context execution time (T) is estimated on the basis of
the critical transition path extracted using techniques for
search in graph,

For the first contexts (Table 1), we can observe
that the concurrency criterion takes less execution
time than the communication criterion. It is due to the
parallelism exploitation (Partitioning 1) and reduc-
tion of communication (Partitioning 2). Next con-
texts group sequential transitions. This causes low
sensitivity to the choice criteria. Considering as refer-
ence a partitioning that places all processes in a single
context, Partitioning 1 takes 40,64 % and Partitionig
2 takes 22,92% more area than the circuit in single
context, respectively.

The CDFG-Petri net P*% = (PN, Gd) and the par-
titioning result Part7"” had been translated manually
into a RTL-level hardware description for each con-
text. The Xilinx Foundation 3.1i synthesis results are
showed in the Table 2.

Table 2— Estimated and real area for Partitioning 1

Metrics® Context 1 | Context2 | Contexi | Context 4
Real 4218 3688 4678 B33
Estimate 4087 4377 4905 1053
Precision{%s1** 84,58 84,26 03.65 E1.1%9

Average Precision(%a)***: 8592

*Metries: equivalent pate, ** Precision = [ Real/Estimate ), 100%
*** Average Precision = (%, Precision 14

Good results have been obtained for area esti-
mates with precisions around 86% in relation to Xil-
inx Syntheses Tool. In this architecture, the time for
FPGA reconfiguration takes 16 ms. Depending on the
number of contexts and application constrains the
FPGA reconfiguration time may be suitable.

8 Conclusion and future works

A switching context methodology based on Petri nets
was presented. Large algorithms may be split into suitable
hw and sw processes and run in switching context platform.
Estimates from Petri net guarantees that hw processes areas
are suitable for the area available in the prototyping part-
form. A virtual hardware mechanism allows correct hw
execution and its FPGA reconfigurations. An example has
been presented in order to validate the method for low-end
speed applications. Hardware reconfiguration speed may be
improved with partial reconfiguration devices.

The partitioning algorithm groups transitions using
local criteria. To prevent sub-optimal solutions, we intend
to introduce strategies for exploiting solution space taking
into account real time and communication constraints.
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