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SUMMARY

An issue in the field of reconfigurable hardware systems is that there is no clear way to
partition a given system specification in order to implement it on such an architecture.

Many existing approaches rely on the designer to carry out the partitioning according to
his knowledge of the desired behaviour, which is really not a desirable assumption for allowing
designers to take advantage of such architectures in a straightforward way.

We propose a way to partition a system specification based on the detection of recurrent
structures in the specification itself, with the objective of identifying modules that can be used
more than once during the application’s lifetime, thus saving device resources and reconfigura-
tion time.

Two approaches have been defined to this end, which differ in the structure of the recurrent
patterns they identify. The two algorithms were implemented as an extension to an existing
framework for research in the field of hardware/software codesign being developed at Politecnico
di Milano.

A comparison with regard to the amount and size of the identified recurrent structures was
carried out using working examples from widely used algorithms as input data.

Finally, some ideas for future improvement of this work and further development are given.

viii



CHAPTER 1

INTRODUCTION

Over the last years, considerable interest has risen towards the field of reconfigurable hard-
ware systems, with noteworthy research efforts in this direction such as (49; 33; [20; |18). These
are, generally speaking, systems in which the hardware itself is able to adapt to the applica-
tion’s changing needs through its lifetime. Especially interesting is the scenario in which this
reconfiguration of the hardware is carried out without necessarily having to cease execution of
those parts of the system that are not involved.

This work is particularly concerned about the implementation of such behaviour on a class of
user-programmable hardware components called Field-Programmable Gate Arrays, or FPGAs
in short. Such devices were first conceived, and used, as prototyping platforms on which to test
designs that were later to be implemented on Application Specific Integrated Circuits, ASICs.
Their attractiveness for this purpose is clear: FPGAs allow the designer to test the hardware
implementation of their desired application much sooner than it would take to have an actual
ASIC prototype and, since an FPGA is reusable, at a much smaller expense. However, as
FPGA technology grew more and more refined and cost-effective, it became not so unrealistic
to actually think about using these devices in production systems.

The feature of these devices that most concerns this work is the way they they allow their
configuration to be modified. The simplest scenario is that in which the whole device is config-

ured “at compile time”, which is to say its configuration does not change once the application

1



starts running. A far more challenging one, however, is a setting in which the device allows
part of its logic to be reconfigured “at run time”. These two configuration models are often
referred to as Compile-Time Reconfiguration (CTR) and Run-Time (or Dynamical) Reconfig-
uration (RTR). If, in addition, the device allows parts of its logic to be reconfigured without
requiring the rest of the device to stop its computation, it is said to be partially dynamically
reconfigurable.

While dynamical reconfiguration is technically feasible, we still have to pinpoint the situation

in which it can be usefully and advantageously exploited.

1.1 Setting

Let us begin with a simple diagram, [Figure 1| which depicts, in a simplified way, the trade-off
between used device area and latency with which we are faced when mapping a specification
onto a reconfigurable device such as a FPGA, in a static scenario that does not make use of
RTR. In this simple graph, where the used area varies along the horizontal axis, each area
usage has the length of the best obtainable schedule lying exactly on the border between the
green and the greyed out area: the more resources we have at our disposal, the shorter time we
will be able to obtain. One extreme case is the one in which an infinite resource scheduling of
the specification is implemented on the device, so that the only limiting factor on the time we
are able to obtain is given by the actual structure of the specification. On the other hand, we
have the solution in which only the minimal set of resources needed to realize the specification
is implemented, i.e. only one functional unit per type: the time we will obtain is longer since

all the operations of a certain type will necessarily have to be executed not more than one
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Figure 1. The Area-Latency trade-off

at a time. Solutions represented by points in the green area are feasible but not optimaﬂ7

while solutions in the greyed-out area are not feasible being shorter than the respective optimal

latency schedule for a given occupied area.

In we haven’t represented, though, a fundamental element in the selection of a

solution: the presence of the constraints given by both the designer, in the form of timing

'For that matter, solutions above the green area, i.e. longer latencies than the single functional unit

one, are feasible too, albeit not interesting.



Available
A device area Designer's
timing
constraints

Acceptable
solutions

Occupied Area

Figure 2. Area-Latency solution space: area and time constraints

constraints, and by technical constraints of the device, i.e. the total usable area offered by it.
These are represented by the two dashed lines in the horizontal one represents the
maximum schedule length that the designer deems acceptable, and may be dictated by various
external factors such as real-time requisites of the system being engineered; the vertical one is,
in turn, a physical constraint that represents the mazimum amount of logic that the device is
able to implement. The range of acceptable solutions is the blue area, i.e. the feasible solutions

that satisfy both time and area constraints.



As it appears clear from the graph, the introduction of a time constraint implicitly inserts
the requirement of a minimum device area occupied, i.e. the minimum area needed to allow
a schedule at least as short as the designer’s constraint specifies. If this minimum area is less
than the area offered by the device, as it happens in |Figure 2| we are in principle able to obtain
an acceptable solution. What happens, though, if the designer’s time constraint is so stringentﬂ
that the area offered by the device is not enough to allow for a short enough schedule? This is
one of the scenarios where we believe dynamic reconfiguration could prove to be useful.

One way to model the effect of reconfiguring our device dynamically, in an approach that
has been explored in previous works as well (32} [15)), is to show a wirtual area larger than the
physical one, much like operating systems do with memory management. In our diagram, such
area enlargement is represented as a relaxation of the area constraint. in which part of
the previous graph is magnified for clarity, portrays such situation. Dynamical reconfiguration,
though, comes at a price: it takes some time. As is shown in the diagram, the schedule length is
worsened by some amount, which we will call reconfiguration overhead or simply reconfiguration
time, that is spent performing the reconfiguration of the device’s logic which, in our scenario,
takes place at run-time. If however, that amount of time is small enough, we might nevertheless
obtain a region of solutions which satisfy the constraints and are feasible, i.e. the blue area in

the diagram.

'but still greater than the length of the infinite resource schedule, since it would make no sense
otherwise



Figure 3. Area-Latency solution space: the effect of using Dynamical Reconfiguration

Reconfiguration time is indeed one of the reasons why partial dynamical reconfiguration is
attractive: if we manage to have part of the device carry on its computation while we reconfigure
other regions of it, this will effectively contribute to lessen the impact of the reconfiguration
time. Achieving this goal, however, is not a trivial matter: the system specification has to be
somehow processed and adapted to this kind of implementation. The goal of this processing
is to maximise the advantage offered by dynamical reconfiguration. This thesis work aims at
defining and implementing a method for breaking a system specification into modules, possibly
to be implemented as reconfigurable units.

As has been mentioned, reconfiguring any amount of the device’s logic takes time. Intu-
itively, then, it is advantageous to spend configuration time for activating a unit that implements
a significant fraction of the specification, i.e. will spend a significant amount of time running

its computation, over choosing one that will only be used for a short time, thus “wasting” the



spent configuration time. This is the rationale behind the choice of the approach followed in

this work, i.e. the recognition of recurrent patterns in the system specification.

1.2 Structure of the thesis

The remainder of this thesis is organized as follows:
e Chapter [2] presents a review of existing works in the fields of reconfigurable systems and
regularity extraction;

e chapter [3] establishes some basic concepts which will be useful through the remainder of

the thesis;

e chapter[d]describes the approach we chose to undertake, detailing the mechanisms involved

in the proposed algorithms for our partitioning purposes;

e chapter [5| contains a more detailed description of the implementative details, including a

presentation of the data structures of which the implementation of this work makes use;
e chapter [6] summarizes the obtained results, while

e chapter [7| draws some conclusions about the objectives achieved, and hints at possible

future developments.



CHAPTER 2

PREVIOUS WORK

This chapter reviews some existing literature in the reconfigurable architectures field, and

presents some previous work regarding partitioning and regularity detection.

2.1 Partitioning for Reconfigurable Architectures

Different approaches to the exploitation of the reconfiguration capabilities of devices such
as FPGAs have been explored in literature, among which we find both approaches which only
carry out temporal partitioning of the device’s resources, i.e. the whole device is reconfigured
at once when the application needs so, and approaches which also perform spatial partitioning
of the device into reconfigurable units of smaller size. The latter approaches are those that
are closest to our point of view, and are elsewhere referred to as dynamically reconfigurable

architectures. Let us first focus on some of the works that propose total reconfiguration.

2.1.1 Temporal Partitioning approaches

A quite straightforward approach is proposed in (39), in which the authors have the ob-
jective of partitioning a specification that would not fit on the FPGA all at once into a set of
subprograms, to be configured sequentially on the device. The proposed solution involves two

steps:

e as a first step, an acyclic data flow graph is partitioned to produce a set of configurations,

{c1,¢2,...,cn}, each of which fits singularly on the FPGA

8



time

Figure 4. Temporal partitioning: the sequence of configurations

e the partitions thus obtained are configured one after the other onto the device, and exe-
cuted serially. depicts the series of configurations loaded onto the device: all of

the device is reconfigured for the execution of each partition.

Two approaches are proposed for the partitioning of the specification, one of which aims at
minimizing the temporal latency, while the other tries to minimize the communication overhead
generated by the partitioning. Both algorithms start out by making sure that the data depen-
dencies encoded in the data flow graph are respected in the partition that will be generated,
and they do so essentially by traversing the graph in a breadth-first fashion, and assigning a
so-called ASAP-level to each vertex v, defined as:

A =1 A
(U) + welgal?zj(n(v) (w)



10

The first approach simply orders the vertices by increasing value of A, and adds vertices to a
partition until no more would fit on the device, at which point it creates another partition and
continues similarly until all the specification has been considered. The second approach, on the
other hand, aims at minimizing the overhead due to data exchange between different partitions
by trying, when possible, to assign successors of a given node to its same partition.

An estimate of the total execution time was provided in this work as Tiorer = (7 - Trecon f) +
Terec, simply stating that the total time required for executing the partitioned specification
is given by the total reconfiguration time needed added to the total execution time needed.
The authors themselves, however, noted how the reconfiguration time was, for their hardware
devices, orders of magnitude larger than the execution time, and suggested improvements to
tackle this disadvantage, such as applying the method to applications in which each configura-
tion can be used multiple times before being swapped out for the next one, such as applying
the first phase of a JPEG encoder to all the input images before going on to configuring the
subsequent stages.

A similar approach is exposed in (22]), which also considers some amount of spatial par-
titioning while still considering total reconfiguration of the physical devices due to the use of
multiple FPGAs in a single system.

A series of papers (365 |26; 37; 25} [27;|17; |19) presents an approach to the temporal partition-
ing of a system specification, exploring different ideas and improvements. In (25]), an Integer
Linear Programming (ILP) model is proposed describing the temporal partitioning problem. It

takes into account the dependencies between different parts of the specification and the resource
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availability on the FPGA, and also models the constraints due to memory needs for exchanging
data between the different partitions identified.

As its input, this approach uses a task graph, i.e. a graph in which each node is not a
single operation, but a set of operations instead. This constrains the algorithm to miss a great
amount of the possible solutions, since the minimum working granularity is set at the task level.
Also, many of the parameters needed by the model to function properly are to be supplied by
the designer, apparently with no general guideline for choosing reasonable values, e.g., for the
maximum number of partitions or the maximum number of functional units to be instantiated
for each type.

The work proposed here is extended in (36]) with the application of a genetic algorithm
that adds spatial partitioning in order to split the specification onto multiple interconnected
reconfigurable devices. The lack of indications towards the choice of the ILP model parameters
is tackled in (26)), which revises some aspects of the model itself: each task is associated to a set
of possible implementations, each characterized with an estimate of its latency and area usage.
The ILP solver chooses among them which to employ. Choice of the ILP parameters is tackled
here in an enumerative fashion: the ILP solver is run multiple times for each partition number
bound in order to find which latency constraints yield the best solution, which is repeated until
an upper bound on the partition number constraint is reached.

A clear disadvantage of this way of operating, however, is that the ILP model is solved

multiple times, thus increasing the computational burden.
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In (37), a further modification of the approach is introduced: the operations inside each task
are now allowed to be assigned to different partitions, thus refining the granularity at which
the scheduling is performed. The authors stress here that, given the unbalance between the
configuration and execution times, in order to obtain a good overall latency it is necessary to
minimize the need for reconfiguration, and thus the number of temporal partitions identified.

The approach that they propose to this end is the sharing of the functional units instantiated
in each temporal partition between different operations allocated to the same partition. The
authors present as an example the application of their approach to the description of a matrix
multiplier, showing that making use of said sharing can yield a gain in execution latency.

The approach proposed therein employs a resource constrained force-directed list scheduling,
the resource set of which is modified to signify the change in the chosen temporal partitioning
in a local-search like fashion.

A major issue that the authors are faced with is, once again, the remarkable unbalance be-
tween the times spent in computation and reconfiguration, the latter being orders of magnitude
more relevant than the former - several seconds spent in reconfiguration vs. just microseconds
needed for execution.

This observation leads the authors, in a further work (27)), to explore a possibility of lessening
the impact of reconfiguration time on total latency. They observe here that many data-intensive
application can be modeled as the subsequent application of some repeating tasks, in a loop-
like fashion. If each of the tasks were to be implemented as a temporal partition, then a

reconfiguration would be necessary each time the application needed to begin execution of a
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new task. The possibility explored here is that, depending on the structure of the application,
it might be possible to configure the device for each task type only once, by running the task
on all of the data it needs to process before going on to the next configuration.

As an example, the JPEG compression algorithm is internally composed of four well defined
tasks (DCT, quantization, zig-zag and Huffman encoding), each of which is executed indepen-
dently on all of the image data to be compressed - or on the output of the previous task.

A problem foreseen by the authors with this approach is that, for some classes of algorithms,
the intermediate data which the application would need to save to ensure proper communication
between a task and the subsequent one could have a significant size. Thus, they propose two
ways to cope with this issue: the first one is called Final Data to Host, in which each task is
only run as many times as the on-board memory of the embedded system allows it to, after
being swapped out for the next one, while the other is Intermediate Data to Host, which has
each task run on all of the input data and generate all the output before being overwritten with
the next temporal partition, even if needing costly data accesses to external memory.

Experimental data provided by the autors suggests, as expected, that the reconfiguration
times can only be effectively hidden when the data intensiveness of the application is appropri-
ately stressed, e.g. for the JPEG case only when the input image exceeds a certain size.

Other approaches, like the one proposed in (7} |11), deal with the possibility of using high-
level languages as the means of writing system specifications. More specifically, the authors here
focus on defining a way to implement a specification given as Java bytecode on a reconfigurable

hardware platform. The specification’s data flow graph is first traversed in order to produce an
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ordering of the nodes based on topological levels, with mobility of the nodes (ASAP-ALAP) used
to break ties between nodes on the same level. From here on, the approach is pretty similar to
the one seen in (39). Unfortunately, little depth is devoted to the discussion of reconfiguration
time.

Further work from the same authors, (9; |10), try to apply a concept that we have already
exposed above for other approaches: the sharing between different operations of the functional
units present in each temporal partition. The proposed way of proceeding here is to first create
a temporal partition for each node on a critical path of the specification’s data flow graph, and
then trying to fit the other nodes in a partition according to their dependencies and resource
usage, taking advantage where feasible of resource sharing. In a subsequent step, an effort is
made to try and merge bordering partitions.

In (8), the authors also propose a novel way to split a loop into several time partitions,
which is useful when its body cannot fit onto the resources offered by the reconfigurable device.
This however, requires a large number of reconfiguration steps, and thus greatly affects the
system’s latency, making it really only advantageous when there is no other way of fitting the
specification onto the device.

A series of works related the MorphoSys platform (33;34)) try to approach dynamic reconfig-
uration with respect to the particular features of this architecture. The core of the architecture
is made of an 8x8 array of reconfigurable cells, each of which resembles a miroprocessor’s data-

path and is provided control information by a dedicated control register, which in turn loads its
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contents from the context memory. The task of controlling the behaviour of the reconfigurable
hardware is delegated to a dedicated RISC control processor.

The approach proposed uses a library of kernels as its starting point, i.e. a collection of
subprograms written in C each of which has its counterpart implemented as reconfigurable
hardware. It is also assumed that a generic specification can be expressed as a loop on a certain
sequence of said kernels. Note that this assumption has also been encountered in other works.
The reason this approach is considered as only performing temporal partitioning is that each
kernel is assumed to require the use of the whole processing array at once.

Having said this, it appears clear that the key to optimizing the implementation is an
appropriate way to manage the loops that the specification is composed of. Not unexpectedly,
the first approach proposed is the modification of the loops’ schedulings in order to execute
all necessary runs of each kernel before reconfiguring the hardware to execute the next one,
with the objective of minimizing the number of required reconfigurations. Different ways of
rescheduling the kernels to this end are proposed in (34), taking into account the limitations
imposed by the hardware architecture.

Once the loops have been scheduled, the authors focus in turn on the generation of the
control code, which states when context changes take place, and how data is transferred between
subsequent partitions. A primary objective is the maximization of the overlapping between
computation on part of the reconfigurable array and data transfer or context loading, along

with optimal management of the memory in order to simplify the control code.
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2.1.2 Spatial and Temporal Partitioning Approaches

In (47; 48 |46]), Vasilko et al. deal with reconfigurable architectures that have, ideally,
a reconfiguration time of less than a clock cycle. Their approach (47)) is to sort the tasks
composing the specification according to their ASAP and ALAP labels, and then using a normal
list-based scheduler constrained in resource usage to the area available on the device. When the
area is used up, functional units configured to implements tasks that are no longer needed are
removed from the device, and replaced with new ones. The fragmentation that might arise from
such usage of the device is unfortunately not dealt with. (46)) is devoted to the presentation
of a graphical tool to allow the designer to manually pack the functional units, both regarding
their placement on the device and across partitions, and thus explore the design space.

An automatic approach is instead proposed in (48), where the authors try to explore the
design space by taking advantage of a genetic algorithm, tackling task allocation to functional
units, scheduling, and floorplanning at once.

The authors of (36; 26; 37; 25; [27; |17; [19), cited above, also explore the possibility of
extending their work to take advantage of partially reconfigurable architectures. Their main
concern (17)) is to hide the reconfiguration times: their approach is to divide the reconfigurable
device into two partitions of fixed sizes. At a given time, one of the two parts is computing
while the other one is being reconfigured and getting ready for its next task. It is assumed that
the configuration of one of the two parts starts synchronously with the execution of the other
one, which implies that in order to properly hide the reconfiguration times, the task assigned

to a part has to be long enough in execution time to last at least as long as the configuration
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of the other part. In order to ensure this, the now well known idea of embedding a loop inside
each partition is proposed.

This is made harder, clearly, by the fact that each partition can only occupy half of the
resources on the device, and thus can only fit smaller loop bodies.

The authors’ focus changes in (19), where they try to minimize the computational effort
needed in the design phase as opposed to optimizing the execution further, by exploiting a
library of pre-placed and routed macros as functional units, that the design phase thus only

has to place on the device.

2.2 Regularity extraction

The extraction of regular structures from a given input graph is a valuable step in different
contexts, ranging from software engineering, e.g. in detecting duplicate code (28) both for
plagiarism detection and for optimization purposes, to hardware areas such as VLSI design
(305 |15 |40; |12]).

In (30) and (1)), both of which work at a lower level of abstraction than the one we are
concerned with, propose signature-based approaches to describe the local structure of the design
and thus recognize regular structures.

The authors of (1) try to recognize recurrent interconnection patterns between circuit el-
ements from a known library, in order to optimize placement with respect to area and wire
length. At the core of their proposed approach is the usage of a hash function which, given a
circuit element, takes into account its type and the types of the neighbors connected, in order,

to each of its ports. The described approach aims at identifying blocks of regular functions
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among random instances which are not part of the datapath, in order to place them into the
bit-slices to which they show the closest relation, thus saving communication costs.

The work presented in (30), also in the VLSI design field, has as its objective the identifi-
cation of functionally equivalent slices, i.e. subgraphs of the netlist generated by the system’s
HDL description, in order to ease the subsequent logic optimization step. The proposed ap-
proach starts with the identification of seed sets, i.e. initial groups of known equivalent gates,
to be used as a starting point.

Seed sets are built considering heuristics closely related to the application field, such as
considering successors of high-fanout nodes, or entities with similar names as generated by the
HDL tool. At the core of the described algorithm is an expansion of the already known func-
tionally equivalent slices driven by the comparison of the so-called regularity signatures between
the corresponding entities in each of the slices. These signatures are essentially subgraphs, in-
cluding the neighbors which are candidates for being attached to the slices and the edges which
their inclusion would add to the slice, in order to ensure functional equivalence of the enlarged
slices.

Another way to approach the regularity extraction problem is presented in (40), which
also deals with integrated circuit design. Here, the focus of the work is on recognizing in the
system graph instances of a given set of templates. The authors propose an approach which
involves using a linear representation of the graphs, in form of strings called K-formulas (5)). By
representing the templates to be recognized as K-formulas, the authors formulate the matching

problem as a string matching one, and propose ways to restrict the K-formula representation,
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which in itself would allow a given graph to have multiple legal string encodings, to obtain a
unique representation for a given directed graph.
This work, however, assumes that the template library is given. The template generation

problem is dealt with only to a shallow depth, not being the main focus of the paper.

2.3 Other Partitioning approaches

Work related to specification partitioning can be found in different fields as well: in (24)), the
authors propose an approach to the partitioning of a software program into threads, in order
to run it efficiently on a single-chip multiprocessor architecture. Even if not directly related
to the problem we are tackling, an interesting idea is proposed here: the minimization of the
impact that inter-partition dependencies have on the performance of the partitioned system.

In this approach, the partitioning problem is solved using a heuristic at the heart of which
is the solution of a min-cut problem over a graph encoding the application: the cut generated
this way splits the application into two partitions, severing some dependency edges across the
cut. Each of the edges in the graph is labeled with a weight representing how bad cutting the
edge is likely to affect the latency of the partitioned application, due to different considerations
about the way the author’s architecture works. After performing an initial minimum cut, the
algorithm performs a local search by moving the vertices bordering the cut across the partition,
one at a time, and keeps the version with the best performance metric, i.e. an estimate of
the runtime and the penalty due to the cut dependencies. When no more performance can
be gained through these “balancing” steps, the algorithm stops. If the cut obtained this way

yields a performance improvement over not cutting at all, then the original thread is split and
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two new threads are generated, which in turn will be considered for partitioning in the same
fashion.

As the authors themselves point out, this is a heuristic to a NP-complete problem, and
as such could suffer from getting stuck into local optima. As a last step to their partitioning
algorithm, then, they propose an edge perturbation step, which ensures that each edge in the

application’s graph has at least once been considered for being cut.



CHAPTER 3

BASIC CONCEPTS

Let us establish some background concepts and assumptions for the remainder of this work.
First of all, our purpose is to take the system specification as written by the designer - in a
suitable description language, as we will see shortly in [3.1] - and process it, making it suitable
for implementation on a reconfigurable hardware system by first providing a suitable abstract
representation and then transforming it towards our goal of implementing the system

on a dynamically reconfigurable device.

3.1 Specification languages

Popular ways to specify the desired behaviour of an embedded system include languages such
as VHDL and Verilog, well established in the area of hardware design, but a growing interest has
been recently developing towards executable specification languages, such as SystemC (45]), JHDL
(4). The former two are “traditional” hardware description languages: as such, they require the
designer to design his specification keeping well in mind that the semantics of what he is writing
are not quite the same of what one would expect of a software programming language. This, for
an experienced designer, could be seen as an advantage: the ability of accessing the low-level
details of his design could mean tweaking it performance-wise in ways not accessible from a
higher level of abstraction, much like it happens with programming languages. On the other

hand, however, the majority of people approaching embedded systems design nowadays already
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have quite some software programming experience. For these people, the need of learning a
whole new way of writing code is a discouraging perspective to say the least. This is where
languages such as SystemC come into playﬂ

SystemC is a C++ class library offering hardware-oriented constructs. Its intended use spans
over both the design and implementation phases, with a big advantage towards design verifi-
cation: the specification itself is executable being written in C++. Another advantage from the
point of view of ease of adoption is that experienced software programmers will feel more at
home with SystemC since it allows them to exploit their existing knowledge of object-oriented
approaches. These are the reasons why, throughout the remainder of this thesis, the examples
will refer to a C-like language for the specifications: the increasing popularity of languages such
as SystemC, along with the appearance of commercial offers of FPGA design tools using C as

their specification language (23)), allows us to say this is an acceptable assumption.

3.2  Abstract representation

Having to deal directly with the designer’s description is clearly not a viable approach, we
therefore have to resort to some kind of abstract representation of it that enables us to process
it in a convenient way. Following an ubiquitous approach, which for years has been common in
several fields even other than our own (42)) such as compiler theory (21; 35), debugging tech-

niques (44; 31), and program optimization (29;|14), the most advantageous way of representing

Tt is yet unclear whether a philosophical debate of remarkable breadth, as the one that took place
between long-time FORTRAN developers and the new Pascal “quiche-eating” sustainers in the early
1980s (38), will originate.



23

the desired behaviour of the system being designed is through a graph. An appropriate repre-
sentation of the specification in form of a graph allows us to manipulate it conveniently, and
enables us to take advantage of the work done in the well-established field of graph theory.
Several kinds of graph-like abstract code representations were defined in different contexts,
each focused towards exposing different aspects of the modeled specification. Nonetheless, the

common idea underlying the representations interesting for our purpose is that:

e nodes in the graph represent operations in the specification. In our assumption of dealing
with a C-like code, this means we will have a node in the graph for each operation like a

sum, a subtraction, or the dereferentiation of a pointer.

e edges of the graph represent precedences, or dependencies, between operations. In the
most general form, these can be precedences that arise due to data exchange between

operations, or due to control flow issues.

For our purpose, however, it is necessary to somehow augment the information offered by
such graph, in order to keep track of what kind of operation each node performs: each vertex in
the graph, which corresponds to an operation in the original code, will have to be tagged with
the kind of computation it represents. We will thus have a colored graph.

The representation chosen for this work is the Data Flow Graph, or DFG in short. In
this graph, the edges represent precedences that arise due to actual exchange of data between
the operations they connect. As such, it will also be necessary to keep track of the number-
ing of inputs for nodes that represent non-commutative operations in order to have a correct

representation of the original specification.
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Let us then formalise the kind of graph we will be dealing with, referring to a similar notation

to the one used in (41). Our data flow graph is

G =(0,P)

where O is the set of operations present in the original specification, and P € O x O is the set
of precedences among them. Graph G is assumed to be acyclic. In addition to this, we define

a function

a:0—= A

where A is the set of operation types, such that «(o) is the operation type associated to a given
vertex o.

Moreover, the numbering of inputs is modeled as a function

pw:P—N

which associates each edge (0 — o), where a(0) is a non-commutative operation, to the index
of the input which it provides. It will be assumed that this information is also accessible in a
way that lets us find the ancestor of a node providing the input at a given index.

contains a simple C function, which we will use as a working example of a specifi-
cation in the following chapters. The use of a “traditional” programming language as our input

makes sense since, as we have discussed before, it nowadays becoming more and more common



int test_code( int io, int % ol, int il, int i2 )

{

int al, bl, a2, b2, a, b, ¢, d;

i1 s= 2;
al =il + 1;
a2 = il — 4;
a = al / a2;
i2 x= 4;

bl = i2 + 2;
b2 = i2 — 10;
b = bl / b2;
c = io + 16;
c =c / %ol;
d = io + 24;
d =d / xol;

return (a+b) / (c—d);

Figure 5. A simple piece of code we will use as a working example.
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Figure 6. Data flow graph representing the code in Colors of the nodes represent the
operation type.

to use such languages for writing embedded systems specifications. The corresponding data
flow graph, in which each node is labeled with the line of code it represents, is in In
this graph, the nodes are colored according to the operation they perform; in other words, the
color of a node o graphically represents a (0). Note that some apparently meaningless variable
names appear in the DFG: they are “dummy” variables created by the infrastructure that au-
tomatically generates the graph in order to split statements into elementary operations. More

about the data structures used in the actual implementation will be discussed in chapter [5
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3.3 Intermediate phases

We have now established the starting point for our processing: a directed, acyclic graph as
defined in the previous section. It is now time to define exactly what information we want to
extract from this graph.

Due to the nature of current reconfigurable devices, it is not technologically feasible, nor
probably it would be advantageous, to reconfigure logic portions as small as those needed to
implement a single operation from the specification. We then want to identify portions of the
specification, i.e. subgraphs, which will constitute our processing units, or cores.

Let us then introduce the concept of node-induced sugraph: a subgraph

S = (Os, Ps)

of the graph

G =(0,P)

is defined by its vertex set Og C O, with its edge set subsequently defined as Ps = PN(OgxOg).
As a result of our partitioning phase, we want to obtain a collection of n subgraphs

S1,...,8n, such that (|, ~S;) = O. Each of these subgraphs represents a core, i.e. a pro-

cessing unit that will run independently of others to execute the operations represented by the
nodes contained in the subset.

Our next step is to collapse the original graph so that nodes belonging to the same subgraph

will now be aggregated as a single new vertex. By doing so, we come up with a new interme-
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diate representation, which takes the form of a task graph 7', having the previously identified

subgraphs as its vertices, defined as follows:

T =(Or ={S1,...,5.},Pr C (Or x Or))

with the edge set constructed as

V(0—>OI)EP,((OESJ')/\(OIES]C)/\]'#IC <~ (Sj—>Sk)€PT)

Dependencies in the original specification are all respected if we execute the task graph
nodes according to the precedences among them that we have just defined. In fact, this ensures
the correctness of the execution but might force a suboptimal schedule by enforcing unnecessary
precedences, depending on the structure of the identified clusters (41)).

The nodes of T will afterwards have to be scheduled according to their dependencies, and
at the same time allocated on the reconfigurable device to a suitable location. This scheduling
and allocation phase will have to take into account that each of the identified tasks will have
to be allowed some configuration time before being able to start execution: remember we are
working on a reconfigurable device and, as such, we have to program it before it can carry out
any computation. As has been shown in other work, the time needed to configure some part of
such a device can be modeled with satisfactory accuracy as being affine in the size of the area
affected by the reconfiguration (13). Special attention will have to be paid to issues such as

minimizing the need to spend time reconfiguring the device, e.g. avoiding, in having to place
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a new core on the device, to use the same area currently allocated to another core if it is still
needed for unexecuted tasks; on the other hand, reclaiming the device area used by cores for
which all the tasks that could be run on them have already been executed; trying to minimize

fragmentation of the device area in order to be able to fit larger cores in the unused space.

3.4 Reconfigurable unit size

The class of current reconfigurable hardware devices which this work takes into considera-
tion, i.e. FPGAs, typically present a structure in which the behaviour that the designer wants
to obtain is implemented by mapping it onto a set of configurable blocks which, depending on
the particular device family, might show a different level of granularity (e.g. number of I/O bits
each of the blocks has) and specialization (e.g. only having a set of identical simple logic blocks
such as lookup tables, or also having some dedicated blocks for commonly used functionalities
such as multipliers).

An important aspect to be kept in mind however is that, in general, the device does not
allow each of the logic elements to be configured individually, i.e. the smallest configurable unit
has a size larger than that of a single logic block.

The Xilinx Virtex-II FPGA family, for instance, presents a reconfigurable area modeled
as a rectangle, in which reconfiguration takes place by columns: a whole column has to be
reconfigured even if the designer only wishes to modify one of the logic blocks contained in it.

In this work, we will take this aspect into consideration by referring to Size,e. as the size of
the reconfigurable unit. This will be useful in the definition of metrics to guide the partitioning

phase.



CHAPTER 4

THE PROPOSED APPROACH

This chapter presents the approach to the partitioning problem that was chosen. As is
explained in privileging the identification of clusters showing a great deal of similarity
among them appeared attractive. This problem, however, is computationally intensive and
demands the definition of heuristics for us to be able to treat it. offers some insight into

the two algorithms that were applied.

4.1  Self-Similarity: rationale

As was briefly noted in each of the modules that are identified by the partitioning phase
in our approach will have to be configured on the device prior to being ready for execution.
Moreover, we have to keep into account that if a module is overwritten by another one, and
later it is needed for further computations, it will have to be configured back onto the device.

Unfortunately, the reconfiguration time issue is not of little importance: current FPGA
technology requires reconfiguration times which are typically orders of magnitudes larger than
the actual time which will be spent in the execution of the configured functionality.

These reasons compel us to try and minimize the need for reconfiguration during the execu-
tion of our application. A promising way of doing this is the recognition of recurring structures

in the system specification: if we manage to detect the repetition of similar computation pat-
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terns in different parts of the specification, we can then try to identify a single module that
performs the recurrent computation, and reuse it more than once in the application’s lifetime.

On a higher level of granularity, it’s as if the task graph T defined in [3.3] became a new
data flow graph in which the operation types, instead of being elementary operations as in the
original one, are now whole tasks, comprising sets of the original operations. Our aim is to
detect recurrent structures so that the same ”type” will be associated to more than task in the
graph. Tasks of the same type can be executed on the same core on the device, which we will
need to configure only once thus saving reconfiguration time.

We now have to define what we mean by similar, though. We are looking, for our purpose, for
a very strict kind of similarity. Being able to use the same core, without needing to reconfigure
it in any way, implies that the parts of the specification we consider have to be not only similar,
they have to be exactly the same.

In our context, the translation in graph-theoretic terms of ezxactly the same is isomorphic.
The definition of isomorphism that we take into consideration is somewhat extended to take into
account the peculiar features of our DFG, such as the association of each vertex to its operation
type and the numbering of inputs. Let us first consider the usual definition of isomorphism for

directed graphs:

Definition 1 (Isomorphic graphs) Two directed graphs G1 = (O1, P1) and G2 = (O2, P»)

are said to be isomorphic if there exists a bijection p : O1 — O2 s.t.

(0 — 0') €EpP = (p(o) — p(o’)) e P
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In order to extend the above definition to take into account our “augmented” graph, we add a

couple more constraints:

Definition 2 (Isomorphic data flow graphs) Two data flow graphs G; = (O1,P1) and

Gq = (O, P») are isomorphic if they satisfy deﬁm'tion and, in addition, the following hold:

Vo € O1,a (o) = a(p (o))

and

V(o—d)eP,pulo—0d)=p(pl)—p(d))
where « and pv are defined as in[3.5

Now that we have defined what information we want to extract from our specification, we
need to find an efficient way of doing it. In literature, the problem we are trying to tackle, i.e.
recognizing isomorphic subgraphs inside a single graph, is named the ISOMORPHIC SUBGRAPHS

problem (2; 3)), and is defined as follows:

Definition 3 (Isomorphic Subgraphs) Given a graph G, find two disjoing isomorphic sub-

graphs G1, G2 of G.

Unfortunately, this problem is known to be NP-complete (2) in its general form, so that we are
compelled to either resort to some heuristic, or place some restriction on the structure of the

subgraphs we are looking for in order to be able to make some simplifying assumptions.
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4.2 Partitioning algorithms

As a general approach, it was chosen to clearly separate the partitioning phase into two

steps:

e template generation: detecting isomorphic structures inside the graph can in general
produce overlapping clusters, clusters contained into one another. It becomes then a goal
of primary importance to properly organize and structure the data produced in this phase
in order to ease the process of choosing which clusters to choose for the implementation

of the reconfigurable systems.

e graph covering: once the previous phase has produced a set of templates, each with its
associated set of instances in the original graph, we have to decide which of these to use
as cores in our reconfigurable system. Methods for choosing the most suitable of the
identified subgraphs range from simply trying to reuse the most area, and thus use the
biggest clusters or the most often repeated ones, to more subtle considerations of device

area fragmentation due to the technological structure of the reconfigurable hardware.

As an illustrative example, shows a template, consisting of three nodes, and its two

instances in the same DFG shown in

At the current state of this work, two different algorithms for regularity extraction have

been implemented:

e The first one copes with the inherent complexity of isomorphism extraction by restricting

the structure of the subgraphs it identifies to reversed trees, i.e. subgraphs with only one
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(a) (b)

Figure 7. A template (a) with two instances in a data flow graph (b). This is the same graph

as in [Figire G

output, in which each internal node has only one output as well. This algorithm was first

developed with the goal of recognizing regular structures in datapath circuits .

e The second algorithm, which originated in a purely graph-theoretical setting , adopts a
heuristic to try and recognize pairs of isomorphic SubgraphsEl, i.e. solving the [ISOMORPHIC
SUBGRAPHS problem as defined above, without restricting their structure. The core of
the algorithm is based on the expansion of known isomorphic subgraphs by adding nodes
from their neighborhood, and extending the bijection defining the isomorphism by means

of a bipartite matching.

'For each run of the algorithm, only a pair of subgraphs is produced. Since we are interested in
generating templates with a class of instances, we will have to extend the algorithm in this sense, as we
will see later.
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The following sections give more insight into the two approaches.

4.2.1 Tree-shaped templates

This algorithm, as we will see, works based on the assumption that the input graph is
acyclic, which as we already mentioned is a feature of our data flow graphs. The need for the
graph to be acyclic stems from the fact that this approach requires the nodes to be topologically
sorted in order to achieve its complexity advantage over the general approach. Let us first of
all explain how the algorithm identifies templates in the graph. Algorithm [1| represents the
main loop which goes through pairs of vertices, where the second always follows the first in
topological order, and relies on the function LargestTemplate to detect whether the two are
roots of a common template.

The data structures involved in this algorithm are the following:

e (5 is the input data-flow graph

S is the output that the template generation produces, i.e. a set of templates

o template; ; stores, for each two vertices 7 and j, the common template rooted at the two

vertices, if any

o 700t Nodesiempiate; 1s the set of nodes at which the instances of template; are stored

Remember we are trying to detect tree-shaped templates here. The rationale behind the
way this algorithm works is that, at any iteration, we are trying to see whether a common
template exists that has respectively 7 and j as its roots, i.e. the nodes that generate the only

output of the tree.
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Algorithm 1 identifyTemplates (G)

Require: G is a DAG
S—0
topologically sort the nodes of G
for each node i of G do
for each node j of G following 7 in topological order do
currentTemplate < LargestTemplate (i, )
if template # nil then
template; ; < currentTemplate
if template € S then
74OOt]VOde3cur7“em£Tenprlate — 7400{;]\IOde3curremeeﬂ”Lplate U {Z, .7}
else
S «— S UcurrentTemplate
7"0075]\[0d65cur7’entTemplate A {7;’ ]}
end if
end if
end for
end for
return S

A point worth noting here is that the graph is traversed according to the topological ordering

of its vertices. This means, at any given iteration of the loop the ancestors of the current nodes,

if any, will already have been visited. This is a fundamental point, as we will see, on which the

LargestTemplate function is based.

Once the LargestTemplate function has been computed, if it has detected no common

template rooted at the two current nodes then the pair is simply discarded and we proceed to

the next one. If instead a common template has been detected, then as a first step we perform

some bookkeeping: we update the template; ; variable to account for the fact that the current
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template has two instances rooted at nodes ¢ and j. This information will be used later on,
when the algorithm considers children of the current nodes.

At this point, all that remains to do for the current pair is to see whether the template they
have in common is a known one or if, instead, it is the first time we encounter such a template.
In either case, at the end of the computation for the current pair we will have the template
inserted in set S, and the current pair of nodes will have been added to the rootNodesempiate
set.

Let us now consider how the LargestTemplate function (Algorithm [2|) carries out its task.
In order to understand its workings, we first have to clarify how a template is treated in this
approach to the problem. Thanks to the fact that we are identifying tree-shaped templates, we
can efficiently store them by memorising the type of the root node, and keeping track of which
other templates are children of a given one.

A template is as such composed of two elementsﬂ

e rootF'n is simply the kind of operation performed by the root of the template

e childrenTemplates is a list of children templates, i.e. templates rooted at ancestorsﬂ of

the root node of the current template.

lin the pseudocode explaining the algorithm, this is represented with a C-like dot notation for the
sake of readability

2This might be somewhat confusing, but we must keep in mind here that the term ”tree-shaped” is
used in a somewhat stretched way: we are in fact identifying templates which are shaped like reversed
trees, i.e. their root is a node that has no children inside the template.
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It is of basic importance to note here that, since the graph is visited in topological order,
then the templates which are candidates to be children of the one we are building have, at any
time, already been gemerated.

Other data structures accessed in this function are the same used in algorithm |1, with the
exception of a (+) which we had defined as the operation type associated with a given node (see
. Moreover, we implicitly access p (-) when ordering the ancestors according to the index
of the input they provide.

Given the rather strong assumptions about the kind of templates we wish to generate,
and the restriction to a DAG of the input graph, the way LargestTemplate works is rather
straightforward. First of all, if the two nodes currently being considered represent different
operation types, then we can be sure that they do not have any common template rooted at
them. Otherwise, they do have a common template, even if just of just a node’s size: rootFn
is then set to the common operation type of the two current nodes. Next, the ancestors of the
current nodes are taken into consideration, in order to see whether they have any previously
identified template in common. Once again, keep in mind that due to the topological ordering
of the graph we can assure that these ancestors have already been visited at this time. We
also have to take into account the ordering of the inputs here: the template we are identifying
can be expanded to include two ancestors only if these ancestors provide the same input for
the current nodes. Here is where the template; ; variables are actually used: since templates
for the ancestors have surely already been detected, then we can be sure that, if two ancestors

providing inputs at the same index share a template, we will find it in the respective template; ;
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variable. If such a template is found, then it is added to the childrenTemplates set for the
template currently being generated.

An important point to note is that LargestTemplate only adds a children template if the
ancestors at which it is rooted have a single output. This is done to ensure that the identified
instances of a given template are nonoverlapping, and to restrict the algorithm to maintain the
tree structure when generating templates.

Once all the ancestors have been considered, the current template is ready and can be

returned.

Algorithm 2 LargestTemplate (u,v)
if o (u) # o (v) then

return nal
else
sharedTemplate.rootFn «— « (u)
for each pair (ay k,a, x) of ancestors of u and v providing inputs at the same index £ do
if (ayk,a,r only have one child) A templateau’k,av’k Z# nil then
add templateq, , a,, to sharedT'emplate.childrenTemplates
end if
end for

return sharedT emplate
end if

As an example of how this procedure for template identification works, consider
Note that the figure is intentionally incomplete, i.e. it does not show all of the generated

templates, for the sake of clarity. The templates are numbered in the same order as they would
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; i O childrenTemplates = &
rootrn IrootNodes| = 3

5 i O childrenTemplates = &
rootrn IrootNodesl = 5

3 i . childrenTemplates = {1,2}
rootrn IrootNodes| = 3

Figure 8. Example of how tree-shaped templates are generated. In (a) we show the way the
generated templates are stored, while (b) shows where the identified templates have their
instances in the graph.

be generated, i.e. ancestors first. Once it has generated templates 1 and 2, the algorithm
would then generate template 3 and, noticing that ancestors of the root nodes of template 3 are
roots of the same previously identified templates, would add them to the childrenTemplates
for template 3.

We have now explained how this algorithm identifies templates in the graph. We still have
to look into how it performs the second step, i.e. the covering of the graph using the generated
templates. Algorithm [3| shows the adopted approach to this task: first of all, we perform

the template identification step as outlined in algorithm We then choose one out of the
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identified templates according to a heuristic, represented here as a chooseTemplate function,
which represents the fitness a template has to being implemented as one of the configurable
units. Some ideas about how to define this heuristic will be discussed later. Once a template
has been identified, we simply consider all of its instances one by one (by going through the root
nodes of the chosen template) and, if they do not overlap with other instances, we identify a
cluster in our partitioned graph containing the vertices belonging to the current instance. The
last step in the algorithm is the removal of the vertices covered by the current chosen template
from the input graph. The new G, lacking the vertices already covered, is then passed through

another template identification step, and so forth until no more templates can be identified.

Algorithm 3 Graph Covering using Tree Templates

repeat
templates «— identifyTemplates (G)
chosenTemplate < chooseT'emplate (templates)
coveredVertices « ()
for each node n in rootNodes hosenTemplate A0
if vertexSet (chosenTemplate,n) N coveredVertices = () then
create a new cluster containing vertexSet (chosenTemplate,n) in the partitioned
graph
add vertexSet (chosenTemplate,n) to coveredV ertices
end if
end for
remove the nodes in coveredVertices from G
until templates = ()
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4.2.2 Unconstrained shape templates

Let us now move on to the second approach to template generation that was implemented.
This method generates templates of unconstrained size, and employs a heuristic at the heart
of which is the solution of a bipartite matching problem in order to extend the isomorphism
bijection between two knowingly isomorphic clusters to new nodes chosen from their neighbor-
hoods (3} [41)). As a starting point, the original definition of the algorithm used single nodes.
In our setting, it appears viable to start from sets of vertices of cardinality twoﬂ

Our first step, then, is to generate initial sets of subgraphs which are isomorphic by con-
struction. As we can see in algorithm [ we iterate over the edges in the input graph, and
classify them in sets according to the operation types of source and destination, and in addition
according to the input number provided by the edge. This way, the sets we build will actually
contain a class of isomorphic subgraphs, of size 2 vertices. These are the isomorphic “kernels”
which we will use as starting points for the proper isomorphism detection algorithm. Once we
have generated the initial sets, so that all the edges have been classified, we sort them by de-
creasing order of cardinality. The rationale behind this step is that the most numerous sets will
be the best candidates to produce templates with the most instances, so that if in a later step

we decide to stop the template generation at a certain point, we will already have considered

the most promising starting sets.

las we will see later in chapter this is also due to the data structure used for the implementation
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The following statement, on the other hand, decides which sets are to be discarded a priori,
e.g. the ones that only have one edge in them are useless from our point of view.

At this point, we are ready to actually start running the core algorithm. In this first expo-
sition of our approach, we will assume the algorithm is run, in the context of each starting set

invocations

1, for every possible pair of edges. This means that, for each initial set I, W

of the algorithm will occur.

Algorithm 4 Template generation - unconstrained shape

for each edge (s — d) in graph G do

as — a(s)

ag — a(d)

p—p(s —d)

add (s — d) to set I,
end for

sort the I sets in decreasing cardinality order
prune the less promising I sets
for each set 173 , to be considered do
for each pair ((s1,d1), (s2,d2)) of edges in I3: , do
expandTemplate( current edge pair )
end for
end for

Let us now consider how the template expansion step, which constitutes the core of this
algorithm, works in detail. The first operations, as is shown in algorithm 5] are the initialisation
of V1 and V5, i.e. the sets that contain the vertices belonging to the two clusters being expanded.

V, i.e. the bijection that defines the isomorphism between the two clusters, is also initialized.
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¢

P holds a queue of pairs of isomorphic vertices, and acts as a “work list” for the algorithm: if
a pair of nodes is in P, then neighbors of those two nodesE] will be considered for expansion of

the isomorphism relation and, thus, of the clusters themselves.

Algorithm 5 expandTemplate ((s1,d1) , (s2,d2))

1: Vi« {81, dl}

2: Vo «— {82, dQ}

3.V «— {(81,52),(d1,d2)}

4: empty queue P

5: enqueue (S1,52),(dy,d2) into P

6: while P is not empty do

7. (e1,c2) « dequeue from P

8 Nyt < enumerateN eighbors (c1)

9:  Nyight < enumerateN eighbors (c2)

10:  formulate the matching problem between the elements of Nj.r; and Nygne
11:  for each pair (n;,n,) in Niepr X Npjgne do
12: Wn, n, < computeMatchingW eight (n;, n,)
13:  end for

14:  matching < solveMatching()

15:  for each match (m;, m,) in the solution do
16: if isomorphismCheck() = true then
17: Vi—WVu {ml}

18: Vo — Vo U {mr}

19: V<—VU{(ml,mT)}

20: enqueue (my, m,) into P

21: else

22: discard the current match

23: end if

24:  end for

25:  classifyTemplate (Vi,Va,V)
26: end while

Iwhich do not already belong to the clusters
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We then get to the main loop of the algorithm, which is run until the queue P is empty. The
first element in queue is considered, and two sets Nj.r; and Nm-ghﬂ are filled with, respectively,
the neighbors of the first and second nodes in the pair dequeued from P. It is worth noting
here that, in our version of this algorithm, both neighbors encountered along edges leaving the
current node, i.e. successors, and edges entering the current node, i.e. ancestors, are taken into
consideration.

Once the two neighbor sets are built, we compute the weight, i.e. the “goodness” of ev-
ery possible match between the two. This is represented in algorithm as a call to the
compute M atchingW eight function. In the currently implemented version of the algorithm,

the considerations involved in the computation of the matching weights are:

e a negative weight is assigned if a matching would surely not produce an isomorphic ex-

pansion of the clusters, i.e.

— the two nodes involved in the match implement different operation types

— the edges leading t(ﬂ the neighbors involved in the match provide different input

numbers

e the matching weight is increased if the nodes being matched have the same fanout and
fanin, this is likely to increase the probability that further expansions will be possible

starting from the new nodes.

L4left” and “right” with reference to the bipartite matching problem they will be used to define

20r coming from, since we also consider ancestors
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Once we have assigned the matching weights, we proceed to solve the matching problem. In
the current implementation, the bipartite matching problem is formulated as an ILP problem
and solved that way.

With the solution to the matching problem ready, we still have to verify if adding the nodes
that ended up being matched actually does yield subgraphs that are isomorphic. We then
perform a local isomorphism check to the nodes candidates for being added to our clusters, which
is represented by the isomorphismCheck function. If the new nodes pass the isomorphism
check, they are added to the clusters, and the needed updates to the isomorphism bijection and
to the queue are made. Otherwise, the match is discarded since it has proven to not produce a
useful addition to our clusters.

At this point, neighbors of the current node pair dequeued from P have been considered,
and the useful ones have been added to the clusters. We now proceed to classify the new pair
of isomorphic graphs that we have obtained, i.e. the node-induced isomorphic subgraphs which
have V; and V5, as their vertex sets, in order to find out whether they belong to any already
identified isomorphism class and keep track of it. This is represented by the classifyTemplate
call, and is the last operation carried out for a given pair extracted from the queue P.

When the current clusters have been expanded to a point where no more neighbors can be
added to produce bigger isomorphic subgraphs, the queue will empty and the algorithm will
stop.

A simple example of how the algorithm works can be seen in For each step of the

algorithm the current pair of clusters is shown, along with the contents of the expansion queue
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P, the matching that is performed between the neighbors of the first pair of nodes in the queue,
and the nodes added to the clusters in this step, if any. The first step is simply the situation at
the initialization of the algorithm: the clusters that are being expanded still include only two
vertices each, and both pairs of vertices are present in the queue. The dark green vertices are
considered first, and the matching between their neighbors produces the addition of the orange
nodes. The light blue node is not added in order to keep the subgraphs from overlapping.
Similarly, in the next step the yellow nodes are added to the two subgraphs. Every other pair
of nodes in the expansion queue would, at this point, only produce overlapping subgraphs, so
that no further expansions are carried out and the algorithm stops.

Let us now consider the local isomorphism check step, which was mentioned above. At
a first sight, it may seem that making sure the operation types for two neighbors match is
enough to ensure the isomorphism of the clusters with the neighbors added to them. This is
not quite true: we must keep in mind, in fact, that we are considering node-induced subgraphs,
i.e. subgraphs which include the vertices in their vertex set and all the edges from the original
graph that have both source and destination in the subgraph. illustrates this problem
with a simple example. In the figure, the six nodes surrounded by the grey area are already
part of the two isomorphic clusters, which consist of three nodes each. The nodes labeled ¢
and ¢, as in the algorithm’s pseudocode, are part of the pair that has been dequeued from
P and whose neighbors are being considered for addition to the clusters. After the matching

problem has been solved, the nodes labeled m; and m, have been matched. Their operation
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P={ ((DED).(COCD) }

e

EDED) is added

P={ (CDCD).(@©ED) }

(C2C)) is added

P={ (@D.ED),(CCD)}

No more additions
are possible,
expansion stops.

Figure 9. Unconstrained Shape Template generation: example
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Figure 10. Local Isomorphism Check: example

type is the same, but adding them to the clusters would not produce isomorphic clusters of size
4!

Notice, in fact, how adding m; and m, to their respective subgraphs would also cause the
addition of the edges from m; to the light blue node and from m, to the yellow node. The
resulting subgraphs would then not be isomorphic.

In order to avoid this kind of issue, the local isomorphism check has been implemented as
is shown in algorithm [6f The idea behind the check that is performed is indeed pretty simple:
we build two sets, e; and e,., which represent respectively the edges that would be added in the
left and right clustersﬂ if we added the node currently being checked. Each edge is represented

by a triple, (inout, pair, 1), in which:

Left” and “right” are still intended as the left and right sets of the bipartite matching
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e inout can take two values: in if the edge being described has the newly added node as its

destination, or out if the opposite happens

e pair is the pair of nodes in the isomorphism bijection to which the node already in the

cluster which is the source (or sink) of the current edge belongs

e 4 is the input number provided by the edge

The algorithm for local isomorphism check simply populates the two sets, with edges to and from
the nodes being considered for addition to the clusters. When the sets have been populated,
a simple comparison is performed: if the contents of the two sets are the same, then the local
isomorphic check is passed. Otherwise, addition of the two new nodes is rejected.

One last step remains to be taken into consideration to complete our explanation of this
template generation method: the classifyTemplate step. We store information about the
classes of isomorphic subgraphs that we have identified up to now in the class; sets. In other
words, every index ¢ identifies a template, which has as its instances the members of the class
class;. The template classification step works (as is shown in algorithm @ by first checking
whether classes already exist that contain either the first or the second cluster.

As a reminder, at the time when this procedure is performed we have two subgraphs, based
on the vertex sets Vi and Vs, which are known to be isomorphic. Due to the way we invoke
expandl emplate multiple times, there will be instances in which one of the two, or both, current
subgraphs have already been generated, even if from a different sequence of expansions.

We now behave differently according to whether V7 or V5 already have been classified or

not:
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Algorithm 6 isomorphismCheck

e — 0

er — 0

for each edge (m; — o) € edges (G), with o € V; do
1 — e1U {out, (0, V (0)) , s (my — o))

end for

for each edge (m, — o) € edges (G), with o € V5 do
er — e, U (out, (V7' (0),0),p(m, — o))

end for

for each edge (0 — my) € edges (G), with o € V; do
el — e U (in, (0,V (0)), (0 — my))

end for

for each edge (0 — m,) € edges (G), with o € V5 do
er — e, U (in, (V71 (0),0),p(0 — my))

end for

if ¢, = e, then
return true

else
return false

end if

e if neither V; nor V5 belong to a class yet, then we simply create a new one for the two of

them

e if one of Vi and V5 belongs to a class, but the other does not, then we simply add
the one that still isn’t found in any class to the class which already contains the other.

Isomorphism is a transitive relation.

e if both Vi and V5 already belong to a class, then we behave as follows:
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— if they belong to two different classes, then it means that the two classes are actually
the same, due to the transitivity of the isomorphism relation. We then proceed to
merge them.

— if they belong to the same class, then it means they have already been identified and

expanded further, so that we can stop considering the present pair of clustersﬂ

After the templates have been generated and classified into equivalence classes as was pre-
sented above, we have to choose which ones to use to produce our task graph. An idea of
how to proceed with the data produced in this fashion is outlined in algorithm [§} we simply
apply a certain heuristic in order to select the template to use - more on this in |4.2.3 - and
use all of its instances to cover the graph, and then proceed to removing all the instances of
other templates that overlap with any of the clusters just covered by instances of the selected
template. Templates that after this step are left with less than two instances are removed, since
at this point they do not expose any additional regularity in the specification.

4.2.3 Graph covering

As we have seen above, different ways can be devised to extract regular patterns from a given
system specification in the form of a data-flow graph. The bottom line is, however, that once we
have performed the so-called template identification step, we are left with a set of equivalence

classes, each containing two or more isomorphic subgraphs. These classes potentially show

'In doing so, however, we might prevent the algorithm from exploring some of the possible patterns.
This is due to the fact that the two clusters, even if they already are in the same class, have probably
been generated from a different sequence of expansions than the current one and, as such, will probably
also have different queues.



Algorithm 7 classifyTemplate (V1,Va,V)

i1 < findClassIndex (V1)
ig — findClassIndex (V3)
if ’il, ig = nil then
create a new class classy,
classy — {V1,Va}
end if
if i1 = nil A\ i3 # nil then
add V; to class;,
end if
if i1 # nil A is = nil then
add V5 to class;,
end if
if i1 # nil A\ is # nil then
if il 75 ig then
class;, < class;, U classia
classi, —
else
abort expansion of the current clusters: P « ()
end if
end if

Algorithm 8 Graph covering step

while there still are usable instances in class; for at least one ¢ do
k « selectTemplate()
generate a task graph node for each of the instances in classy
for each 7 do
for each instance u € class; do
if uNuy # 0 for any uy € classy then
remove u from class;
end if
end for
if |class;| < 2 then
delete class;
end if
end for
end while
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very different characteristics from one another, both in size of the subgraphs (be it simply the
number of vertices or a more refined estimate of the hardware resources needed to implement
the given pattern) and in their structure (e.g. the number of connections that nodes inside the
pattern have to and from vertices not belonging to it).

We then have to define a way to choose which of the generated templates is better, i.e.
more suited to being efficiently implemented as a configurable hardware unit. Different metrics
to this end have been considered, among which are some very straightforward ones like the

following;:

e Consider the template that has the largest size first, also known as LF'F' (Largest Fit First)
heuristic (12). The point of such choice is to allow greater optimization possibilities to
later stages of the design flow, i.e. intra-module placement and routing, but has the
potential adverse effect of choosing templates so large that they could use up a big part

of the device, thus leaving little room for configuring more modules at the same time.

e Consider templates with the most instances first, also known as the MFF (Most frequent
Fit First) heuristic (12). Conversely, this approach allows for more moderate area usage
in that it tends, in principle, to maximise reuse of the identified units possibly at the

expense of a worse schedule length in the implemented system.

Due to the properties of our target hardware devices and to the way we plan to implement
later stages of our workflow, though, we can propose some more specific metrics to tackle the

template selection problem.
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As we pointed out in the size of units which the devices allow to be reconfigured is,
in general, not a single logic block. Our goal to obtain a dynamically reconfigurable system in
which a core can keep working regardless of other parts of the device being reconfigured, it is
clear that this can only be achieved if the sets of reconfigurable blocks occupied by each core
do not overlap at any given time.

This also means that, if a given core does not use a whole number of said reconfigurable

units, some device area will be wasted. We model this by writing

ACOT‘E

Siz€rec

Aused = ’7 —‘ Sizerec

, i.e. the actual area used on the device by a given core is the size effectively occupied by the
core’s logic rounded up to the next reconfigurable unit.

Let us now get back to the actual goal we are trying to reach: the scenario in which
dynamical reconfiguration is interesting is one in which the area offered by the device is not
enough to implement an optimal scheduling for the whole specification. In this respect, one
of our objective has to be the optimization of area usage. One of the aspects we might take
into consideration when choosing which templates to employ as cores, then, is how much of the
entire specification is potentially implemented by that template with its instances, which we will

|U; instance; |

denote as T or i.e. what fraction of the total vertices of the data flow graph are covered

by the template’s instances.
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We could, under these assumptions, consider such a metric to choose which template to

consider:

Aysed |U; instance;|
Adevice ’O|

which privileges templates covering a large part of the graph while occupying a small fraction
of the device.

Yet another consideration could be trying to minimize the cost of inter-core communication,
which could be evaluated in our representation as the number of edges crossing a subgraph’s

borders, i.e. for a subgraph with vertex set V' defined in a graph G = (O, P):

’{(01—>02)EP‘OlEV/\02¢V}U{(01—>02)€P|01QéV/\OQEV}‘

Note that this approach is similar to that used for other partitioning scenarios, such as in (24).



CHAPTER 5

IMPLEMENTATION

This chapter provides some detail about the actual implementation that was carried out for
this thesis work, including some insight on the structure of PandA, a research software project
which provided the data structures for the implementation of the current work (5.1.1]), and the

Boost Graph Libraries (6 43), extensively used in the development of this project ([5.1.2)).

5.1 Data Structures

The implementation for this thesis work was developed in the context of PandA, a research
project currently in active development by the microarchitecture research team at DEI, Politec-
nico di Milano, Italy. The primary objective of PandA is the development of a practically usable
framework to enable the exploration of new ideas in the field of hardware-software co-design.
One of the goals being currently pursued is the definition of an efficient high-level synthesis
tool that, starting from C, C++, or SystemC system descriptions generates synthesizable VHDL
RTL descriptions.

The software framework being produced by the PandA project is, however, designed with
extensibility and modularity in mind: it defines data structures that allow easy access to the
system specification by means of abstract representations suited to being used for several pur-
poses, among which the experimentation of new approaches in the reconfigurable hardware

field.

o7



o8

5.1.1 The PandA framework

As was briefly noted above, the PandA framework was structured in a modular fashion;
more precisely, it is composed of several sub-projects which tightly interact together. The most

relevant of these subprojects include:

e behavioral description layer, whose responsibility is that of translating a behavioral de-
scription of a system, which in our case is a C, C++, or SystemC description, into an

intermediate representation usable by the rest of the framework.

e graph, technology, and circuit layers: this subproject introduces a level of abstraction
between the behavioral description layer and the alrogithms that make use of the sys-
tem specification, such as the synthesis algorithms, with the aim of defining a common
intermediate representation independent from the original encoding of the specification.

Among the information managed by this subproject, we have:

— the system specification itself, encoded in several formats emphasizing different as-
pects of it such as Control Flow Graph (CFG), Data Flow Graph (DFG), System
Dependency Graph (SDG).

— a description of the technological resources available for the subsequent synthesis
steps, especially useful for the HLS scenario.

— a schematic description of the system, i.e. the circuit structure given for example by

the SystemC description.
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System Description
(e.g. SystemC)

Updates

Designer PandA team

ipgec T

gec frontend

IR : Tree Gimple

____________________________

file: gcc
tree
dump

______________

__________

Parsing of the gcc dump;
tree construction

tree_manager

v

Tree Walker; graph construction

tree_to_graph

Boost graph representation

D CDC

graph_manager

Figure 11. PandA: behavioral description layer

e high-level synthesis layer, with the aim of developing a high-level synthesizer producing
the controller and data-path from a given input specification. This subproject includes
an infrastructure for the development of scheduling algorithms, a fundamental phase of
the high-level synthesis flow. Among the currently implemented scheduling algorithms,
we have both heuristic (e.g. list-based) and exact (i.e. integer linear programming-based)

approaches.
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The areas of this infrastructure that interact most closely with the software developed for
this thesis are the graph layer and, necessarily, the behavioral description layer that generates
the graph data from high-level system specifications.

Let us briefly consider how they are organised. The behavioral description layer, as we
noted above, is devoted to translating the system specifications from a high-level language to a
representation usable by the rest of the framework. The first step in such a task is undoubtedly
the parsing of the input code, certainly not a trivial task for a language of the complexity of
C++. The choice was made to use a readily-available parser of proven stability: the one included
in the GNU GCC compiler suite. A patch set is maintainedlﬂ by the PandA team in order to add
to GCC the ability to produce a dump of its internal representation containing all the needed
information for our purposes. Using GCC as a parser allows us to delegate to it such compiler
optimizations as loop unrolling and constant propagation. An overview of how this subproject
is organized can be seen in the system specification as written by the designer is first
fed into the patched version of GCC, labeled as p-gcc in the figure. After having been parsed
and applied basic optimizations, the specification is dumped into a file, which substantially
contains a syntax tree-like representation of the specification. This is the input format that the
actual PandA code understands.

This representation is then read by a subsequent parser, which reconstructs the tree struc-

ture and extracts the hierarchy information from SystemC specifications (tree manager in

La the time of writing, patches are available against the tree-ssa branch of GCC 3.5 and against GCC
4.0.
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. Once this tree has been constructed from the input file, it is visited in order to build
the graph representations. These representations are kept consistent by the graph manager,
shown as the bottom layer in the figure, and are actually managed as different views of the
same information.

We have thus summarized how PandA constructs its internal representation starting from
a high-level system description. The PandA framework is slated to be released in the summer
of 2006 under the GNU General Public License(16).

The next section presents a brief overview of the way the system specification is represented
and accessible inside PandA, especially for what concerns the aspects most relevant to the

implementation that was carried out for this work.

5.1.2 The Boost Graph Library

Boost provides a set of free, portable C++ source libraries. The Boost developers group, some
members of which are also involved in the official C++ standard committee, aim at maintaining
libraries that work seamlessly with the C++ Standard Template Library, extending it, and
encourage usage in both commercial and non-commercial settings. Some of the libraries proviced
by the Boost project are already being taken into consideration for inclusion into the C++
standard. One of the libraries provided by the boost project, which is heavily exploited by
the PandA framework, is the Boost Graph Library (BGL). This library offers a standardized,
generic interface for building and traversing graphs, thus enabling the reuse of algorithms and
data structures that would otherwise have to be adapted to the particular graph representation

adopted. This is one of the main contributions of the BGL, which to this end provides different
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graph representation models ready for use, among which adjacency lists and adjacency matrices,
the latter especially desirable for dense graphs.

The library offers a great degree of customizability, allowing the user to simply specify
whether graphs should be directed or undirected, whether they should be traversable only along
the edges direction or in the reverse direction as well, or to which degree the representation
should be tuned towards access speed at the expense of memory usage.

The Boost Graph Library is also fully interoperable with the Boost Property Map Library,
thus allowing us to label objects in our graphs, i.e. vertices and edges, with custom data
elements to carry whichever additional information we need. This is of particular relevance in
this work, since it enables us to implement the needed “coloring” of the nodes according to
their operation type in a straightforward way.

Other features meaningful to this work that are offered by the Boost Graph Library include
the possibility of representing subgraphs, and of defining filtered views of graphs, which selec-
tively hide some of the features of the graph according to a specifiable criterion. The former
feature allows the user of the library to create a hierarchical structure of subgraphs, organized
in a tree in which the original graph is the root, and each subgraph can in turn contain further
subgraphs. The abstraction offered to the programmer is that subgraphs can be manipulated
as regular graphs when it comes to visitor algorithms and such, yet their features such as vertex
and edge labels are shared with their parent graph so that modifications to a (sub)graph are

propagated to its ancestors and descendants in the subgraph tree. This feature is clearly useful



63

for our purposes in that it allows us to represent the partitioned Data Flow Graph, i.e. the
final result of the partitioning phase.

Finally, the possibility of defining filtered views enables us, by means of a filter implemented
as a C++ functor object, to selectively hide parts of a graph. This is most useful in those cases
in which the algorithms require to e.g. remove nodes from the DFG, in that by exploiting this
feature we can accomplish the same effect without having to first create a separate copy of the
graph, thus saving memory and time.

As an example of the data structure produced by PandA from C code, contains
the Data Flow Graph automatically generated from the code in i.e. the same graph

used in previous examples.

5.2 The Partitioning Phase

The partitioning algorithms described in [f] were implemented as part of the PandA frame-
work, as such they take advantage of the features of the graph representation built by the
behavioral description layer described above.

In order to allow for some degree of extensibility, an abstract interface was defined for the
partitioning stage; this sets a clear point of contact between the partitioning phase and the
subsequent scheduling step while allowing us to easily add other partitioning algorithms to be
used by our workflow keeping the needed changes to a minimum. A class diagram depicting
this hierarchy can be seen in The picture also shows a TemplateEvaluator class:
it is an interface that allows different heuristics for template selection to be ”plugged in” to be

used in the graph covering phase.
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RecPartition
- original_graph
+ setStartGraph()
+ performPartitioning()
- selectTemplate

TreeRecPartition || UnconstrainedRecPartition

TemplateEvaluator

MFF_TemplateEvaluator l l LFF_TemplateEvaluator

Figure 13. Partitioning phase implementation: class diagram
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The two regularity extraction approaches described in chapter 4] were implemented, and

CHAPTER 6

RESULTS

tests were carried out on some significant benchmarks.

shows the results of the template identification phase run on some example applica-
tions. For each application, the number of nodes and edges in the generated DFG is reported.
For the two algorithms, the table shows the number of nodes contained in an instance of the
largest template identified, along with the number of instances of said template detected in the
graph. The total number of identified templates, along with the time taken for computation,
is also reported. As was expected, the algorithm detecting templates of unconstrained shapes
is able to extract a greater amount of recurrent structures, which translates in detection of a

much larger number of templates. The biggest templates identified are also larger, with the

drawback of having a longer computation time.

TABLE I

Template Identification: Number of templates, maximum sizes

Tree templates

Free Shape Templates

Benchmark | |V| | |E| || Largest ‘ #Inst ‘ #Tmpl ‘ Time | Largest ‘ #Inst ‘ #Tmpl ‘ Time
AES - encryptblock | 440 | 826 16 3 151 6.7 sec 132 2 6790 19.1 sec
AES - decryptblock | 504 | 954 19 3 162 8.8 sec 147 2 11006 | 35.9 sec
DES - des_encrypt | 287 | 509 38 4 57 2.8 sec 100 2 1802 6.1 sec
FDCT | 232 | 416 6 6 40 1.7 sec 62 2 1470 4.7 sec

66
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The reported computation times include all the processing performed by the PandA frame-
work, i.e. the parsing of the dump produced by gcc and the construction of the graph rep-
resentation, along with the actual time taken by the algorithms implemented for this thesis
work. The results were generated by running a single template identification run, with no
graph covering step following it.

Let us now consider some data about the whole partitioning process, including the graph
covering phase. summarizes the results of the partitioning step, including the graph
covering phase which was excluded from the data in using the same input specifications.
For the generation of this data, the partitioner was instructed not to use templates of size smaller
than five nodes for covering the graph. For each of the specifications considered, partitioning
was carried out using both template generation approaches, and for each of these two template
choice heuristics were applied: LFF (i.e. Largest Fit First) and MFF (i.e. Most Frequent fit
First).

The results reported here include the percentage of the graph that the partitioner was able
to cover with instances of identified templates, in terms of number of nodes covered over total
number of nodes in the specification graph, the total number of template instances that were
used for covering said part of the graph, and the computation time taken to carry out the
partitioning.

A few observations can be made about these results: one could be surprised seeing how the
free-shape template algorithm does not always reach better coverage percentages than the tree-

based one, which intuitively should happen seeing as it identifies a greater variety of isomorphic
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TABLE II

Graph Covering: Results with MFF, LFF heuristics
Tree Templates Free Shape Templates
LFF MFF LFF MFF
Benchmark % ‘ #lInst ‘ Time % ‘ #Inst ‘ Time % ‘ #Inst ‘ Time % ‘ #lInst ‘ Time
AES - encryptblock || 85.2% 35 11.9 sec | 57.5% | 45 12.0 sec || 74.3% 6 324 sec | 32.7% | 32 | 32.9 sec
AES - decryptblock || 90.28% | 42 | 16.8 sec | 62.6% | 58 | 15.53 sec || 85.31% | 12 | 61.5sec | 51.7% | 52 | 63.9 sec
DES - des_encrypt | 67.9% 11 3.7sec | 57.8% | 32 3.6 sec 90.5% 4 8.3sec | 59.6% | 31 8.3 sec
FDCT || 35.3% 14 2.1sec | 35.3% | 14 2.1 sec 76.7% 4 6.4sec | 53.8% | 25 6.2 sec

subgraphs, thus giving more freedom to the graph covering phase. The reason for this is that the
covering phase only looks for nonoverlapping graph coverings, i.e. solutions in which the clusters
do not overlap with each other. As such, the choice of a template can greatly influence the
alternatives that are available for choosing the subsequent ones. Since the considered heuristics
for template choice only consider the templates themselves or their number of instances, with
no consideration of the impact that each choice could have on the availability of the remaining
templates, such results are not unlikely.

However, we can observe how the free-shape algorithm, especially when used with the LFF
metric for template choice, produces covers composed of much fewer templates, which makes
sense accdording to the data in which showed how the free-shape algorithm generally
identifies templates of much bigger size.

In order to gain some further insight on the kind of data we are able to extract from the
structures that were implemented for this thesis work, let us consider the AES - encryptblock
example at a deeper level of detail, when processed by the free-shape template algorithm.

Figure [6] shows how the identified templates are distributed among the different sizes, in terms
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Figure 14. AES - encryptblock: template size vs. number of templates

of nodes enclosed in a single cluster. It is rather interesting to see how the number of identified
templates rises to a maximum for medium sizes, and then decreases to just 1 for the biggest
template. This behavior, it is worth mentioning, can be explained with a closer look at the
code that specifies the input for this example: the biggest template accounts for a rather large
block of C code repeated twice, which on another note is a good example of the kind of features
we are trying to identify.

Another perspective is the one considered in figure 6], where we show the maximum number

of instances for templates of a given size. Quite expectedly, templates of small sizes tend to
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Figure 15. AES - encryptblock: template size vs. number of instances

have a larger number of instances, which decreases as the template size goes up. After a certain
point, only two instances are found in the graph for every template.

To further analyze the behaviour of this approach on the same example, consider figure
[l In this graph, we show the ratio between the number of edges internal to the clusters and
the number of edges crossing the cluster’s border, for a single instance. The rationale behind
extracting such data is on the one hand to estimate the communication burden that would be
necessary to implement a given template as a reconfigurable module, and on the other hand to
have an idea of how well the algorithm does at identifying clusters which are indeed ” processing

units” with tightly interdependent operations inside of them but loose dependencies with other
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Figure 16. AES - encryptblock: template size vs. internal/boundary edge ratio

parts of the specification. For each template size, we show both the "best” template, i.e. the
one with the highest ratio, and the average ratio computed among all the templates of that
size. The two lines tend to collapse onto each other at the far right side of the graph, since
there is just one template of maximum size.

The same internal/boundary edge ratio shown in figure |§| for the AES - encryptblock
benchmark was adopted as a metric for template choice, in order to privilege templates with a
tight communication pattern between operations included in their instances whilst being loosely

tied to external nodes. The results for the same four benchmark specifications used before, for

the free-shape template approach, are shown in



Graph Covering: using internal/boundary edge ratio as a metric for template choice

TABLE III

| Benchmark || % [ #Inst |
AES - encryptblock || 74.1% | 22
AES - decryptblock | 70.8% | 20
DES - des_encrypt | 87.8% 8
FDCT || 73.3% 4
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CHAPTER 7

CONCLUSIONS

7.1  Accomplished goals

A partitioning approach was defined and implemented which, starting from a system specifi-
cation written in a high-level language, detects recurrent structures and produces a partitioned
specification in which the identified clusters are instances of repeating templates in the original
graph.

Two algorithms for regularity extraction were implemented, one of which was found in lit-
erature (12)). The implementation work for this thesis was carried out using the data structures
provided by the PandA framework, extending it appropriately. The algorithms thus had to be
adapted and extended to work in our setting. Their performance was compared with regard to
the size and number of regular structures identified by the two approaches, as well as the time

taken to perform their task.

7.2  Future development

This thesis work is part of a larger effort, the final goal of which is a complete workflow
for implementing a given system specification as a dynamically reconfigurable system. As was
outlined in [3] this involves not only partitioning the specification into cores to be implemented

as (re)configurable modules, but also a scheduling and placement step in order to decide when
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each module should be configured on the device, and its position as well. This latter part of
the approach we propose is the natural next step towards the achievement of our ultimate goal.

Another way of improving this work is the definition of more refined metrics for the choice of
the templates used in the final partition: as of now, we consider the size of a given template or
the number of its instances, i.e. we privilege templates that cover a bigger fraction of the original
graph. Some ideas for more refined metrics have been suggested in [£.2.3] which again are based
on the structure of the identified templates and on technological considerations such as the
reconfiguration granularity offered by the device. Moreover, some kind of feedback mechanism
from the subsequent scheduling and placement phase could be defined: the scheduler could e.g.
request the partitioner to produce templates of a given size due to the area availability that it

is facing.
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