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MOODS (Multiple Objective Optimisation in Data and control path Synthesis) is a high-
level synthesis system which provides the ability to synthesise a system level behavioural
description into a structural representation. This thesis describes an enhancement to the
original MOODS system that provides an automated mechanism to target a single
behavioural input design onto heterogeneous re-configurable devices, forming a multi-
FPGA system. This thesis focuses on some of the problems associated with multi-FPGA
synthesis, in particular the area utilisation of target devices and input/output (I/O)
constraints in a multi-FPGA system.

The multi-FPGA partitioning mechanism has added a new optimisation objective into
the MOODS synthesis system. Not only does it provide an automated means of
partitioning the design into separate blocks, the partitioning algorithm optimises the
utilisation of device area and I/O taking into account the activity profile of the design, and
allows performance and I/O utilisation trade-offs to be considered. Asynchronous channel-
based communication and pipelining techniques in multi-FPGA synthesis can produce a
multi-FPGA system with performance close to a single-device implementation.

The contribution of this work presented herein describes multi-FPGA synthesis with
the insertion of asynchronous explicit and implicit subprogram communication channels
between target devices in the synthesised multi-FPGA system without any user
intervention. Experiments and simulation results of test examples and a hardware
demonstrator presented in this thesis provide evaluation on the performance of the
synthesised non-pipelined and pipelined multi-FPGA systems with asynchronous
communications. Results showed that the multi-FPGA synthesis enhancement integrated
within the MOODS environment provided a rapid realisation of pipelined multi-FPGA
systems with asynchronous communication channels at the expense of an acceptable
increase in area overhead and design latency.
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Chapter 1

Introduction

1.1 Partitioning and high-level synthesis

Partitioning is an important issue in high-level synthesis, hardware/software co-design,
VLSI CAD (Very Large Scale Integration Computer Aided Design) [1, 2]. With the ever-
increasing complexity of digital designs, partitioning of the circuit or system into a
collection of smaller, manageable components has become a central and critical design
task. Partitioning is also used to divide a large design into several target devices to satisfy
packaging constraints such as input/output pins and area. Partitioning of a design over
multiple hardware targets can be performed at several levels of abstraction (these include
system level, behavioural level, and structural netlist level). Partitioning a design at high
levels with incomplete knowledge of the targeted technology, and the final hardware (or
software) implementation of a component poses a difficult design decision. The task of
partitioning a system at a high level with a coarse granularity (i.e. relatively few objects
with moderate to high complexities) can still be done manually, based on the experience
of the designers. However, as the complexity and size of the entire system increases, this
difficult decision and design optimisation problem gets harder, to the point when it gets

beyond the capabilities of human designers to solve.

High-level behavioural synthesis of a digital design takes the behavioural description and
translates this into an optimised structural description of the same design. The design is
described behaviourally using either hardware description languages or high-level
programming languages. There has been a recent interest in electronic system level (ESL)
[3-5] design with new high-level synthesis tools released in 2004 from major Electronic

Design Automation vendors: Mentor Graphics Catapult C Synthesis [6], Bluespec Inc.
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Bluespec Compiler [7], and Forte Design Systems Cynthesizer [8]. The ESL design
methodology is an evolution of high-level modelling of complex systems and behavioural
synthesis, extended to address additional needs of system-level design, such as
architectural design, software development and Intellectual Property (IP) exchange and
reuse. Design abstraction in the digital domain has changed from schematic to language-

based and is migrating towards behavioural specifications.

MOODS (Multiple Objective Optimisation in Data and control path Synthesis) is the high-
level synthesis tool developed in the University of Southampton. The MOODS synthesis
system synthesises an input behavioural design and produces a structural implementation
of the behavioural design with the advantages of a rapid development time and design
space exploration providing many alternative optimised implementations (with differing

area, delay, power characteristics).

The present configuration of the MOODS synthesis system can only handle single-chip
digital designs. The behavioural description of the user’s digital design is synthesised into
a single, large structural output. A synthesised structural output too large to fit into a
selected target FPGA must instead be targeted to a larger and more costly FPGA, or be
split into pieces small enough to fit into multiple FPGAs. The latter requires the user to
rewrite the behavioural design, breaking the design into smaller descriptions and manually
assign the structural outputs of these smaller descriptions to multiple FPGAs and connect
the inter-device signals. Consider partitioning a design with 15 blocks, of which any
combination of 5 blocks can fit into a target device in the multi-FPGA system, there are a
total of 3003 combinations of partitioning the 15 blocks (i.e. Number of combinations, ,C*
=n!/[k! * (n-k)! ], where in this case, n = 15 and k = 5). The required design effort is
becoming a major limitation to system complexity and the FPGA partitioning process
needs to be automated. Synthesis of a large complex behavioural design into a multi-

FPGA system poses difficult partitioning questions that need to be answered:
e How to partition the design and will the smaller partitions fit the target devices?

e Which target device should a partitioned design be assigned to and how many

target devices are needed in the multi-FPGA system?



T.B. Yee, 2007 Chapter 1: Introduction 21

* How many I/Os are available and required to connect up the multi-FPGA system?
* How are the target devices going to transfer information (data) to each other?

This thesis focuses on some of the problems associated with multi-FPGA synthesis, in
particular the area utilisation of target devices and input/output (I/O) constraints in a
multi-FPGA system. In this thesis, an evaluation is made of existing multi-FPGA
synthesis systems and multi-FPGA partitioning techniques. This provided an insight on
the pros and cons of the various approaches and techniques, adopting the best technique or
combination of techniques towards the development of our partitioning extension to the
MOODS synthesis system. The goal was to extend the MOODS synthesis system to
support partitioning over multiple hardware targets taking into consideration the area and
I/O resources of target devices. In pursuit of this goal, we also explored asynchronous and

pipelining techniques to improve the performance of a partitioned design.

The underlying hypothesis of this research is that combining asynchronous channel-based
communication and pipelining techniques in multi-FPGA synthesis can fully utilise the
I/O constrained FPGA target devices and the performance of the synthesised multi-FPGA

implementation (MFI) will be close to a single-device implementation.

This work presents asynchronous channel-based data transfer mechanisms into multi-
FPGA systems and using design activity profile to guide the proposed partitioner in
reducing inter-device data transfers. Behavioural design examples and a hardware
demonstrator are synthesised using the multi-FPGA synthesis in MOODS and experiments
on non-pipelined MFIs with subprogram communication channels (without explicit
communication channels) and pipelined MFIs with explicit communication channels are

presented.

The experiments and simulation results show that the proposed channel-based approach
with pipelining in a multi-FPGA systems achieve significantly better performance (in
terms of reduced area overheads and design latencies) over non-pipelined
implementations. Experiments on the hardware demonstrator show that the multi-FPGA

synthesis enhancement integrated within the MOODS environment can synthesise a large
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and complex behavioural design and target the partitioned design to a pipelined multi-

FPGA system, with an acceptable increase in area overhead and design latency.

1.2 Thesis structure

The thesis consists of three main parts. The introductory chapters present the background
material on behavioural synthesis and multi-FPGA partitioning. Chapter 2 introduces
high-level synthesis, followed by a detailed overview of the MOODS synthesis system.
Chapter 3 introduces partitioning methodologies and multi-FPGA partitioning. The
chapter also reviews current research on multi-FPGA partitioning and includes a detailed

discussion on synthesis systems capable of synthesising and targeting multiple devices.

The second part of the thesis, Chapters 4 and 5 describe original work, which cover the
multi-FPGA partitioning enhancement of the MOODS synthesis system and the
communication cells used in inter-FPGA data transfers. Chapter 4 describes in detail the
automatic partitioning mechanism that partitions a single design description, and the
generation of multiple structural output files for configuring a multi-FPGA system. This
chapter also introduces the channel-based approach to handle inter-device data in the
synthesised multi-FPGA design. Chapter 5 covers the subprogram communication channel
customised for asynchronous inter-FPGA subprogram data transfers in a multi-FPGA
system. The chapter describes in detail the design of communication cells and arbiter cells,

which are the building blocks of the communication channel.

Chapter 6 contributes to the third part of the thesis with experimental results on multi-
FPGA synthesis in MOODS. Chapter 7 describes the design, synthesis and physical
implementation of a hardware demonstrator, a multi-FPGA JPEG (Joint Photographic
Experts Group) decoder. Implementation results and analysis of the performance of the

non-pipelined and pipelined multi-FPGA JPEG decoder are presented.

Finally, the thesis concludes with a summary of the contributions of this research and a

discussion of possible future work in Chapter 8.
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A number of appendices are also included in this thesis. Appendix A contains a paper
published in the proceedings of International Federation for Information Processing
International Conference on Very Large Scale Integration 2005 (IFTP VLSI-SOC 2005).
Appendix B contains detailed information on the hardware demonstrator and a full profile
of test images and photographs of the test images decoded by the multi-FPGA JPEG
decoder. Post-MOODS synthesis simulation results of the multi-EPGA JPEG decoder core

are also included in this appendix.

Appendix C details the format of various data files used within the MOODS synthesis
environment. VHDL code listings of behavioural VHDL design examples used in the
experiments described in Chapter 6 and post-MOODS synthesis simulation results of the
examples are given in Appendix D. Appendix E is a brief user’s guide to performing

multi-FPGA synthesis using MOODS with the multi-FPGA partitioning enhancement.
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Chapter 2
High-level synthesis and the MOODS

synthesis system

This chapter describes the background material of high-level synthesis used within the
research project. Sections 2.1 to 2.5 give a general overview of high-level synthesis.
Section 2.6 describes the MOODS (Multiple Objective Optimisation in Data and control
path Synthesis) synthesis system, which is used in Chapters 4 to 7 for all the
implementation and multi-FPGA synthesis results of this thesis. The post-processing stage

of the MOODS synthesis system is covered within Section 2.7.

2.1 High-level synthesis

Behavioural, or high-level synthesis is the process of transforming an abstract
specification (such as an algorithm description) of the behaviour of the system into an
equivalent structural description that satisfies a set of user constraints and goals on factors
such as area, delay and energy consumption. The interpretation of VHDL [9-1 1] for
behavioural synthesis is substantially different from that of traditional RTL (Register
Transfer Level) synthesis. In the RTL synthesis interpretation [12], the execution of an
operation triggered on a clock edge within a process will complete within a clock cycle
and the mapping from RTL design to gate-level design is a cycle-accurate mapping
preserving the simulation semantics of VHDL. However, behavioural synthesis interprets
sequential statements as if they were normal software, each of which may take several
clock cycles to execute a single line of code. At the statement level, the overall behaviour

of the system is unchanged, only the cycle timing of each statement is altered. This
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statement-accurate mapping feature allows the synthesis system the flexibility to adjust the

timing of operations and to trade off timing against other factors such as total area.

The process of transforming a behavioural description of a digital design, described in
some hardware description language or sequential language such as Verilog, VHDL or C,
is illustrated in Figure 2-1. The design flow consists of a number of separate tasks and
different synthesis systems may perform a number of these tasks concurrently. The output
of the behavioural synthesis system is a mixture of structural and RTL description of the

design and it is suitable for the targeted logic synthesis and layout tools.

- User .
Behawogral . optimisation |
description objectives /
_________________________________________________ °
: y i
; source compilation :
. )
[ . 1
! l . ; Synthesis !
i e Optimisation, i
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Figure 2-1 Design flow of a generic behavioural synthesis system
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2.2 Input description languages

Having mentioned that VHDL can be the input hardware description language, it is only
one of the many hardware description languages or sequential languages that can be used

to describe a design behaviourally.

2.2.1 SystemC

SystemC [13-15] is an open C++ class library used for hardware system design and
validation. SystemC is defined by the OSCI (Open SystemC Initiative) and the IEEE
1666-2005 SystemC standard [14] was ratified on December 2005. C++ or C is the
language choice for software algorithms and interface specifications and most designers
are familiar with these languages. The SystemC language and modeling platform provides
the necessary constructs to model system architectures at various system levels of
abstraction for digital design. The SystemC Class library extends the standard C-++,
without adding new syntactic constructs, to give hardware timing, concurrency, and
reactive behaviour. This encourages systems and software designers with little orno
knowledge of hardware description languages such as VHDL and Verilog to create digital
designs, and to quickly simulate to validate and optimise the design according to the user

objectives.

The SystemC design is compiled into an executable file and validation of the design is
basically a run of the execution file. The execution of the run file is faster than a run of an
HDL model that depends on the simulation and it does not require licenses as needed by

most EDA tools.

2.2.2 Verilog

Verilog HDL [16, 17] is another hardware description language, other than VHDL, that is
widely used, both academically and commercially. Verilog was designed in mid 1980s and
the Open Verilog International (OVI) was formed in 1990 to manage the Verilog
language, which was only then opened to the public domain. Verilog was later ratified as
IEEE std. 1364-1995 [16]. The second ratification is the IEEE std. 1364-2001 [17],

commonly called Verilog-2001. Verilog-2001 adds many significant enhancements to
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IEEE 1364-1995 Verilog, which include greater support for re-usable, configurable
models, Intellectual Property (IP) modeling, and very deep submicron timing accuracy
[18]. SystemVerilog is the third generation of Verilog and it is built on Verilog-2001.
Besides extending the Verilog language to give design features that VHDL already had in
place for years [19], SystemVerilog has new constructs for verification to keep up with the

increases in complexity of today’s design and verification challenges [20].

2.2.3 VHDL

VHDL is an IEEE standard hardware description language [9-11, 21]. It is originally
largely targeted towards simulation of digital systems at the various levels of abstraction.
Synthesis use was introduced later, with the introduction of RTL (Register Transfer Level)
synthesis tools first, then progressing into behavioural synthesis tools. VHDL was
proposed as an IEEE standard in 1986 and it went through a number of revisions and
changes before it was adopted as the IEEE 1076-1987 [10]. The first modification of
VHDL was ratified in 1993 [11], and the latest in 2002 [9].

VHDL supports many different design methodologies (top-down, bottom-up, delay of
detail) and is very flexible in its approach to designing hardware. VHDL provides
technology independence and it contains levels of representation that can be used to
represent all levels of description from the device level up to the system level. Figure 2-2
illustrates the hierarchy structure of VHDL. VHDL models a digital system using entities
and architectures to define its interface and operation respectively. It is capable of
describing concurrent blocks (a netlist of interconnected components) of sequential code,
where the sequential elements describe the behaviour of the concurrent block at any
abstraction level, via processes. Each design can be encapsulated by a library definition of
its own interface, which highlights the ability of VHDL to describe a system in terms of
modular concurrent components. A library of algorithmic descriptions can also be built
from sequential blocks such as functions and procedures. In VHDL, signals are the only
way to tie together elements of structural descriptions or to pass information directly
between VHDL processes and entities, VHDL signals are declared in the VHDL

architecture. VHDL variables are local to process and they are declared within VHDL

processes.
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2.3 Compilation and internal representation

* Behavioural input compilation and optimisation — is the first synthesis task and it is

concerned with the compilation of the behavioural description into an internal
representation to which synthesis operations may be applied. A number of compile-

time optimisations (procedural inlining, dead code elimination, loop unrolling) [22]

may be performed. The result of compilation is the generation of a design specified in

terms of a number of simple instructions, similar to a machine-readable software

assembly language, often in some form of abstract data and control flow graphs.

The synthesis optimisation process is either performed during the construction of the data

structures or during an iterative refinement process after the initial data structures are
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created, or a combination of both methods. A number of behaviour-preserving internal
data structures can be used to fully describe the design throughout the synthesis process. A
simple dataflow graph (DFG) can be used to describe the system. The operations and data
dependencies of a simple design (with no conditional and iteration constructs) can be

represented with a dataflow graph as illustrated in Figure 2-3.

5 Vi V2
Behavioural
VHDL source ; 3 R 3
........ n "
......... 3 \[/ 8
A:=V1+5; |
B:=V1+V2; 7/( B
C=A+3 s
D.=B+8; Y
V3:=C*D; ( * ) (/:Q)

Figure 2-3 Data flow graph representation

In general, many applications contain a significant amount of conditional (if-then-else) and
iteration ({oop) constructs, and thus requires a more comprehensive representation of data,
and the control flow information. The Control and Data Flow Graph (CDFG) models both
the data and control flow information in a single hierarchical structure. This is done by
extending the DFG representation to encapsulate control flow information for blocks of
DFG sub-graphs within the parent graph. A major disadvantage of the CDFG
representation is the basic blocks of DFG sub-graphs provide boundaries across which the
scheduling of operations cannot pass, even if there are no dependencies restricting this
schedule [23]. On the other hand, the Extended Timed Petri Net (ETPN) [24, 25]
representation has no such block boundary restriction as the data and control flow is
separated into two individual, but interrelated data structures, hence allowing more
optimisation transforms to be performed. This separation 6f the control flow also makes
the ETPN more suitable for designs with concurrency execution of operations and

asynchrony inherent.
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By way of an example, the associated CDFG and ETPN representations of the fragment of

VHDL code are illustrated in Figure 2-4 and Figure 2-5 respectively. The CDFG in Figure

Chapter 2: High-level synthesis and the MOODS synthesis system

2-4 comprises four DFGs. The top one represents the three sequential addition

assignments, the second two graphs represents the two conditional assignments, and the

last DFG represents the last multiplication assignment.

Behavioural
VHDL source

IF (X="1") THEN
D:=B+4
ELSE
D=B+8;
END IF;

{

LGY
o «G

Dataflow graph

blocks
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. ¢ | [ b |
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I V3 !
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v

Figure 2-4 Control and data flow graph representation

ETPN represents the data path as a directed graph with nodes and conditional arcs. The
nodes represent individual functional (operator) and storage (variable) units, while the arcs

form the connections between nodes. These connections are only made if the arc is
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activated by a control signal (S, signals generated from the control part). The control flow
of the design is described by the passage of tokens through a Petri net [26]. Each control
path vertex represents a control state, which is activated when it receives a token, thereby
activating the associated data path via its S, signal. In Figure 2-5, the conditional block (if
X =%17) is modelled by states S; and Ss, and the selection is based upon condition C;,

generated from the data path comparator (=) block.

! X l f “1”
S3 83
[ =
83 83
L ¢ |G
Behavioural
VHDL source
A=V1+5
B:=V1+V2
C=A+3
IF (X =“1") THEN
D:=B +4;
ELSE
D:=B+8;
END IF;

VvV3:=C*D;

Figure 2-5 Extended timed petri net representation

2.4 Scheduling, allocation and module binding

The next three tasks form the core of the behavioural synthesis system. These tasks are
concerned with performing scheduling, allocation and module binding according to user-

defined optimisation objectives.
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* Operation scheduling — is the task of assigning each operation to a particular time step.

Schedules are optimised to achieve the objectives of the user, whilst satisfying both
resource constraints, specified by a given target area or the maximum number of
functional types within each time step, or time constraints, specified by the number of

time (or control) steps for the operations.

Scheduling techniques [27] can be generalised into two main categories: constructive
scheduling and transformational scheduling. Simple constructive algorithms include As
Soon As Possible (ASAP) [28], As Late As Possible (ALAP) [28]. ASAP schedules
operations in the earliest possible time step permitted by the data dependencies, while
ALAP assigns operations to the latest possible time step. The main disadvantage of these
two algorithms is that all operations are treated equally, with no priority given to the more
critical ones. This can result in operations that are less critical to be scheduled first on a
limited resource (e.g. a single multiplier unit), which may block critical operations

scheduling and result in a performance degradation. Figure 2-6 illustrates an example of

ASAP and ALAP schedules.

Step 1

Step 2

Step 3

Step 4

a) ASAP scheduling

Step 1

Step 2

Step 3

Step 4

b) ALAP scheduling

Figure 2-6 Example of ASAP and ALAP schedules
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List scheduling [29] takes a more controlled approach in ordering the operations to be
scheduled based on some priority function. At each control step, operations (O,) are
scheduled sequentially as long as the required resource is available, otherwise, operations
are postponed according to their priority. Figure 2-7 shows list scheduling of a simple
control graph, where the priority of each operator is defined as the length of the data path
from the operation to the end of the block (marked in braces in Figure 2-7). Operation 3
(O3) has a higher priority than operation 1 (0,), and is therefore scheduled in control step

1, providing an optimal solution in this case.

Ox(1) 0s(2)
) (o
Step 1 Step 1 Lo+ /i [ *

Step 2 Step 2 \ \ i
\’/
...................................................... I S
v v
a) Initial graph b) List scheduled graph

Figure 2-7 Example of list scheduled graph

All the above algorithms make decisions on local considerations, which may be optimal
for one operation, but do not necessarily produce an overall optimal schedule. A
constructive scheduling algorithm that makes global analysis of the operations and control
steps when selecting the next operation to be scheduled is the force-directed scheduling
[30]. The basic strategy of this algorithm is to balance the concurrency of operations to
ensure that each functional unit has a high utilisation and therefore the number of units
required is reduced. Force-directed scheduling is more computationally expensive than all
the constructive algorithms mentioned previously, due to its global selection of the next

operation to schedule.
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In contrast to constructive scheduling which creates a schedule from scratch and adds
operations one at a time until all operations are scheduled, transformational scheduling
starts with an initial schedule, generally maximally serial or maximally parallel, and
iteratively applies a set of local transformations, improving and guiding the design
towards the objectives specified by the user. One important advantage of the
transformational-based approach is that a complete schedule exists in each iteration and
accurate estimation of the design in terms of different criteria (e.g. area or delay) can be
made. This technique has been adopted in high-level synthesis systems such as Computer-
Aided Modelling, Analysis and Design (CAMAD) [25, 31] and MOODS [32], where both
systems combine the scheduling and allocation together as a general optimisation problem.
The transformation-based approach employed in MOODS is described in more detail in

latter sections.

e Allocation — involves the assignment of data variables and instructions into groups of
data elements; storage units (registers, ROMs, RAMs, etc) used to hold data in the data
path, functional units (adders, ALUs, multipliers, etc) that perform the operations
depicted by the instructions and interconnect units (multiplexors) between storage

units and functional units.

Allocation techniques can also be generalised into constructive and global algorithms.
Iterative/constructive allocation algorithms select an operation and the data element to
which it will be bound, one at a time in an iterative manner and builds up the allocation,
typically minimising cost in terms of area whilst conforming to timing constraints of the

schedule.

Global allocation techniques, on the other hand, deal with the data path as a whole, and
attempt to allocate all its elements simultaneously. Allocation can be defined as a graph
problem, where a clique-partitioning algorithm [33] builds a compatibility graph where
vertices denote operations and edges denote the compatibility relation between the
operations whereby edges connect mutually-exclusive operations that can share the same
hardware. The problem is then reduced to finding a maximal partitioning of fully
interconnected vertices, which represents a solution with the minimum hardware cost.
Examples of other global allocation techniques include minimal graph-colouring

algorithm, left-edge algorithm [34].
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® Module Binding — is the process of selecting and assigning the allocated data path units

from a list of technology-dependent hardware blocks implemented from units in the
target cell/module library. Depending on the requirements of the synthesis system, the
module library may contain exactly one implementation per functional unit, or a
selection of implementations (such as ripple-carry and carry-lookahead adders) per
unit, thus allowing a one-to-many mapping choice, in which case the chosen
implementation will be based on user objectives. The low-level module
characterisation data, generally in the form of area and delay estimates are used to
guide the scheduling and allocation processes. A similar operation is performed on the
control path, implementing the circuitry for the control path units, which activate and
steer data in the data path via appropriate data path control signals (e.g. register load
signal, multiplexer select signals). The module library can be extended, possibly into
multiple module libraries where module cells are designed specifically for a particular

design such as floating-point functional units or special communication protocol units.

2.5 Design space exploration

High-level synthesis is the process of transforming a behavioural description of a design,
in the form of its initial internal representation within the synthesis tool, into a structural
implementation, optimised according to objectives set by the designer. The synthesis
process produces a range of implementations for a particular input design, and each of
these implementations forms a single point in what is called the design space [35-37],
which is defined as the n-dimensional space describing all possible implementations of a

single input description, in terms of 7 design aspects.

Figure 2-8 shows a two-dimensional design space in terms of area and delay (latency). For
any particular design and target technology, the design space consists of two regions
where feasible implementations lie in the achievable region and infeasible
implementations lie in the unachievable region. These two regions are separated by the
optimal design curve, which comprises a set of discrete points representing the most
efficient implementations. For a given system, only a portion of the achievable region may

be obtained as indicated by the shaded acrual achievable region. This actual achievable
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region is dependent on a number of factors such as the optimisation algorithms and design

space modelling methods [38] used.

optimal design
curve

‘ actual achievable
region

unachievable
‘= region

R [ T .
Figure 2-8 Area versus delay design“‘,’saawéé.,. |

2.6 MOODS

The MOODS (Multiple Objective Optimisation in Data and control path Synthesis)
synthesis system is the behavioural synthesis system used and modified for the multi-
FPGA partitioning research. The term MOODS refers to the entire synthesis system,

however the core synthesis engine is also referred to as MOODS.

This section details the principles and operations of the original MOODS synthesis system
(without multi-FPGA partitioning enhancements) [32, 35, 36, 39]. The entire synthesis

system comprises a number of separate programs performing various tasks in the synthesis
of a behavioural description from VHDL down to hardware FPGA implementation. These

tasks communicate via a number of generated intermediate files.

Figure 2-9 illustrates the data flow of the original MOODS synthesis system before the

multi-FPGA partitioning enhancements. The actions performed by the subcomponents are:

1. VHDL and ICODE assembler: The behavioural VHDL description is passed into the

VHDL complier, ‘VHDL2IC” and translated into a simpler intermediate description.
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ICODE (Intermediate CODE). ICODE is an input language-independent description
suitable for direct input into the core MOODS synthesis engine.,

2. Synthesis engine — MOODS: The core component in the entire system is the MOODS
data and control path synthesis engine. Broadly speaking, MOODS performs
scheduling, allocation and module binding according to the user-defined optimisation
objectives, and produces an output suitable for the targeted logic synthesis and layout
tools. The single ICODE file is fed into MOODS, with a set of user objectives and
technology libraries. A naive initial internal data structure is created by a direct
translation of the ICODE input to form a maximally serial implementation (i.e. one
control state/clock cycle per ICODE instruction, with the functionality of each
instruction being bound to a separate data path node). The synthesis proceeds and
iteratively modifies the data structures until the user objectives are met. The internal
representation is converted into a technology-specific netlist using interface
information stored in the library. The use of technology-specific estimates fed up from
the cell libraries enables MOODS to make technology-dependent trade-offs, while
maintaining overall technology (and layout system) independence within the bulk of

the synthesis system.

3. Structural Linker — DDFLink: The DDFLink (Design Data Format Link) linker is
now used for the generation of the structural VHDL file output, previously generated
directly from MOODS. The ‘raw’ structural VHDL description generated directly
from MOODS is only suitable for debugging purposes, as it is rather unreadable, and
contains unoptimised control to/from the data path glue logic. DDFLink performs a
range of post-synthesis cleanup tasks (including optimisation of the glue logic to
remove redundancy), and generates a highly commented and more readable structural
VHDL output. The original intention of this back-end link stage was to take the output

from several separately-synthesised blocks, and combine them in much the same way

as a compiler link stage.
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4. Back-end synthesis, logic-level optimisation and technology mapping, placement

and routing: The final stage in the design flow is low-level optimisation and

technology mapping, which utilises a number of third party tools, Synplicity Synplify

Pro, Xilinx ISE (Integrated Software Environment), and Mentor Graphics

LeonardoSpectrum. These tools take the structural VHDL description generated by

MOODS as input. Each tool performs the low-level logic synthesis and technology

mapping, which translates the design into a physical circuit to be implemented in an

FPGA or ASIC as illustrated in Figure 2-10. For Xilinx FPGAs, the Xilinx-targeted

EDIF (Electronic Design Interchange Format) output from RTL synthesis tools is

processed by Xilinx ISE to generate a bitstream file to download onto a FPGA.
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Figure 2-10 Back-end synthesis using third party tools

2.6.1 Synthesisable VHDL subset in MOODS

VHDL is used by the MOODS synthesis system described in the body of the thesis.

VHDL, which has already been considered in Section 2.2.3, was initially designed as a

simulation language. This leads to a number of problems when implementing VHDL in a

synthesis environment. The general set of behavioural VHDL restrictions [24, 40, 41] in

the context of synthesis imposes a set of constraints on the synthesisable VHDL [39, 42]

in the MOODS synthesis system. The limitations are due to the difficulty of

implementation of certain features within the VHDL language, and the relaxed timing
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model utilised within behavioural synthesis. Examples of unsynthesisable VHDL are data
types such as pointers and linked lists which are unrealisable in the context of hardware
logic and gates because their size is dynamic, unsynthesisable constructs such as assers
statements for simulation-only operations for error messages and anything to do with file
I/O types due to lack of an operating system to deal with the file /O operations such as

opening and closing a file.

2.6.2 ICODE generation

The VHDL compiler that forms the front-end of the MOODS synthesis system parses and
translates a single or a number of input VHDL files into a single language-independent
ICODE file. Using the intermediate language ICODE as input to the MOODS synthesis
core allows the use of different languages (Section 2.2) to describe the behaviour of the
user design. ICODE describes the functionality, sequencing and connectivity of the design
in a lower language level, similar to an assembly language representation of a software
language, with additional contro! flow information. Complex statements (such as
sqrt(dx*dx + dy*dy) ) must be broken up because they cannot be sensibly represented as
an atomic operation. ICODE is in a form suitable for direct mapping to the cell library,

and employs simple two input operations to ensure technology independence.

VHDL processes, procedures, and functions are translated and mapped into a set of
ICODE modules, with the main entity/architecture definitions mapped to the ICODE
program module that forms the root of the system’s control flow. The processes within the
architecture definition are merged into the program module. The VHDL process is the
only concurrent construct that is converted into ICODE. No other VHDL concurrent
constructs are supported. The concurrent behaviour of VHDL processes is performed in
the ICODE representation by the execution of the first ICODE instruction with a multiple
instruction activation list on a system reset. Each entry in this first activation list activates

the first instruction in each process and its control flow never re-converges.

Each module comprises a set of numbered ICODE instructions together with an associated

activation list. The sequencing of operations is based on a Petri-net style token passing
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mechanism, in which an instruction is only executed once it has been gctivated by another;
the activation list specifying which instructions are to be executed once the current one has

terminated.

VHDL signals and variables are translated into equivalent ICODE registers, aliases (bit-
slices), memory blocks, counters or ports based on their declaration in the behavioural
code. An ICODE counter is inferred from variables defined within a loop construct. RAM
and ROM memory blocks are specified directly by the user. A port is used only to define

the input ports within the I/O list of the module as output ports are defined as registers.

A simple example showing a fragment of behavioural VHDL code with its equivalent

ICODE is shown in Figure 2-11. It outlines the key features of the generated [CODE

description:

* AnICODE file can contain a number of ‘MODULE’s (ICODE lines 27 and 39), which
are translations of VHDL subprograms (functions and procedures). Concurrent
processes are merged into the main ‘PROGRAM module. The first ICODE NOOP
instruction with a multiple instruction activation list activates the first translated
ICODE instruction in all the VHDL process on a system reset. For example,
instruction 2, which is the first ICODE instruction in process P_one, and instruction 70

which is the first ICODE instruction in process P_two.

¢ An ICODE instruction has the general form:
label : OPERATION <inputs>, <outputs> <activation list>

where . precedes the instruction number. For example, instruction / is labelled

“L000I’, instruction 2 is labelled ¢.L0002°, and so forth.

¢ FEach ICODE instruction can be activated by any number of other ICODE instructions.
Upon completfon of the execution of the current instruction, all the instructions in its
activation list are activated. If no activations are listed for an instruction, then next
instruction is activated. For example, instruction 2 (labelled ©.L0002°) activates a

conditional branch instruction 3 (labelled *. LZ0003”), which then activates either
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instructions 4 or 9. While the absence of the activation list in instruction 5 results in an

automatic activation of instruction 6.

* Conditional branches are implemented as an /F instruction with two activation lists.
One for the true condition (4C7T) and the other for the false condition (ACTF). The
VHDL conditional statement (“if start = “1” then” in VHDL line 13) is implemented
as two instructions 2 and 3, with instruction 4 being activated if the condition is true

,and instruction 9 being activated if the condition is false.

¢ Complex expressions are split into a number of simpler ICODE instructions, with
temporary variables (for example, tmp] in ICODE line 44) inserted to pass data

through each operation.

* VHDL subprograms (functions and procedures) are implemented as separate modules
and these modules are activated via a calling ICODE MODULEAP instruction, which
halts the main execution and passes control to the called module. A subprogram

module will return when the ENDMODULE instruction is activated.

A complete definition of the ICODE format is provided in Appendix C.1.
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Behavioural VHDL source

ntity m_call1 is

ort( start: in unsigned(0 downto 0);
sum_out: out unsigned(3 downto 0);
mult_out: out unsigned(7 downto 0) ):

T o

architecture Behaviour of m_call1 is

| begin
] P_one : process
} 12! begin

- Q“

13 if (start ="1") then

14 proci( s1, s2 ); -- call procedure 1
15 §1 <=82;

16 wait for 10 ns;

| proc2(s1, s2, s3); -- call procedure 2
i wait for 10 ns;
i end if;

wait for 10 ns:
end process P_one;

P_two : process
begin
sum_out <= s2;
27[ mult_out <= s3;
wait for 10 ns;
29, end process P_two;
| 30| end Behaviour;

NN NNNDNRN - -
DONON OO

32| procedure proct (
| 33| signal a_in: in unsigned(3 downto 0);
34 signal a_out: out unsigned(3 downto 0)
35| )is
36| begin
37, a_out<=a_in+"0001";
38| waitfor 10 ns;
i 39) end proct;
|

procedure proc2 (

42[ signal b_in1: in unsigned(3 downto 0);

| 43 signal b_in2: in unsigned(3 downto 0);
J signal b_out: out unsigned(7 downto 0)

)i

l begin
7| b_out<=b_in1 *b_in2;
8[ wait for 10 ns;

| end proc2;

signal s1, s2: unsigned(3 downto 0) :="0000";
| signal s3: unsigned(7 downto 0) :="00000000";

©WN® G A WN=-

-
()]

Y
N

47
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ICODE

| PROGRAM m_call1 start,sum_out,mult_out |

INPORT start [0:0] f
OUTPORT sum_out [3:0]

QUTPORT mult_out [7:0] 4
REGISTER s1 [3:0] INIT #%0000 ,‘
REGISTER s2 [3:0] INIT #%0000 |
REGISTER s3 [7:0] INIT #%00000000
REGISTER tmp0

/f Statements

.LO001 NOOP ACT L0002, L0010
-.LO002 ueq start #%1 tmp0
.L0O003 IF tmp0 ACTT L0004 ACTF L0009 |
.LO004 MODULEAP proct s1,s2
.LOO05 MOVE s2,s1

.LO006 PROTECT 1e-008

.LO007 MODULEAP proc2 s1,s2,s3
.L0O008 PROTECT 1e-008 ACT L0009
.LO009 PROTECT 1e-008 ACT L0002

L0010 MOVE s2,sum_out

.LO011 MOVE s3,mult_out

.L0012 PROTECT 1e-008 ACT L0010
.LO013 ENDMODULE

T T T ]
MODULE proct a_in,a_out

// Declarations |
INPORT a_in [3:0]
OUTPORT a_out [3:0]
REGISTER tmp1 [3:0]

// Statements

.L0014 uadd a_in,#%0001,tmp1
L0015 MOVE tmp1,a_out
.LO016 PROTECT 1e-008
.L0017 ENDMODULE

MODULE proc2 b_in1,b_in2,b_out
/I Declarations

INPORT b_in1 [3:0]

INPORT b_in2 [3:0]

OUTPORT b_out [7:0]
REGISTER tmp2 [7:0]

/l Statements

L0018 umul b_in1,b_in2,tmp2

.LO019 MOVE tmp2,b_out

.L0020 PROTECT 1e-008 \
.L0021 ENDMODULE |

Figure 2-11 VHDL and the generated ICODE for a sum/multiply example
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2.6.3 Data path and control path structure

The internal MOODS core data structures hold both the behavioural representation of the
ICODE and a fully bounded structural implementation of the structural implementation of
the behavioural data path and control path. MOODS models the control and data paths as
two separate graphs, linked together via implementation links and control equations. The
data path nodes implement the operations performed by the ICODE instruction and the
storage elements in the data path stores the ICODE variables passed into the operations
and the results from each execution. The control path holds a graph representation of every
state within the controlling state machine. The MOODS synthesis process is the iterative
process of applying multiple simple optimisation transformations to these data structures,
controlled by a transformation selection algorithm. It is possible to output a structural
representation of the system at any point within the synthesis process after the building of

the control and data path graphs from the ICODE file.

Figure 2-12 shows the initial control and data path graphs created by MOODS for the
example shown in Figure 2-11. The structural implementation is generated directly from
the ICODE, and this naive implementation of the behaviour has one control state node per
instruction and a separate data path node for each functional I[CODE operation and ICODE
variable. At this stage, the initial structure has no shared operation and variable storage
elements within the data path and since each data path node is activated by one control
state node, it is possible to superimpose the schedules time steps over the data path graph,
as illustrated in Figure 2-12. This combined view of the desi gn is no longer feasible during
synthesis when the functional units and storage elements are shared within the data path,

altering the one-to-one direct correspondence between the two graphs.
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Figure 2-12 Initial control and data flow graphs for the sum/multiply example

2.6.3.1 The control path

The control path data structure is built within MOODS in a graph structure, where each
graph node represents a single control state. Input and output control arcs between the

graph nodes form the links to the previous and next control state node. These arcs describe
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state transitions conditional on signals generated by the data path. For example, in Figure

2-12, the transition from state Sy to state S5 or Sy, is conditional on the data path signal s7.

At present, a one-hot encoded token passing structure is implemented for the controller.
The controller itself is a non-deterministic finite state machine, where each state
conceptually executes one or more ICODE instructions. Each control state is built from a
control cell that contains a single register that is activated for one clock cycle by one or
more token inputs to the cell. These token signals are representative of the arcs connecting
the control state nodes, and the registered state bit forms the state enable signals used to
control the data path. The controller structure suits the register-rich FPGA architecture. It
is entirely possible to implement the controller using alternative state encoding (e.g.

binary, gray-coded) in platforms with limited registers, or use a micro-coded controller.

The instructions executed during a state are stored as an instruction list within the control
state node data structure. A set of acyclic sub-graphs within this list divides the
instructions into groups of dependent instructions, where each group is numbered and
instructions within the group are executed sequentially. Instructions in each group are data
independent with instructions in other groups, and hence the instructions can be executed
concurrently. Within a group, the instructions are dependent on each other and they are
executed sequentially. Figure 2-13 illustrates the execution of two concurrent instruction
groups in a single control state. The two add instructions are data dependent and the result
of chaining the two add instructions (i/ and i2) in a single control state is that two separate
adder data path units are required. The multiply instruction (i3) grouped separately from
the addition instructions executes concurrently. The propagation delay for the data path
units are used to estimate the minimum delay required executing the instructions in the
control state. The characterisation data (i.e. inherent data) for each instruction is fed from
links to the data path nodes implementing the relevant ICODE instructions. All data path
nodes are fully bound to a physical technology-specific library cell during synthesis, from
which the characterisation data is obtained and fed up to the synthesis optimisation
process. The estimated delay is used to determine the maximum allowable clock rate for a
design. With a synthesis constraint (e.g. setting the clock period to 20 ns) specified by the
user, the propagation delay for the data path units determines if instructions implemented

by the corresponding units can be chained to execute in one control state.
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a) Delay optimised control and data path
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Figure 2-13 Execution of chain instruction in a single control state

The control nodes in the control path are categorised into six basic types as listed in Table
2-1. Scheduling transformations performed on the control graph data structure tends to
merge control nodes together forming composites of the types listed below. This merging
of control nodes does not apply to collect and call nodes. The collect node, however, can

be completely removed by the parallel merge transformation.

Control node types | Description

General node This node has a single unconditional input and output arc and it can
contain any ICODE instructions other than ‘MODULEAP, ‘COLLECT or
conditional instructions. A general node represents a simple sequential

control state taking one cycle.
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Control node types

Description

Fork node

This node has a single input arc and multiple unconditional output arcs.
It can contain the same ICODE instructions as the general node. Fork
node forms the root of a concurrent branch that simultaneously

activates all the successor nodes.

Collect node

A collect node has two or more input arcs and a single output arc. The
node contains a single ICODE ‘COLLECT instruction only and the node
will not activate the next control state node until a fixed number of input
arcs (which may be less than the total number of inputs) are activated,
thereby synchronising a set of concurrent branches. This node
complements the fork node. Note that the synchronisation of the
translated concurrent VHDL processes is not done with the collect
node. The VHDL compiler no longer supports concurrent translation of
sequential instruction activations, thus rendering the collect node
obsolete. This ‘collect’ mechanism is still supported by the MOODS

core, and thus the collect node is listed here for completeness.

Conditional node

A conditional node has single input arc and two of more conditional
output arcs. This node can contain any ICODE instructions supported
by the general node, as well as conditional ICODE instructions such as
‘IF and ‘SWITCHON to form the conditional paths through the control

graph.

Dot node

This node has two or more input arcs and a single output arc. This node
complements the conditional node. Any of the input arcs can activate
the node. The dot node provides the re-convergence path for the
conditional branch sections. It supports the same set of ICODE

instructions as the general node.

Call node

The call node forms the basis of the module calling mechanism. It has a
single input and output arc. This node contains a single ICODE
‘MODULEAP' instruction only. The call node delays the execution of the
next control state node until a single iteration of the called sub-module
is executed. The call node activates the first control node in the
separate control sub-graph of the called module and when the sub-
module terminates, control is passed back to the call node and it

activates the next control state node in the main graph.

Table 2-1 Descriptions of the six basic control node types
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Once the control graph is optimised, the only distinct types of node are the call, fork,
conditional and general node types. A call node is physically realised by the control call

node described in Section 4.6, with all other nodes realised by a general control node.

2.6.3.2 The data path

The MOODS synthesis core generates the data path as a fully connected graph of data
path node units, connected indirectly via data path nets. This level of indirection is used to
determine the bit range connectivity of multi-bit nets used to connect the node units. The
network of functional (adders, multipliers etc.), storage (registers), and interconnect
(multiplexors) units in the data path graph implements the functionality of the ICODE
instructions. The flow of data through this network is controlled by the control nodes in

the control path. The data path consists of three main types of data path node units:

1. One storage unit (register) is initially created for each ICODE variable (both user
specified and temporary variables). A number of different types of storage units
exist and the selection of which of these optimised storage units depends on the
operations performed on the variable. The general register type storage unit is
implemented for the storage of data variables and temporary variables used in a
number of instructions. Each operating instruction is performed by a separate or
shared functional unit, which is connected to a register input via a multiplexor. A
variable which is only reset and incremented (or decremented) is implemented by a
counter register with a reset input, thereby removing the need for an adder unit for
such instruction executions. A third type of storage unit is formed from a multi-bit
array variable or constant, where a RAM-type or ROM-type storage unit is created
respectively. During synthesis, register sharing and bypassing reduces the number

of physical storage units required.

2. A functional unit implements ICODE operations such as additions, multiplications,
and comparisons. These operations are purely combinational, with a combinatorial
functional unit to produce the results. Characterisation data (Section 2.6.3.1) from
cell libraries provides technology-specific performance data and this is used to

estimate the area and maximum delay; time required for an input change to
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propagate through to its output (i.e. the longest accumulated combinatorial delay).
The functional nodes are not controlled directly from the control state nodes in the
control path; they rely on the controller to feed the appropriate values to the inputs |
of the functional units and to read the results of the unit during specified control
states. An exception to this rule is the use of ALU type functional units, which can
perform more than one type of operation. The type of operation is selected from a
set of input control signals, driven by control nodes in the control state machine.
An example of an ALU unit is an add/subtract, which is used in place of a single
add unit and a single subtract unit. Note that only one type of operation may be

used within any single activated control state node.

3. The final type of data path unit is the interconnect unit. The library cell that
implements the interconnect node is a multiplexor. The multiplexor selects the
appropriate input amongst two of more input nets and drives the inputs of any
shared data path unit. Interconnect units are not physically created until the post-
processing phase in the synthesis process for code size efficiency and reducing
synthesis runtime during data path optimisation. The MOODS synthesis tool,
however, does take into account the delay and area factors of these implied

multiplexors during the optimisation process.

Each data path node is a generic functional block performing the appropriate ICODE
operations (or operations for ALUs). Functionality and characterisation data (such as area
and delay) for each unit is obtained via a link into the cell library. The actual physical
implementations of the data path elements are taken from a pre-defined set of
parameterised structural/RTL components defined in a technology library file. The
separation of the generic and physical aspects of the data path elements gives technology
independence within the synthesis core without sacrificing the accuracy of the
performance information as the technology specific cell information is used within the

synthesis process.

The signals that link the control path nodes to the data path nodes are represented by
Boolean logic equations. This abstraction of the control signal generation allows a number
of different ways of implementing the linking signals, which includes a network of multi-

level logic gates, ROM lookup, or combined with the control graph to form a micro-coded
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controller. At present, these linkage signals are output as simple VHDL logic expressions,
leaving Boolean optimisation and technology mapping to the low-level logic synthesis

tools.

2.6.4 Transformations

MOODS formulates the synthesis optimisation process as an iterative optimisation of the
initial naive implementation of the design, where the synthesis task is divided into the
traditional sub-tasks of scheduling, allocation, and module binding. This allows trade-offs
to be made between the various synthesis sub-tasks, which are performed simultaneously.
Optimisation is performed by applying a number of small local transformations on

selected parts of the design using a dedicated optimisation algorithm.

Each local transformation is semantic preserving and complete, resulting in a valid design
after each transformation applied to the design. Throughout the process, the internal
representation describes a complete and fully bound design implementation, making use of
the low-level characterisation information from the module libraries to provide accurate
estimates for circuit performance. At present, MOODS has a set of fourteen different
transformations, each performing slight changes to the design, adjusting the scheduling of
the control state nodes in the control path, and the allocation and binding of data path
nodes in the data path. The fourteen transformations include six inverse transformations to
perform backwards steps to reverse previous design decisions, resolving the problem
assocliated with premature binding decisions, which may produce non-optimal designs.
Details of the four basic control state merging transformations, two inverse state-splitting
transformations to undo the merging of states, and a clock period adjustment
transformation, are given in Section 2.6.4.1. Details of the two data path unit sharing
transformations, together with four of their associated inverse unsharing transformations,

and a binding transformation to select an alternate functional unit are given in Section

2.64.2.
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Figure 2-14 The steps to applying transformations in the iterative

optimisation process

The selection and application of the transformations performed within each iteration of the

optimisation process consists of four separate steps, as illustrated in Figure 2-14:

1. Selection - This initial phase selects a transformation from the fourteen available, and

the portion of the design to which it should be applied. This selection is controlled by

the optimisation algorithm in use.

Testing - The second step involves checking the validity of the given transformation

on the selected portion of the design. It is possible for some transformations to alter the

behaviour of the design (e.g.

instruction dependency and mutual exclusivity). This
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testing phase ensures that all transformations to be applied are valid and invalid ones

are filtered out and aborted.

3. Estimation - This estimation step evaluates the effect of the given transformation on
the system performance based on the user objectives (such as area, delay, power
consumption, etc), without permanently altering the core data structures. This step
simulates all the changes made to the design by the transformation and calculates the
effect of these on the current system performance. The optimisation algorithm uses the
results of the estimation to determine whether to perform the transformation (i.e. make

the changes in the core data structures) or abort the transformation.

4. Execution - The last step applies the transformation, altering the internal data

structures of the design.

2.6.4.1 Scheduling

Scheduling transformations perform control graph optimisation, whereby ICODE
instructions are assigned to control state nodes and the number of control state nodes used
to perform a number of ICODE operations is optimised, when more than one ICODE
instructions are merged into a single control state. There are four basic state merging
transformations, two inverse state-splitting transformations to undo the merging of states,
and clock period adjustment transformation. These seven scheduling transformations and

their effects are listed in Table 2-2. More details may be found in [39].

=7

Transformation | Effects

Sequential merge This merging transform merges two sequential control nodes (i.e. nodes
executed sequentially) to form a single control node implementing multiple
instructions, where the instructions in the second node are moved into the
first. ICODE instructions with data dependency are chained together within
an instruction group, thus bypassing intermediate data value registers. The
second control node with no associated instructions is then removed from

the control path.
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Transformation | Effects
Parallel merge This transform is applied to a concurrent branching fork node, where the first
nodes within each branch are merged into a single successor node.
Merge fork and Elements of the previous two are combined to form this third transformation,
successor

where the successor instructions contained within one branch are merged

into the branching (fork or conditional) node.

Group instructions
on register

This transformation is geared towards removing registers with a single input
and output net, which is common in the temporary variable register storage
units generated by the compiler. These variables are accessed by one read
and write instruction. The transformation tries to bypass (remove) the data
path register by merging the instruction group that contains the write

instruction into the read instruction control node.

Ungroup into
groups

This inverse scheduling transformation is a state-splitting transform, which
moves groups of instructions within a control state node into two separate

control nodes. The first control state node contains the single selected and
extracted group of instructions, leaving the remaining groups in the second

control node.

Ungroup into time
slices

This second inverse scheduling transformation extracts instructions from a
specified control node and places them into a number of new control state
node, such that the time taken to execute the instruction groups in any of

these old or new control nodes does not exceed a specified period.

Clock set / multi-
cycling

This optimisation is a global optimisation that sets the maximum clock period
for the entire design. This transformation makes use of the ungroup into time
slices transformation, forcing all control nodes below a user specified clock

period constraint.

Table 2-2 Scheduling transformations
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2.6.4.2 Allocation and Binding

The second group of transformations acts upon the data path, performing allocation and

binding optimisation, where the transformations are concerned with the sharing and

unsharing of data path units. There are two sharing transformations, together with four of

their associated inverse unsharing transformations. A further binding transformation is

also provided to select an alternate functional unit to perform the same operation. These

seven data path transformations and their effects are listed in Table 2-3. More details may

be found in [39].

Transformation

Effects

Combine
JSunctional units

This transformation attempts to merge two functional units into one, where
the operations performed by the two source functional units are not
executed in the same time slice. This has the effect of time-sharing a
functional unit between multiple operations. The resultant function unit will
have number of inputs, which are selected by the multiplexor interconnect
node. Control signals from control state nodes are used to drive the select
signals of the inferred muitiplexors, and the load signals of the required
output registers. The availability of multi-function ALU units in the cell
libraries allows two combined units performing different operations to merge
into a single ALU unit. For example, merging an add and a subtract

functional unit into a single add/subtract ALU unit.

Share registers

This second merging transformation tries to share a single register storage
unit between multiple ICODE variables with non-overlapping lifetimes, or
variables that occurs in mutually exclusive conditional branches. The
register lifetime analysis also takes into account variable persistence around

loops and through conditional branches.
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Transformation | Effects
Uncombine This first uncombine transformation undoes the merging of two functional
Z:fl.ttmc"onfmm units by the combine functional unit transformation. It takes a shared

functional unit that implements two or more ICODE instructions, and
removes one of these instructions into a new functional unit created to
implement the extracted instruction. The transform makes use of the cell
library to determine the type of unit to use for implementing the extracted
instruction. The unit that was initially shared is re-evaluated and the cell
library is used to select a replacement functional unit to perform the

remaining instructions (i.e. minus the extracted instruction).

Uncombine unit
Sully

This transformation utilises the uncombine instruction from unit
transformation to completely extract all ICODE instructions from a single
functional unit into a number of functional units, one unit implementing one

instruction from the original shared unit.

Unshare variable
Jrom register

Shared registers are unshared in a manner similar to the uncombine
instruction from unit transformation using this transformation, which extracts
one of the implemented variables from the shared variable and placed in a

new separate register storage unit.

Unshare register
Sully

This transformation utilises the unshared variable from reqgister
transformation mentioned above to completely unshare all the ICODE
variables being implemented by a single shared registered storage unit. This
transformation creates a number of separate register storage units, one for
each ICODE variable.

Alternate
implementation

This is the only binding transformation provided by the MOODS synthesis
core. For a functional unit that has two or more different available
implementations in the cell library, this transformation attempts to replace
the existing unit bound to the functional data path unit with an alternative
implementation with a different area and delay characteristics. This attempt
to use an alternative implementation changes the cost of the unit and the
cost function used within the optimisation algorithm is used to determine

whether to accept or abort the new unit binding.

Table 2-3 Allocation and binding transformations
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2.6.5 Cost function

The cost function is a measure of the “goodness” of a change (e.g. merging of control
states or sharing of data path units) in the design structure with an application of the
selected transformations. This cost function is used during the estimation phase (step 3 in
Figure 2-14) in the iterative optimisation process. The cost function evaluates a design
configuration with respect to the target objectives specified by the user, where the
multiple, possibly conflicting objectives form the weighted costs of each objective
(dimension). These weighted costs are used by the cost function to produce a single value

representation of the state of the design in an n-dimensional design space.

The MOODS cost function allows the user to specify objectives for a number of
measurable design parameters such as area, delay, and power consumption. Each of these
objectives is specified as a target value and user defined priorities are assigned to each
objective. The priority level assigned to objectives determines the order in which targets
are optimised, where the primary objectives with priority 1 (highest priority) are

considered first before any other lower priority objectives.

An analogy for the cost function is the “energy” of a system. During optimisation, the
effect of applying the selected transformation is predicted by evaluating its effect on the

system “energy”. For a single objective, the change is given by:

lemmle - C previous (2 . 1 )
C nitial

AE =

Where Cestimate is the estimated cost of the design after applying the transformation,
Chrevious 15 the cost of the design before the transformation, and Cip;ia 1S the cost of the
initial implementation. A negative average change (AE < 0) indicates a general

improvement in the design implementation with respect to the user objective.

The optimisation algorithm uses the value of the change in energy (AE) due to applying a
single transform to decide whether or not to accept the transform. AE is calculated by
summing the change in cost of each objective caused by applying a transform starting with

the primary objective. If all primary objectives are met, whereby all Cpreyipus < Ciarger and
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Cestimate < Crarget (Where Ciarger s the target cost for the objective), then AE is calculated

from the priority 2 objectives, and so on for other lower priorities.

2.6.6 Optimisation algorithms

The MOODS synthesis core currently provides two optimisation algorithms. Both
methods can be used to control the optimisation process described in the previous section.
The first key function of the optimisation algorithms is selection of the initial
transformation and design portion to which the selected transformation should be applied
in the data selection phase. The other function of the optimisation algorithm is to decide

the number of transformation iterations to execute.

2.6.6.1 Simulated annealing

This first algorithm exploits a method with an analogy in metallurgy, where annealing is
originally a process where the molten material is cooled down from the high-energy liquid
phase to the minimal low energy solid phase in a controlled, usually slow, manner. A
proper disciplined cooling schedule sets the final energy state at its globally minimum

level at the end of the cooling process.

The simulated annealing algorithm [43] is a global optimisation method that is based on
the Metropolis algorithm [44]. The simulated algorithm works by selecting a random
transformation and design section to target the transformation. The resulting system
energy change in the cost function is evaluated and the algorithm accepts both improving
(AE < 0) and degrading (AE > 0) transformations. Transformations leading to cost
improvements will automatically be accepted, whereas the probability of accepting a cost

degrading transformation is given by:

P:exp_?E : AE>0 (2.2)

where P is the resulting probability of accepting a degrading transformation, AE is the
estimated positive change in energy given by the transformation and 7'is the temperature

within the annealing algorithm. This ensures that the probability of acceptance of
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degradation decreases when the temperature decreases. The decision to accept
degradations is made from the comparison of the probability threshold value and a
normalised random number, and acceptance being granted when the generated random

value is the smaller value between the two.

Figure 2-15 illustrates a one-dimensional configuration space and it demonstrates how the
simulated annealing algorithm avoids being trapped in local minima on the configuration

path.
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Figure 2-15 Design cost plotted against a single one-dimensional space

The design is initially represented by point 4. An optimisation algorithm that accepts only
transformations that result in an improvement will hit the local minimum (point B). The
simulated annealing algorithm accepts degradation and hence allows the confi guration to

jump out of the local minima (points B and C) into the global minimum (point D).

The main advantages of the simulated annealing algorithm are its abstractness in terms of
its application independence and its ability to find a global minimum. The optimisation
process using the simulated annealing approach relies entirely on the cost function and
transformation estimators to encapsulate the design space. This allows complex trade-offs
to be made between multiple conflicting objectives, and permits the inclusion of further

objectives (e.g. dynamic re-configurability or testability) with additional costing
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mechanisms to the cost function, with characteristic information and models for the added
objectives. However, there are a few disadvantages associated with the simulated
annealing. Firstly, the simulated annealing uses a random approach in the selection of
transformations, thus many iterations are required for a system to reach equilibrium,
making the simulated annealing approach slower than heuristic methods. The abstract
parameter values used to control the simulated annealing process requires manual
selection by the user, these are often difficult to predict in advance, requiring considerable
experience to obtain the solutions for each design. Generally, the optimisation speed is

traded off against the quality of the resultant synthesised design.

2.6.6.2 Quasi-exhaustive heuristic

MOODS synthesis tool addresses some of the unpredictable and often slow nature of the
simulated annealing algorithm with a quasi-exhaustive heuristic algorithm, which is both
faster and more user friendly. Unlike the random selection method used in simulated
annealing, this heuristic approach uses the same set of transformations, applied in a pre-
defined schedule, guided by an analysis of the design. The quasi-exhaustive heuristic
produces the same final structure for every optimisation run of any fixed design. The
algorithm only performs area and delay optimisation, with knowledge of suitable trade-

offs gained through an analysis of a number of test designs.

The quasi-exhaustive heuristic only accepts improving transformations; it uses the same
sets of transformations as those used within the simulated annealing algorithm, apart from
the inverse (i.e. degrading) transformations. Two basic routines are provided to optimise

area and delay:

1. Compact control path - This routine utilises the scheduling transformations, merging
control state nodes in the control path. This reduces delay by performing more
instructions within a single control node and to a lesser extent, as temporary

intermediate registers are bypassed and removed in the data path.
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2. Compact data path - This second routine utilises the allocation and binding
transformations, merging operations and sharing register storage units, hence

optimising area.

There are two main disadvantages in using the quasi-exhaustive heuristic algorithm.
Firstly, the inability to apply degrading transformations can lead to a sub-optimal
synthesised design. The other reason is the heuristic approach only performs area/delay
optimisations. To perform multi-dimensional trade-offs between multiple conflicting
objectives, the heuristic approach needs to understand the interactions between all aspects
of the design space in order to perform the most appropriate transformations. The
algorithm which is faster than the simulated annealing algorithm provides the user with
some general idea of what constitutes a realisable target and it may be used as a pre- or

post-processing step in conjunction with simulated annealing for further optimisation.

2.7 Post-processing

The post-processing stage in the MOODS is used to complete the structural description of
a design. This epilogue (finalisation) stage happens just before the generation of the raw
structural VHDL output (_synthl.vhd) file, final data structure (.ds) file, and the DDF data
structure (.ddy) file (the last processing stage in the synthesis engine — MOODS in Figure

2-9).

The first step of the post-processing stage is the bypassing of subprogram module output
registers to implement pass by reference (See Chapter 4 for subprogram module

modifications to change outputs of external modules to pass by value).

The next stage in the post-processing stage is to generate any multiplexors that are
required. These interconnect data path nodes are completely implied during optimisation
for efficiency reasons. A multiplexor is created and linked into the data path structure
when multiple input nets drive a single data path node in. The net activation conditions
which correspond to ICODE instructions that drive the input nets are later converted into

multiplexor select signals.
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The third stage in the post-processing stage involves the generation of control signals from
the conditional signal list. Boolean expressions are generated and linked in to the

appropriate nets and control signals within the control and data paths.

Other tasks performed within this post-processing stage include the tidy up of the data
path, removing of unused data path units, which have been bypassed during the

optimisation process. The control path is also tidied by removing redundant control states.

2.8 Summary

The beginning of this chapter gives an outline of the overall high-level synthesis process
and the main sub-tasks within the process. The rest of the chapter describes the MOODS
synthesis system in more depth, in particular the methods employed by MOODS to carry
out the synthesis sub-tasks. MOODS develops and provides the user with multiple
implementations from a single behavioural input description within the design space,
which provides trade-off between several, possibly conflicting, objectives in the aim of

producing an optimised implementation of the design.
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Chapter 3

Multi-FPGA partitioning

3.1 Background

The previous chapter covered an overview of high-level synthesis and an in-depth
description of the MOODS synthesis system, which forms one part of the multi-FPGA
synthesis system. The other important part is the partitioning phase, more specifically ow
is the design partitioned and when to perform partitioning. The first aspect of sow the
design is partitioned deals with the design representation used for partitioning and the
partitioning algorithm used. A common design representation for partitioning is based on
graph notation, where a data flow graph, control and data-flow graph, or module call graph
is partitioned with the goal to attain a partitioned design that fulfils optimisation criteria
and constraints such as area, speed, power consumption, number of I/Os, etc. Partitioning
can be performed at different abstraction levels and granularity, the second aspect of when
to perform partitioning has a high impact on the quality of the structural output produced

by the synthesis system.

The rest of this chapter provide the background information on multi-FPGA partitioning,
giving an insight on how a design can be partitioned. Section 3.2 deals with partitioning
methodologies and it provides an overview of partitioning algorithms. With an
understanding of partitioning algorithms, Section 3.3 introduces multi-FPGA partitioning
and describes synthesis systems with multi-FPGA partitioning features. Section 3.4 deals
with some aspects of the data communication in the context of multi-FPGA systems.
Section 3.5 describes techniques and issues related to data synchronisation across clock

domains. An introduction of design activity profiling and how the obtained profile can be
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used to guide the partitioning algorithm to achieve an improvement in the implementation

solution is given in Section 3.6.

3.2 Partitioning methodology

Multi-FPGA systems [45] are often used in logic emulation, prototyping applications, and
implementation of application specific integrated circuits (ASIC) of large system designs
because of their programmability features, low costs and short production times [46]. The
general partitioning problem is a well-known NP-complete problem [47]. Partitioning of a
design over multiple devices can be performed at various levels of abstraction, with a
multitude of techniques in partitioning multi-FPGA systems and the possible combinations

could reach into the thousands.

3.2.1 Overview of partitioning algorithms

Partitioning algorithms can be classified broadly into two main categories [48, 49]. The
first is constructive and the other iterative. Constructive algorithms determine a partition
from the graph describing the circuit or system, whereas iterative methods aim at

improving the quality of an existing partitioning solution.

Partitioning algorithms can also be labelled deterministic or probabilistic. Deterministic
algorithms generate the same solution for the same set of inputs every time. Probabilistic
algorithms, on the other hand, produce differing solutions as they are based on random
numbers. One of the best-known, most widely referred and extended deterministic
algorithm is the Kernighan and Lin (KL algorithm) [50] and its variant, the Fiduccia-
Mattheyses (FM) heuristic [51]. Refinement and extensions to the basic FM heuristics
given by Krishnamurthy [52], Huang and Kahng [53], Hauck and Borriello [54],Cong et
al. [55, 56], Dutt and Deng [57], KuZnar et al. [58, 59] as well as many others.
Probabilistic or stochastic algorithms includes the Simulated Annealing (SA) algorithm
[43] and Genetic Algorithms (GA) [60].

Research on partitioning at a higher level of abstraction (e. g. behavioural partitioning) and

hierarchical partitioning techniques were carried out by Vahid et al. [61-65], Digital



T.B. Yee, 2007 Chapter 3: Multi-FPGA partitioning 65

Design Environments Laboratory in the University of Cincinnati [66-68], Fang and Wu

[69-71], Duncan et al. [72], Krupnova et al. [73] as well as many others.

Kernighan-Lin algorithm

The KL (Kernighan-Lin) [50] algorithm is an iterative improvement bipartitioning
algorithm for a graph G = (¥, E), which starts with two initial partitions (usually randomly
generated) of » elements each. Pairs of vertices are swapped between partitions until no
further improvement can be achieved. The KL algorithm attempts to swap pair of vertices
to reduce the cutsize or a move resulting in the smallest increase in cutsize, if no decrease
is possible. A cost matrix C = (cy), where i=j=1,2,3, ..., 2n, i = 7 is associated with the

graph. For each node a € 4, an external cost, E, is defined by:

E, = Zc ay  Where ¢, is number of edges that (3.1)
yeB cross the partition boundary '
and an internal cost I, by:
I,= anv where ¢, is number of edges that do
ved not cross the partition boundary (3.2)

D, = E, — I, 1s the benefit of moving vertex a from 4 to B. The gain of swapping a vertex

pair (a, b), where ae 4 and be B is given by D, + Dj - 2¢,.

The first step of the KL algorithm arbitrarily partitions ¥ into two equal subsets 4 and B.
External costs, internal costs, and the difference between the two costs are then computed
for all vertices. Step 3 of the algorithm is to choose the pair of vertices that will result in
the highest gain value when the interchange occurs. The gain resulting from this move is
stored and the selected pair of vertices is locked to prevent it from being considered for
swapping again. The procedure continues until all » pairs of vertices are evaluated and
locked, and the sequence of gains, g, ..., g, is generated (Step 4). The total gain of

swapping the first vertex pairs is given by:

k
Gy :Zgi where 1 <k<n (3.3)
i=]
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Kernighan-Lin Algorithm

begin

Stepl. V=set of 2n clements; 4, B is the initial partition where
|4] = |Bl; ANB = & and AUB = V;

Step2. Compute D, for all ve ¥V:  queue < 0; and i «— 1;
A’=A4; B’=B;

Step3. Choose aie A/ bie B’ which maximises
gi=D, + D, -ZCa’b' ;

Lock a; and 4;, and add the pair (a;, b)) to queue;
A’=A4"-{a;};B'=B"-{b};
Step4. if A“and B”are both empty then Goto Step5
else recalculate D - values for 47U B”:
i< i+1; Goto Step3;
end if
Step5. Find k to maximise the partial sum

k
Gy :Zgi ;
i=1

if G> 0 then
Move X={a,, ...,a,}toB;
Move Y={b,, ..., b, } to 4;
Goto Step2;
else STOP
end if
end

Figure 3-1 Kernighan-Lin algorithm

The last step of the algorithm (Step 5) interchanges the first & pairs of vertices for which
Gy is maximal, making the interchange of {as, ..., ax} with {b,, ..., by} permanent. The
KL algorithm stops when the best gain found in an iteration is less than or equal to zero,

that is, no further improvements can be obtained from vertex pair swapping.

Fiduccia-Mattheyses alcorithm

The FM (Fiduccia-Mattheyses) algorithm [51] is one of the best-known, most widely
referred and extended partitioning algorithm. It makes two modifications to the KL

algorithm to improve the time complexity. Firstly, instead of swapping and locking a pair
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of vertices, the FM algorithm considers and moves a single vertex, one with the highest
gain in a partition-to-partition move. Secondly, also one important feature of the FM
algorithm, a bucket data structure (see Figure 3-2) keeps sorted lists of candidates
(vertices) for moving to the other partition. The vertices are sorted by order of maximal
gain in a move, where a positive gain is an improvement in the overall solution while a

negative gain degrades it.

[ ) |
max } Sorted list of vertices
Max Gain
3 —{ —{ —{ [ List of locked vertices
2 Locked
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Figure 3-2 Bucket data structure in the FM algorithm

The FM algorithm is an iterative improvement algorithm, in that it starts with a random
initial partition, and iteratively modifies the solution by a sequence of moves within a pass.
To avoid having all vertices migrate to one partition, a balancing criterion is maintained. A
user-specified balance factor r (called ratio), 0 <r <1, is used to ensure that only final
partitions satisfying |4| / (]4| + |B|) = r are acceptable, where |4| and |B| are the sizes of
partitioned blocks 4 and B. A partition (A, B) is balanced if

(r* W] - Smax) < 14| < * V] + Sax) (3.4)
where || + |B| = |V, Smax = Max[s(i)],andie 4 UB=V

All vertices are free to move initially, the move with the highest gain and does not violate

the balance criterion, is selected and executed iteratively. The moved vertex (base vertex)
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is locked and never selected and moved again during the pass, preventing the algorithm
from selecting and moving the vertex moved in the previous iteration, thus the algorithm
avoids executing in an infinite loop. The gain values of adjacent vertices affected by the
base vertex move are updated after each move. The algorithm maintains a maximum gain
index for each bucket data structure to keep track of the vertex with the highest gain. The
algorithm continues with the execution of this iterative select-and-move sequence until no
more unlocked nodes can be moved without violating the partition size constraints. At the
end of a pass, the FM algorithm moves back to the best intermediate solution, allowing the
algorithm to climb out of local minima. All vertices are unlocked and the best solution

forms the starting partition for the next pass. The algorithm terminates when a pass fails to

improve the solution.

A single pass of the FM algorithm using a graph with six vertices (labelled M-R) is
illustrated in Figure 3-3. The algorithm starts with an initial partition in (a). The vertex
with the highest gain (vertex M is the base vertex in (a)) is selected and moved to the next
partition. The moved node is locked (shown shaded in the diagram) and the gain values of
the adjacent vertices (vertices O, 0, and R) are updated. The select-and-move sequence
ends in (g) and the intermediate result in (c) gives the best solution (with a cut-size of 3)

forms the starting partition for the next pass.
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Figure 3-3 Example of a single pass in the FM algorithm

Clustering algorithm

A clustering algorithm groups a set of objects according to some measure of closeness.

Strongly connected objects are merged into clusters: thereby condensing the overall
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design. A hierarchical cluster tree, with the original objects as the leaf nodes, is formed as

the merging process is iterated until a single cluster is formed. The two ‘closest’ objects
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(which can be individual leaf nodes or clusters resulting from previous iterations) are
grouped together and the closeness between all other clusters, or between individual
objects and clusters are recomputed during each iteration pass. Leaf nodes are considered
to a height of zero and each non-terminating node of the tree has an associated height,
which reflects the distance between the objects that have been merged into the
corresponding clusters. Non-terminating nodes closer to the leaf nodes represent clusters
in which the objects are strongly connected, and in contrast, non-terminating nodes with
larger distance (i.e. closer to the root node) represents clusters in which objects are less
strongly connected. Cut lines at different heights of the tree produces differing number and
size of partitions, as each sub-tree below the cut line becomes one resulting partition. A
small number of relatively large clusters are obtained when the cut line is close to the root,
while a cut near the leaves will give a large number of relatively small clusters. The final
partitions of the design are usually chosen by having cut lines at different levels and the
resultant partitions from each cut are evaluated according to design criteria such as area or

I/O utilisation of target devices.

Figure 3-4 illustrates the hierarchical partitioning algorithm using five vertices labelled 4
to £. Closeness values between pairs of objects are marked on the labelled on the edges
connecting the objects. Objects or groups of objects that are merged in each succession are
encompassed in the shaded cluster and the closeness between two clusters or between an
individual object and a group of objects are recomputed. The closeness values can be the
maximum, minimum, or average of the closeness of objects in the group. This closeness

value has been estimated as the maximum closeness in the given example shown below.



T.B. Yee, 2007 Chapter 3: Multi-FPGA partitioning 71

Figure 3-4 Successive steps in Hierarchical clustering

Figure 3-5 below illustrates the cluster tree produced by the hierarchical clustering
algorithm. Partitions produced from each cut are shown the corresponding cut lines. The
highest cut line, which is closest to the root node, produces a partitioning of two clusters
with objects 4, £ and C in one cluster and objects B and D in the other. The lowest cut line

produces a partitioning of five clusters with a single object in each.

i Rootnode |

; Cutlines | /\J\

\ {A, E, C}{B, D}

/ \ {A, E}{C}{B. D}
/ \ \7\ {A, E}{B}{C} (D}

/'\/ \ /\ {A} {B} {C}{D}{E}
AR

Figure 3-5 Cluster tree produced by Hierarchical clustering

Clustering algorithm can be applied at several levels of abstraction (i.e. gate netlist level,
functional level, system level). Hierarchical clustering algorithms, which exploits the
design structural hierarchy are reported in [70, 71, 73]. F ang and Wu [71] describes a
hierarchical set-covering approach at the structural level for multiple-FPGA applications.
The design is first converted into a three-level, module, process, and function, structural

tree. An example of a structural tree with three modules (M1, M2 and M3), eight
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processes (P1,1 to P1,

13,3,2) is shown in Figure 3-6.
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Figure 3-6 Structural tree of the hierarchical set-covering algorithm

The structural tree is next converted into a hierarchical connected graph illustrated in
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Figure 3-7 below. The covering process is performed on the hierarchical graph and it starts

from the nodes with coarse granularity and then moves down to nodes with finer

granularity when no more feasible covers can be found in the latter (higher) level. If
modules M1 and M2 can be grouped into a set while satisfying the constraints, in this

case, area and 1/0 of the target FPGA, then M1 and M2 can be merged into a set and

targeted to the device. On the other hand, if the constraints are violated, then M1 and M2,

then the set-covering algorithm tries to merge portions of one module with the other

module to improve the covering size. For example, in Figure 3-7, module M2 and portions

of M1 (process node P1,2 and functional node f1,3,1) are covered as a set.

1,1,2

Function

Figure 3-7 Hierarchical connected graph
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Frank and Gajski [62] describes a closeness metrics for system-level functional
partitioning, and a N-way clustering method is used to group close objects until there are
only N groups remaining, where each group is then assigned to its own system (hardware
or software) component. A clustering algorithm is often used with other partitioning
heuristics to reduce the complexity of the design, thus reducing the computational effort,

and even significantly improve the quality of the final solution [61, 74].

Simulated annealing algorithm

The simulated annealing (SA) algorithm works in a similar manner as described in Section
2.7.6.1, where the simulated annealing is one of the optimisation algorithms used within
the MOODS synthesis core. In partitioning, the SA algorithm starts with a random
partition, and iteratively improves the solution. A pair of vertices is selected from each
partition randomly in each state, and compared With the previous state. The intermediate
solution that results in an improvement in the overall solution is accepted and the move is
made permanent. A predetermined number of moves are attempted at each temperature.
When a move that degrades the overall solution is encountered, the probability of

accepting the degrading move is given by:

P=exp AE>0 (3.5)
where P is the resulting probability of accepting a degrading move, AE is the change in
quality of the states, and 7 is the current temperature. This function ensures that the
probability of accepting a degrading move decreases when the temperature decreases. The
decision to accept degradations is made from the comparison of the probability threshold
value and a normalised random number, and acceptance being granted when the generated

random value is the smaller value between the two.

The simulated annealing algorithm generally produces good partitions but it is a very slow

algorithm. The need to determine experimentally the several parameters of the SA
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algorithm, such as the starting temperature, the cooling schedule, and the number of

moves to perform at each temperature is another disadvantage in using the SA algorithm.

Genetic algorithm

Genetic algorithms (GAs) are inspired by Darwin’s theory of evolution, where problems
are solved by an evolutionary process that mimics the natural selection and genetics. The
origins of GAs are often accredited to work carried out by J. Holland [60] in the early 70s.
A genetic algorithm is a randomised parallel search method for a single or multi-objective
function optimisation. A population of individuals is maintained by the genetic algorithm,
where each individual is a potential solution for each generation. Each potential solution is
evaluated to give some measure of its fitness. From this population, a new population is
formed by selecting some of the fitter individuals (selection) and others are formed using
genetic operators (such as crossover and mutation). After some generations the program
converges and the best individual (hopefully) represents the optimum solution. The
genetic partitioning algorithm given in Figure 3-8 is used in the partitioning of modules in

a multi-FPGA system [75].

Genetic Partitioning Algorithm

K: population size (number of partitions in a generation)
S: percent of new generation produced by selection.

C: percent of new generation produced by crossover.

M: percentage of partitions mutated.

GAQ
begin
Create a random set of K partitions
Evaluate the fitness of each partition
while (stopping criteria not satisfied)
Create S percent of new population of partitions by selection
Create C percent of new population of partitions by crossover
Replace the current generation by new generation of partitions
Muzrate M percent of the current partitions
Evaluate the fitness of each partition
Save the partition with the best fitness
end while
end

Figure 3-8 Pseudo code of the genetic algorithm
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The GA starts with the generation of the initial population and a measure of the goodness,

fitness (f) of a partition is quantified by an evaluation function.

p 1 (3.6)
f - k k
14 Z,ﬁ“’"* M

s 0 1fP1 < Pmax

AP'_{ Pi- Pmax otherwise
i 0 lfAz < Amax

Adi _: Ai- Amax otherwise

where £ is the number of chips the design is partitioned into, P; and 4; are the pin-count
and area of partition i respectively, Py, and 4,4, are the constraints on the pin-count and
area for the partitions. The fitness value is in the range 0.0 to 1.0; 0 indicates a bad
solution and 1 indicates an excellent solution (i.e. all partitions satisfy all the constraints).
The GA algorithm uses the following operators in order to produce the next generation of

partition (population):

e Selection - This operator probabilistically selects highly fit individuals from the
present generation and moves them into the new generation using the roulette wheel
technique. Roulette wheel selection can be summarised in three steps [76] as shown in

Figure 3-9.

Roulette Wheel Selection

1. Sum the fitness of all the population members and call the result

total fitness.

2. Generate a random number 7, between 0 and total fitness.

3. Return the first population member whose fitness, when added to
the sum of fitness of preceding members, is greater than or equal to

n (random number generated in step 2).

Figure 3-9 Selection using roulette wheel techniql]e
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The roulette wheel is an imaginary wheel which is split into as many parts as the
population. On this wheel, each individual is assigned an area which is proportional to
the relative fitness of the individual with respect to the overall population. Figure 3-9
gives an example of a roulette wheel with four individuals — 4, B, C, D, and relative
fitness of 38%, 28%, 12% and 22% respectively. If the wheel is spun, when the wheel
stops, the probability that the arrow would be on 4 is 0.38, B is 0.28 and so on. This
means that the probability of C (the predicted worst individual to lead to the optimal
solution) being selected is the minimum and the probability of 4 (the predicted best
individual to lead to the optimal solution) being selected in the maximum. The effect
of selection ensures that good individuals in the search space are preserved and search
continued from those individuals to look for a better solution. It is important to note
that selection does nothing to explore the unexplored regions of the search space.
Searching of unexplored regions is mainly achieved with the crossover operator and to
a lesser extent with the mutation operator. S percent (typically 20 to 40 %) of the

partitions in the new generation are created with this select operator.

e Crossover - This basic genetic operator probabilistically selects two highly fit (parent)
partition structures from the current population, exchanges information between them
and produces two offspring (child) structures. The significance of this is that the
offspring structures represent two points (or solutions) different from the parent points
in the search space, which probably represents some unexplored points in the design
space. An example of uniform crossover is illustrated in Figure 3-10. Uniform
crossover starts by selecting probabilistically two highly fit parent structures, Parent 1
and Parent 2 for mating. The second step is to generate a binary string template whose
length is the same as the number of elements in the design. The bits in this crossover
template are randomly selected to be either 1 or 0. The offspring of the parents are
produced using the randomly generated crossover template. Figure 3-10 shows two
parent structures, which are possible partitioning solutions for 10 components (Ry, Ry,
Rs, ..., Ro) into three target devices (Chip0, Chipl and Chip2). An explanation on how

the two offspring of the parents are produced is given below:

Child I creation: If the i" bit in the crossover template is a 1, then the i
component of the design is placed in the same partition as it was in Parent 1, and

if the i™ bit is a 0, then the component is placed in the partition as it was in Parent
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2. For example, Bit 0 of the crossover template is a 0, component Ry is placed in
Chip2, the same partition as Rq occurred in Parent 2. Bit 1 of the template is a 1,

component Ry is placed in Chipl of Child 1, which is the same as it occurred in

Parent 1.

Child 2 creation: The creation of Child 2 follows a similar process. If the i" bit in
the crossover template is a 1, then the i™ component of the design is placed in the
same partition as it was in Parent 2, and if the i" bit is a 0, then the component is

placed in the partition as it was in Parent 1.

This crossover operator creates C percent (typically 60 to 80%) of the partitions in the

new generation.

Parent 1 Parent 2
Chipd | Ry | Rs| Rs Chip0 | Ry | Rg | Rg
Chip1 | Ry | Ry | Rg R9Ti Chipt | Rs | Ry | Ry
Chip2 | R3 | Ry | Rsg Chip2 | Ry | Ry | Rs | Rg

Template for crossover
1 2 3 4 5 6 7
1

] 8 9
Fo1[ 101)01(0{0

Child 1 Child 2
Chip0 | Rs | Rg | Rg Chip0 | Ry | Ry R4
Chipt | Ry | Ry | Ry Chipt | Rz | Rs | R7 | Rg
Chip2 | Ro |Rs|Rs|Ry| Chip2 | R, | Rs | Ry

Figure 3-10 Example of uniform crossover

®  Mutation — The mutation operator is introduced as a means to help the genetic
algorithm avoid local optima. The mutation operator is invoked after selection and

crossover. The mutation operator selects a partition structure probabilistically and



T.B. Yee, 2007 Chapter 3: Multi-FPGA partitioning 78

moves a design component from some randomly selected segment in the partition to
another randomly selected segment. If the fitness of the mutated structure is low, it
would most likely be eliminated in subsequent generations. However, if the fitness of
the mutated structure is higher, then the probability that this structure will survive and
lead to a better solution is high. This mutation operation is applied to M percent

(typically 20 to 25%) of the partitions in the new generation.

The genetic algorithm terminates when a termination criterion (or a required fitness value)
is met. Criteria such as computational time, number of generations to be searched or a
limit on the global optimality such as the total number of interconnection wires or total
number of chips are also specified. Multiple objectives can be assigned a weighting value
to prioritise the user-defined objectives in the computation of the fitness value. Recent

work on multi-FPGA partitioning using the GA algorithm can be found in [77, 78].

3.3 Multi-FPGA synthesis systems

The preceding section gives an introduction to the various methods and algorithms of
partitioning in a general context. This section describes partitioning of multi-FPGA
systems using some of these partitioning algorithms or a combination of algorithms used
in multi-FPGA synthesis tools. A number of multi-FPGA synthesis systems exist, both
commercial and academic. Some of the commercial systems are: Aptix Corporation
Design Pilot [79], Auspy Development Inc. Auspy Partition System II [80], and
Synplicity Certify® [81]. None of the mentioned commercial tools perform the partitioning
at the behavioural level. All three tools perform partitioning at the register transfer level,
and Auspy Partition System II also supports partitioning at the gate-level. Some academic
tools are: COBRA-ABS [72, 82], SPARCS Project [68, 83] and related work in multi-
component partitioning and synthesis [66, 67, 84], ISyn [70, 71, 85], SpecSyn [63, 65, 86,
87], CADDY-II [88].
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3.3.1 COBRA-ABS

The COBRA-ABS (Column Oriented Butted Regular Architecture — Algorithmic
Behavioural Synthesis) high-level synthesis tool developed at the University of Aberdeen
has been designed to synthesise digital signal processing (DSP) algorithms specified in C,
and target onto multi-field programmable gate array custom computing machines
(FCCMs). The synthesis tool takes as input an FCCM architectural file and a datapath-
library description file, in addition to the input algorithm description described in C.
Information in the FCCM architecture file, which specifies the target FCCM, in terms of
the FPGA devices, custom/ASIC arithmetic resources, inter-FPGA routing (point-to-point
and bus based), FPGA-to-memory routing, and associated communications delay. The
low-level datapath-library description file contains characterisation data about the RTL
modules available and cost (in area) and timing characteristics (in clock cycles). The
FCCM target information and the low-level library characterisation data are fed into the

optimisation process driven by a simulated annealing algorithm.

The target architecture of the tool is based is on a partitioned VLIW (Very Long
Instruction Word) style architecture, where each FPGA holds a single “RISC (Reduced
Instruction Set Computer)-like” register-file based, load-store processor, with a bus-based

architecture and a set of functional units.

The C function inputs forms the basic blocks in COBRA-ABS, each of which are
represented by dataflow graph and controlled by a corresponding control-flow graph. The
datapath space model [89] formed a three-dimensional space in which the lifetimes of
variables are optimised. The optimised dataflow implies the hardware that is required to
create, transfer, store and consume the data. The variable dimension represents the explicit
and implicit data in the behavioural description. The processor dimension directly relates
to the “RISC-like” processors and hence represents the partitions. The datapath space (dp-

space) can therefore represent data flow in time and across partition boundaries.

The three-dimensional model was extended to a four-dimensional model to allow
conditional branches and loops of the basic blocks. The overall datapath for each
processor is the superposition of all the datapaths, which would be implied by each of the
3-D sub spaces isolation. The conceptual view of the superposition in the four-

dimensional datapath space is illustrated in Figure 3-11.



T.B. Yee, 2007 Chapter 3: Multi-FPGA partitioning 80

Processor

A

v Variable
Block 0
Implied
Datapath
Time
Block O 4 P

Processor

Datapath
Processor
i 1 Variabl
arianie
Implied J v
v Bilock 1
Block 1 @7 S Datapath
Datapath N
Time
y
H : .
/ . :
Ay,

/7 Implied

Block “n” Y
Datapath . @ / Datapath
\ /
AY

Variable
4

A
/ Block “n”

Time

Superposition of
datapaths gives the
Composite Datapath

Figure 3-11 Conceptual view of superposition in 4-dimensional datapath
space

The dp-space model is composed of a behavioural layer and a structural layer. A number
of the “entities” representing the required behaviour are mapped to the 3-D dp-space.
These entities are: input node, output node, functional-unit node, memory write, memory
read, and global bus transfers. The DFG is transformed into a graph of interconnected dp-
space entities and mapped to the behavioural layer. The structural layer administers the
implication of hardware units and use of fixed FCCM resources. The cost of a dp-space
configuration is measured in both the behavioural and structural layers, and the simulated
annealing process adjusts the dp-space configuration, in the aim of finding the fastest

implementation, which will fit on the FPGAs.

The synthesised output of the algorithm can be visualised as one 3-D block of dp-space
flowing in time, into the next, with data passing seamlessly between blocks. The concept
of the “pluggable block” was developed so that blocks, which can potentially “interface in

time”, have compatible interface on their dp-space variable-processor planes.
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Figure 3-12 Pluggable 3-D block concept

COBRA-ABS provides a powerful high-level synthesis environment for DSP algorithms,
specified in C. However, the run times reported (in [72, 82]) are rather high (> 10 hours)
because of the simulated annealing algorithm, which forms the core of the synthesis
optimisation process. The other point worth noting is the “pluggable block” concept is
highly dependent on the number of I/O resources between each block that resides in
different FPGAs, and this will impose an upper limit on the number of buses or point-to-

point interconnects in the fixed board-level target architecture [90].

3.3.2 SPARCS

The Synthesis and Partitioning for Adaptive and Reconfigurable Computer Systems
(SPARCS) [67, 68, 83] partitioning and synthesis framework was developed at the
University of Cincinnati. The behavioural input designs are specified in either subsets of
VHDL or C, and translated into an equivalent Control Data Flow Block Graph (CDFQG),
where each block contains a simple dataflow graph that captures the operations, and the
edges between blocks represent the data and control flow across blocks. Each block is
viewed as an afomic element that cannot be partitioned onto multiple FPGAs. The control
flow at the end of the block can conditionally branch into one of the mutually exclusive
blocks connected to it. The control flow also permits loops in the block call graph. The

block call graph represents a single thread of control where all blocks are mutually
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exclusive in time. Each of the partition CDFG contains a subset of blocks, which is
synthesised into an RTL design for the corresponding device in the multi-FPGA
architecture, with a single finite state machine controller and datapath resources shared by

blocks within the same partition.

The “partitioner” that performs the partitioning of the CDF@ is tightly integrated with the
high-level exploration engine, whereby the partitioner always communicates any change
in the partitioned configuration to the exploration engine. A four-dimensional design space
model was used to represent the overall design so that the exploration engine has a
partitioned view of the behaviour. Each partition segment, consisting of a set of
operations, is represented by a traditional three-dimensional design space illustrated in
Figure 3-13. The set of all partition segments of the design behaviour forms the fourth
dimension. An example of the four-dimensional design space for design behaviour with

two partitioned segments is illustrated below in Figure 3-13.

A / F,
F2F3
4 Functional T, Fi _
Time I units o, 0, O, o, -
steps l F,
/ F2F3
Operation? T, F .
o, o, o, o,

Traditional three-dimensional design space

Time steps

A
A . F4 A =4 . Fa
F, ° Fo 7
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F 7 F
T2 L. Pt .
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T F, FS‘
o, 0, O, O, g 0o, 0, 0O, O, -
Behavioural
Partition 1= {0,,0,,0,,0,} Partition 2= {0,,0,,0,.0,} P artitions

Four-dimensional design space for a partitioned behaviour

Figure 3-13 Four-dimensional design space for a partitioned behaviour
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The functional units and operations are mutually exclusive between the partitions.
However, the time steps span across the partition segments because the synthesised RTL
output, one for each partition, is controlled by a synchronous FSM controller clocked by a

single common (global) clock.

A multi-partition exploration algorithm performs an iterative exploration of blocks where
the schedule of a block is either relaxed or tightened such that the design constraints are
best satisfied. Relaxing (increasing) the schedule length could reduce the area of a
partition and increase the latency of the entire design and tightening the schedule works
vice versa. A collection of cost functions are used to sort and prioritise the blocks and

guide the exploration engine to perform the area/latency exploration.

The exploration algorithm is independent of the partitioning algorithm used to obtain the
partition segments. Synthesis results of SPARCS with partitioners using algorithms based
on Fiduccia-Mattheyes (FM) partitioning algorithm and simulated annealing are given and
it has been reported in [68] that the run times needed to find constraint satisfying solutions

for a similar board architecture are much lesser than those reported in COBRA-ABS [72]

described in the previous section.

The four-dimensional design space global technique with an integrated synthesis and
partitioning model in SPARCS has provided a fast and efficient environment to generate
constraint-satisfying solutions targeting a multi-FPGA architecture. In a similar manner to
the COBRA-ABS, the implication of a partitioned design is explored with a fourth
dimension. However, SPARCS also does not allow performance trade-off against the

number of interconnecting I/O resources between the devices in the fixed architecture.
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3.4 Data communications and communications

synthesis

Data communications is fundamentally a simple operation, where data is sent from one
point to another. A communications protocol is a specification of events and timing

requirements in transferring information.

In a multi-FPGA system, data is sent from one FPGA device to another FPGA device. It is
possible to have direct pin-to-pin connection mappings [91-93] on the FPGAs if both
devices access the same signal. The signal value is changed in one device, passed on
through the direct pin-to-pin connections, and updated in another device. However, the
number of I/Os available on the I/O constrained FPGAs may not be sufficient to
accommodate all the signals in the design. Another significant disadvantage of the multi-
FPGA system is the lower speed of operation compared to a single chip implementation.
The programmable features and the associated programming circuitry require a large
amount of the chip area. The switches have significant resistance and capacitance, which

account for the low speed of operation [49].

The Virtual Wires project [94] carried out in the MIT Computer Architecture Group
explores methods to overcome pin limitation in FPGAs. Virtual wires are created by
multiplexing and pipelining inter-device 1/0 signals. A virtual wire represents a single
connection between a logical output on one FPGA partition and logical input on another
FPGA partition. Shift registers in the sending and receiving FPGA are configured into
shift loops, storing logical outputs into shift registers at the sending end, and shifting them

into shift registers on the receiving FPGA.

A bus based approach to overcome the I/O limitation was proposed by Vahid [95]. The
approach uses a single bus, the FunctionBus, for implementing function calls among
FPGAs. The FunctionBus architecture is shown in Figure 3-14. Inter-FPGA data and
control-encoded address are sent over the AD lines of the bus, with two additional bi-

directional control lines, Areq and Dreq, used to indicate a valid address and a valid data
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on AD respectively. Vahid also demonstrated techniques to trade off performance for even

more /0 reductions using the FunctionBus.

External ports External ports External ports

;
1
|

Areq: Address request
Dreq: Data request
AD: Address/Data

Figure 3-14 FunctionBus architecture

3.5 Data synchronisation over multiple clock
domains

“Moving information from one clock domain to another is rather like descending into
Dante’s inferno. All sorts of evils lie in wait to beset the naive. ” [96]. Data communication
between two independently clocked domains can result in the data metastability [97-100].
Metastability can occur when an input to a register (flip-flop) is not synchronous to the
clock, which can result in setup or hold time violations. Metastability is caused when the
asynchronous input changes too close to the clock edge; this input td the register is not a
stable high or low value during the register setup time. The flip-flop does not know if it is
to change state or not, and may enter the metastable state, with the output not being logic
High nor Low. Even though the flip-flop will eventually settle in a stable state after some
period of time, this can still cause a system failure if the flip-flop has not left the
metastable state by the end of the system’s clock period. Figure 3-15 illustrates a simple
two flip-flop (double buffer) synchroniser, which is typically sufficient to remove all

likely metastability.
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It is still possible that a synchronisation failure can occur and this failure probability can
only be determined statistically, and the generally accepted equation for Mean Time

Between Failure (MTBF) [98] for a metastable flip flop is given by:

MTBF = (.7

where K7 is the register parameter that describes the speed with which the metastable
condition is resolved. 7 is the time delay for the metastability to resolve itself (resolution
period), K, is another register parameter that represents the metastability-catching setup
time window (i.e. the likelihood of the register going into the metastable state). F, is the
clock frequency of the synchronisers and F5 is the average frequency of the asynchronous
input changes. Using values K; = 10"% and K, = 19.4/ns based on the Xilinx XC4005E-3
given in [98], this gives a MTBF of 0.0001 ¢'**** based on a clock frequency of 100 MHz
and asynchronous input changes at a frequency of 1 MHz. With a t value of 9 ns (a
resolution period slightly less than the clock period), the MTBF value is 6.73 * 10"!
seconds. The probability of failure increases rapidly when the number of asynchronous
inputs and clock frequency increases. For example, a clock frequency of 1 GHz, with
asynchronous input changes at a frequency of 100 MHz and a t value of 0.9 ns, the MTBF
value is only 3.83 seconds. Later results on the MTBF for newer Xilinx devices were
published in [100] and the MTBF value exceeds millions of years when granted 2 ns of
extra flip-flop settling delay. For the same operating conditions of clock frequency of 100
MHz and asynchronous input change at a frequency of 1 MHz, the MTBF of newer Xilinx
Virtex-II Pro devices exceeds billions of years compared to the older Xilinx XC4005E-3

device.
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Three common techniques of transferring data between clock domains are (1) pass data
across clock domains using handshake signals, (2) use a Micropipeline or, (3) use an

asynchronous FIFO (First In First Out memory) to transfer the inter-domain data.

3.5.1 Handshaking data between clock domains

Data is transferred across clock domains using additional handshaking control signals,
where the sender places data onto a data bus and then asserts a request (req) signal to the
receiver through a synchroniser. When the req signal is recognised in the receiving
domain, the receiver clocks in the data into a register (or latch), and asserts acknowledge
(ack) signal through a synchroniser to the sender in the domain of the sender.
Handshaking of data is commonly used to pass data between asynchronous circuits, and

two common signalling protocols are illustrated in Figure 3-16.

Figure 3-16(a) illustrates the two-phase signalling scheme, where the signal levels of the
handshake signals are unimportant; it is the signalling event (i.e. a transition, either a
rising edge, or a falling edge on the handshake signals) that is significant. The two-phase
signalling protocol uses a non return-to-zero scheme. The four-phase signalling protocol
illustrated in Figure 3-16(b) uses the signal levels of the handshaking signals to indicate
the validity of data and its acceptance by the receiver. This protocol uses a return-to-zero
scheme, where the req and ack signals end up in the same signalling level after a data
transfer as they were before the transfer. This protocol thus uses twice as many signalling

events for every data transfer as the two-phase counterpart.

Control logic for the four-phase protocol is often simpler than that needed in a two-phase
system because the signalling lines can be used to directly drive the level-controlled
latches (or registers) (discussed later in Section 5.5). It is also common that data lines are
triple-buffered using triple buffer synchronisers. The extra buffering stage of the data lines
ensures that valid data is ‘definitely’ on the data bus when the data request signal is
asserted. This prevents a receiver that has an input request line with a shorter propagation

delay from reading in the wrong data. The biggest disadvantage to using handshaking is
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the latency required to pass and recognise all of the handshaking signals used for each data

transferred.

‘7" -— = data_req

data_ack
Sender ik Receiver

‘ Data

data_req /. A\ data_req / AN v e o

data_ack \ o/ T 3 S\ data_ack / N\ V -}
Data ; Data \
valid data valid data
First data transfer [ Second data transfer First data transfer Second data transfer
(a) Two-phase signalling protocol (b) Four-phase signalling protocol

Figure 3-16 Handshaking signalliﬂng protocénlbéw

Single-rail and dual-rail encoding are two commonly used encoding schemes [101] for
data representation. Single-rail encoding [102], which is conventionally used in
synchronous designs, uses a single wire for each bit of information. Additional
handshaking control signals are used to indicate data availability and its acceptance by the
receiver. This scheme is also known as bundled-data approach. Dual-rail encoding [103]
scheme uses two wires to represent each bit of information. Dual-rail circuits can have
bundled control signals, however timing information is implicit in the code and the reg
signal required to indicate data readiness is thus not necessary. Figure 3-17 gives the list of
values associated with the signal levels of the two wires (W0 and W1) in a dual-rail

encoding circuit, and the corresponding interfaces between the sender and receiver.

The main advantage of dual-rail circuits is that they are delay-insensitive [103]. Delay-
Insensitive (DI) circuits operate correctly regardless of delays in components and
connections. They have the disadvantage of having a significantly larger area overhead in

both the number of wires and the data transfer completion detection logic. Single-rail



T.B. Yee, 2007 Chapter 3: Multi-FPGA partitioning 89

circuits have the advantages of being smaller and faster as compared with their dual-rail
counterparts. The disadvantage of single-rail circuits is they require tighter timing
constraints (e.g. validity (req) control and data delays must be matched) when used with

bundled handshake control signals.

WO Wil Value
0 0 reset | ‘1 data_ack
0 ! 0 Sender | Receiver
1 0 1 ‘ ‘ |
| Data (2N-bits)
1 1 unused S — e

Figure 3-17 Dual-rail encoding scheme

3.5.2 Micropipelines

Micropipelines are a style of two-phase bundled-data pipeline introduced by Sutherland
[104] in his 1988 Turing Award lecture. A micropipeline is an event-driven, self-timed
asynchronous pipeline. Various simple event control module blocks are given in [104] to
provide elemental functions such as merging and branching of the control flow. The

micropipeline basic control modules are illustrated and described in Table 3-1.

Figure 3-18 shows a simple micropipeline without processing elements. The data path is
composed of a set of event-controlled storage elements in series, while the string of Muller
C-clements serves as its local timing control block. Delay elements (if required) ensures
that the output request signals are asserted after the data is valid (e.g. R(1) is asserted only
when data is ready at the output of the first storage element), so that the bundling

constraint of the bundled-data protocol is met.

Event control module | Description

OR function The OR function for events is implementation using an exclusive-OR
(XOR) gate. This is also known as a merge because it allows two

A;D— event flows to merge into one. An event on either of the inputs
—~

causes a corresponding event to be seen on the output.
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Event control module

Description

AND function

The AND function for events is implemented using a MULLER C-
element. A transition will occur on the output only when there has
been a transition on both inputs. The Muller C-element is sometifnes
known as a rendezvous element because events are allowed to

pass to the outputs only when all input events have arrived.

TOGGLE

.

The TOGGLE steers input events alternately to the outputs. The first

event is directed to the output marked with a dot after initialisation,

‘ﬂ frue

i
the next event to the unmarked output and the sequence repeats.
| TOGGLE P q P
| [
SELECT The input event is steered to one of the two outputs depending on
o L, the Boolean input select value (indicated by the diamond head). The
K select signal must be available before the incoming event arrives, a
=
8 similar requirement to the bundling constraint.
*_’ _J
w
n
e

CALL

—» R1

CALL

«ioz_ |

The call module allows two mutually exclusive processes to access
a shared resource (section of data path) or procedure, analogous to
procedure calls in software. Unlike the previous modules, the call
module operates on pairs of request/acknowledge (or done)
handshaking signals. Incoming requests (either R1 or R2) are
directed to the output request (R). The Call module remembers
which of its inputs most recently received an event, and returns an
acknowledge (done) event on the appropriate output acknowledge
(either D1 or D2) signal. For the call module to operate properly,

input request events have to be mutually exclusive.

ARBITER

—» R

ARBITER -~
2 @
!

?

~—pR2  G2—»

The ARBITER provides arbitration between two possibly concurrent
asynchronous request events on its inputs (R1 and R2) and only
passes one through at any time to the corresponding grant outputs
(G1 and G2). Similar to a semaphore in software, it delays
subsequent grants until it has received an event on the done wire
(D1 or D2) corresponding to an earlier grant so that there is no more

than one outstanding grant at a time.

Table 3-1 Description of the micropipeline event control modules
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Figure 3-18 Micropipeline without processing

A major advantage of the micropipeline structure is the possibility of filtering out all the
hazards in the logic blocks (i.e. removes the arbitration and synchronisation problem of
two separate clocks at the input and output of the micropipeline). Another important
feature is that micropipelines are automatically elastic. Data can be sent to or received
from a micropipeline at arbitrary times. The basic event control modules of the
micropipeline and the storage elements can be interconnected to form larger structures,

which form the basis of more complex systems [105].

3.5.3 Dual port asynchronous FIFO

Another popular method of passing data between clock domains is using an asynchronous
FIFO (First In First Out memory) [106-108]. A dual port memory is used for the FIFO

memory.
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The write port is controlled by the sender and data is written into the memory, one data
word per write clock. The other port (read port) reads data out of memory, one data word
per read clock. Two control signals are used to indicate if the FIFO is empty or full. The
write and read increment signals are used to push data into the memory during a write

cycle, or pop data from the memory during a read cycle.

FIFO memory
(dual port RAM)
write Data read Data
P wdata rdata
» wclken
FIFO wptr " FIFO mptr
Sfull & full
waddr > waddr raddr € raddr
write increment ) ) read increment
» winc > rncr«
read empt
write full P y:
< wptr ptr
v sync2 synct
wptr2 ¢ | :D;LT » rptr2
wrst 2 f % Lﬁj rrst
write clock 0 read clock
write reset l read reset

Figure 3-19 Asynchronous FIFO block diagram

Figure 3-19 above illustrates the blocks in the asynchronous FIFO design presented by
Cummings of Sunburst Design Inc. in [106]. The five blocks in the asynchronous FIFO

are:

¢ FIFO memory: This is a dual port RAM that is accessed by the write clock domain

via the write port, and the read clock domain via the read port.

e FIFO write pointer and full (wpr & full): This block is mostly synchronous to the

write-clock domain and it contains the logic for the FIFO write pointer (wptr) and
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it generates a full (write fu/]) signal to the write-clock domain when the FIFO is
full. Gray coded addresses are created for writing to the memory and the FIFO

write pointer is passed to the read-clock domain.

e FIFO read pointer and empty (rptr & empty): This block is similar to its write
counterpart mentioned above. It is mostly synchronous to the read-clock domain
and it contains the logic for the FIFO read pointer (rptr) and FIFO empty (read
empty) signal generation. Gray coded addresses are created for reading from the

memory and the FIFO read pointer is passed to the write-clock domain.

e  Write-to-Read synchroniser (syncl): This block consists of a double buffer
synchroniser that synchronises the write pointer (wrptr) into the read-clock

domain.

e Read-to-Write synchroniser (sync2): This block is similar to its Write-to-Read
counterpart described above. This block synchronises the read pointer (#ptr) into

the write-clock domain.

For a FIFO memory with (n-1)-bits address lines, giving a total of 2" addressable
locations, the read and write pointers are #-bits wide. The extra most significant bit (MSB)
is used as a flag to determine if the FIFO is empty or full. When the pointers are equal,
including the two MSBs, the FIFO is empty. The FIFO is full when the pointers are equal

but not the MSBs.

The dual port memory asynchronous FIFO allows the sender to write data into the
memory through the write port whilst the receiver reads stored data in the memory out
from the read port concurrently. This has the advantage of reducing the latency in the
overall system as the sender can send data into the FIFO independent of the receiver when
the memory is not full. This reduces the possibility of blocking the sender if the receiver is
not ready to receive the new data. However, careful speed matching of the sender and

receiver and the depth of the FIFO have to be considered to reduce FIFO overflow and

underflow conditions [109].

The main disadvantage of using the asynchronous FIFO in an I/O constraint multi-FPGA

system for inter-device data transfers is the increased number of I/Os required for the
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control, clock and reset signals compared to just a pair of handshaking signals in the

bundled-data approach.

3.6 Design activity profiling

Design profiling is a process where a profiling tool generates and collects information on
how a system operates and the resultant profile data is used to guide the profile-driven

optimisation process to improve the system’s performance.

Design activating profiling to obtain the usage and inter-communications between
multiple processes is carried out with a full testbench of the system and the obtained
information (profile) is used in the high-level synthesis and partitioning of the design
itself. From the simulation of the structural VHDL design using a set of typical data to
emulate the system, the profiler gathers the various event activities. The system is
simulated with a testbench to generate activity information for all operations in the design
and this information is used to guide the partitioner. This approach allows the user to
provide the system with activity information in the most practical from, as a
comprehensive test suite will almost certainly be created for most designs. Once a set of
activity data has been generated, the operation need only be repeated if the behavioural

design changes, and not on each synthesis run.

The activity data is fed into the partitioner during the partitioning stage and used in the
assignments of weighis on the edges of nodes in the partitioning graphs. Operations that
interact intensively will have edges that are more heavily weighted and these edges are
less likely to be cut by the partitioner. The atomic functional objects (processes,
procedures, functions, shared variables, etc) that interact and communicate more often
with each other are grouped into the same FPGA if the area permits. This reduces the off-

chip interconnections and the inter-chip communication overheads associated with it.
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3.7 Summary

This chapter focuses on the background material on multi-FPGA synthesis systems, with
emphasis on partitioning and multi-FPGA synthesis systems. This chapter starts with an
overview of the various partitioning algorithms, and an introduction of commercial and
academic multi-FPGA high-level synthesis systems that exists. An introduction of
techniques for inter-FPGA (cross clock domain) data transfers is also covered within this
chapter. Multi-FPGA partitioning and the inter-domain data transfer forms the two main
core components in the extension of the MOODS synthesis system to target multi-FPGA

systems with asynchronous communications.

This chapter has covered the techniques and background material on how a design can be
partitioned. The next chapter covers when to perform partitioning in the MOODS
synthesis system. This deals with the implementation details of the partitioning
enhancement in the MOODS synthesis system. Implementation details and signalling

protocols to enable data transfers between clock domains are covered in more detail in

Chapter 5.



T.B. Yee, 2007 Chapter 4: Multi-FPGA partitioning in MOODS 96

Chapter 4

Multi-FPGA partitioning in MOODS

4.1 Introduction

Chapter 3 has provided an insight on Aow a design can be partitioned; this chapter starts
with the selection of when to perform partitioning. The multi-FPGA partitioning
enhancement to the MOODS synthesis system comprises two main stages: (1) High-level
synthesis and partitioning, and (2) Interface generation. This chapter covers the generation
of multiple structural VHDL outputs from a single behavioural VHDL description as

illustrated in the shaded region of Figure 4-1.

| Structural
VHDL

~ Structural
VHDL

High-level

Synthests Jnd | structural lnterfalt(_;e
_ partitioning VHDL generation | :
. [ Interface

. Behavioural =

VHDL \ Structural &
. description ~ . VHDL ’ ‘ i fﬂ;

’ ' ' Structural . Structural f,

~ Structural I ‘ ,
VHDL . VHDL VHDL

Figure 4-1 Generated system structure

Section 4.2 starts with a discussion on the various stages that the partitioning mechanism
can be inserted and concludes with an insight on the partitioning granularity and insertion

of the K-way partitioner as part of the partitioning enhancement in the MOODS synthesis






