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Preface

This thesis presents fundamental work in the area of multitasking on dynamically reconfigurable
processors. The main objective is to investigate necessary mechanisms in order to build a true multi-
tasking execution environment on such devices.

Reconfigurable devices promise to be a valuable alternative to conventional computing devices
such as general-purpose processors and application specific integrated circuits. The hardware circuit
of reconfigurable architectures is not static but adapted to the target applications at the run time.
Through dynamic hardware customization, reconfigurable architectures potentially achieve a better
performance than microprocessors while maintaining a higher level of flexibility than application
specific integrated circuits.

Due to the increase of logic capacity of modern fields-programmable gate arrays expanding be-
yond millions of system gates, and through the broad use of coarse-grained dynamic reconfiguration,
it has become feasible for several applications to share a single high density device. In other words,
reconfigurable hardware devices can now execute several hardware tasks in parallel. However, devel-
oping applications that share a device is difficult as the current design flow assumes the exclusive use
of the underlying reconfigurable resources, and critical mechanisms for a multitasking environment
on such devices are still immature.

The use and implementation of similar mechanisms modeled on a microprocessor-based software
operating system would allow the full benefits of multitasking on dynamic reconfiguration systems
to be realized. In this thesis, based on equivalent concepts found in the software domain with specific
characteristics of hardware implementation, several necessary mechanisms to support a multitasking
environment on dynamically reconfigurable processors are presented.

Specifically, I consider following issues: (1) how to improve the throughput in data flow driven
applications by using an appropriate application model and a mapping algorithm to map a target
application onto a underlying coarse-grained reconfigurable device consisting of multiple hardware
execution units, (2) how to implement a preemption mechanism for hardware tasks, (3) how to extend
the multi-thread execution model in a tile-based architecture into a multicore architecture, and the
impact of the core size on performance and internal fragmentation in a multicore reconfigurable
architecture.

Efficiently mapping applications partitioned into multiple threads of control or tasks onto a

coarse-grained dynamically reconfigurable processing array is crucial for further exploiting the par-



Preface ii

allelism of applications. Basically, a certain speedup of reconfigurable devices over traditional mi-
croprocessors can be achieved by exploiting the inherent parallelism of a target application at a larger
scale apart from instruction-level parallelism. However, in many cases, the parallelism of an appli-
cation is not enough for the reconfigurable array to be utilized efficiently. In such a condition, one of
the methods to improve performance is to make the best use of stream-level pipelined execution; or
in other words, to exploit the task-level parallelism. That is, a total process is partitioned into small
independent sequential processes, which are separately mapped onto a coarse-grained underlying re-
configurable array architecture comprising of multiple hardware execution units. By investigating the
trade-off between the size of a tile group and delay as well as execution time, an optimized mapping
algorithm is proposed and evaluated compared with the single-process execution model and other
mapping versions.

Effectively implementing a hardware task preemption scheme, which is a critical mechanism in
multitasking operating systems where an executing task is temporarily suspended, and a new task is
executed or a previously interrupted task is resumed, on coarse-grained dynamically reconfigurable
processors is another mechanism toward a multitasking environment. Different from well-known
task preemption in software operating systems based on microprocessors, hardware task preemption
accompanies problems on how to suspend and resume hardware execution, how to save and restore
context data within a certain overhead. Based on the resource requirement and the state transition
graph of a target application, the concept of preemption points is introduced and a static preemption
approach is proposed. Basically, an application can only be preempted at certain computation states
where resource usage is small. Moreover, the steps of the proposed method are integrated into the
design flow in order to help developers at the design time.

The development of multicore architectures in microprocessors has recently become prevalent
and achieved advantages over traditional single-core devices. Multicore architectures have proved to
be a suitable platform for a true multitasking environment at the task level where tasks can execute
in parallel. I introduce a multicore reconfigurable architecture in which cores have a certain size
and are connected by an interconnection network composed of routers. Mapping multiple hardware
tasks onto the proposed architecture and designing an efficient inter-task communication mechanism
become important research problems. The proposed on-chip network will act not only as an efficient
communication mechanism between tasks (both hardware and software tasks), but also as a support
method for mapping processes onto the underlying reconfigurable array. First of all, a tile-based
architecture and the proposed multicore architecture are examined to see how each of those affects
on the performance of target applications. The channel bit width to transfer data in the intercon-
nection network of the multicore architecture is taken into account. Next, the size of core in the
proposed multicore reconfigurable architecture is an important factor in balancing performance and
resource utilization. Therefore, this is evaluated by implementing real applications on the proposed

architecture and measuring correspondent parameters.
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Chapter 1

Introduction

The aim of this thesis is to investigate a suitable architecture based on feasible mechanisms for de-
veloping a true multitasking environment on dynamically reconfigurable processing arrays (DRPAS).

Recent years, a lot of effort in research and development has been dedicated to computer and
processor architectures to satisfy ever-growing demands for higher performance, better power con-
sumption and lower cost. One of the fundamental trade-offs in the design of computing systems
involves the balance between flexibility and performance. On one hand, general-purpose processors
(GPPs) and digital signal processors (DSPs), which are built around an instruction-set architecture,
provide the possibility of processing arbitrary computations due to their general architectural concept.
However, these types of processors are rather inefficient regarding performance and power consump-
tion. On the other hand, application-specific integrated circuits (ASICs), which contain dedicated
circuits specialized to a particular set of tasks, represent a kind of architecture that is optimized for a
predetermined set of tasks. Nonetheless, while being very efficient regarding performance and power
consumption, but ASICs lack flexibility as no programmable resources are provided.

The increasingly higher integration of transistors at an increasingly lower cost per transistor has
resulted in a capability of putting over billion transistors on a single chip. This progress has led
for designers to a System-on-Chip (SoC) design methodology in a wide variety of application areas.
Recently, SoCs have been in widespread use as the total solution for single-chip system integration.
The components in such SoCs may include embedded microprocessors, memory blocks, external
interfaces, peripherals, and application-specific customized functional blocks.

Reconfigurable computing has been intended to be an alternative to possibly bridge the gap be-
tween above traditional approaches [1]. Reconfigurable systems are implemented with programmable
logic in order to alter the hardware circuits on demand to achieve potentially much higher perfor-
mance than software, while maintaining a higher level of flexibility than hardware. Reconfigurable
computing came to realization through the introduction of FPGAs [2,3] in mid eighties. Like ASICs,
FPGAs are distinguished by their ability to directly implement specialized circuitry in hardware. Ad-
ditionally, like GPPs, they contain programmable resources that may be easily modified after field

deployment in response to changing operational parameters, functions or data sets.
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1. Introduction
2

Implementing applications on a reconfigurable fabric allows to improve performance while min-
imizing power consumption especially for stream applications. Such types of applications have spe-
cial characteristics that the instruction stream does not change fast, but the data stream changes
constantly. For example, a video encoder/decoder, often handles a very large amount of data, but
the groups of instructions that execute on these large data streams are usually small. In compar-
ing with traditional applications like a word processor running on a GPPs, many different pieces
of code for performing variety of functionalities such as menus, spell checkers and formats operate
on a single document file. In this application, the data stream does not change very much; but, the
instruction stream is changing very often. GPPs are usually designed with such a type of applica-
tions in mind. Another difference between traditional applications and stream applications is their
bandwidth requirements. Since a traditional application can fill up its cache with all instructions and
data without concerning to fetch more very soon, GPPs designed for such applications usually have
large caches connected by relatively low bandwidth buses. On the other hand, stream applications
can be designed with smaller caches, but since they transfer so much data they need much more
bandwidth. A reconfigurable platform consists of a large number of logic blocks or reconfigurable
functional units, which are well-matched to the high-sample rates and distributed computation often
required by stream applications. In other words, the characteristics of stream applications that have
the deep impact on performance and be appropriate to implement on reconfigurable platforms are
data parallelism, amenability to pipelining, arithmetic complexity and simple control requirements.

Early reconfigurable computing platforms proposed and built based on low density FPGAs with
small amounts of on-board memory [4,5, 6] could only accommodate one application, resulting in
a single task environment due to limited resources. With the fast pace development of semiconduc-
tor technology predicted by the International Technology Roadmap for Semiconductors [7] for the
CMOS process technology to be able to scaled down to 25nm and further to 22nm within the next
seven years, the number of processing cores integrated on an SoC has been steadily increased. For
example, as many as 1,024 functional blocks, each of which consists of a MIPS-like processor and
a cache memory, will be realized on a single chip with a 35nm technology [8]. Modern FPGAs
containing millions of system-gates [9, 10] or hundreds of thousands of logic cells [11, 12, 13] and
large course-grained dynamically reconfigurable processors [ 14] realize the possibility of sharing a
piece of reconfigurable hardware among multiple concurrently executing applications. This could
potentially increase the resource utilization of such reconfigurable devices and decrease response
times. In addition, reconfigurable systems that are composed of multiple FPGA chips interconnected
on a single processing board have been introduced for research and commerce. This is to provide for
applications that are too large to be implemented within a single FPGA, but may be partitioned over
the multiple FPGAs. For multi-FPGA systems, because of the need for efficient communication be-
tween the FPGAs, determining the inter-chip routing topology is a very important step in the design
process. Furthermore, it is important to efficiently partition a design into different FPGA chips.

The research, development and implementation of a multitasking environment on GPPs have

15



1. Introduction

come a long way from simple time sharing and cooperative multitasking systems to preemptive
multitasking, real-time multitasking and recently multitasking on multi-processor and multicore ar-
chitectures. Nonetheless, multitasking is still immature since it is a large and diverse field. The
newest trend in the processor architecture is a multicore structure, which now dominates the chip
making industry [15]. In spite of that, there is still a problem for current software models because
today’s operating systems that use threads and cache coherency snooping will not scale well to such
multicore devices.

The concept of multitasking on dynamically reconfigurable processors, in combination with an
appropriate operating system support, enables efficient sharing of resources due to adequate task
scheduling, allows dynamic changes of the application due to introduction of new tasks during run-
time and greatly simplifies application development since tasks can be developed quite independent
from each other. Specifically, Multitasking aims at providing an appropriate mechanism to allow
multiple applications to efficiently share a piece of reconfigurable hardware. Nonetheless, building
such an environment on hardware has unique characteristics, which make this be different from and
more difficult than that on GPPs. Some problems involving multitasking on dynamically reconfig-

urable hardware are as follows:
e How to suspend a running hardware task, and some times later to resume it?

e How to capture the state data of a hardware task that is suspended, and to restore the state data

when the task is restarted?
e How to map the tasks of a target application onto hardware execution units?

e What is the most suitable model of target applications for dynamically reconfigurable devices

in order to efficiently exploit multiple execution units on such devices?
e How can hardware tasks communicate to one another and to software tasks?
e How to relocate hardware tasks to different execution units?

e What is the most relevant architecture for dynamically reconfigurable processors to support a

multitasking environment?

e How does an inter-task communication mechanism affect on the performance of target appli-

cations?
e How to select the most relevant core size in a multicore architecture?

Addressing the design of such problems for coarse-grained DRPA platforms is the aim of this thesis.
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1.1 Motivation

Multitasking is useful if the application is composed of several well separated computational tasks
that should be processed quasi simultaneously on limited hardware resources. The concept of mul-
titasking, in combination with the corresponding operating system (OS) support, enables efficient
sharing of resources with adequate task scheduling, allows dynamic changes of applications with the
introduction of new tasks at run-time, and greatly simplifies application development because tasks

can be developed quite independent from each other.

Challenges

When designing a system with reconfigurable hardware, a key challenge is to implement all nec-
essary functionalities to meet the required performance, but at reasonable cost. Therefore, the system
resources have to be used efficiently. For processor-based systems, multitasking is a method to share
resources. With the use of reconfigurable architectures in SoCs to accelerate certain computations
formerly implemented on GPPs or in ASICs, it is critical to develop appropriate techniques to DRPAs

in order to use their resources efficiently. DRPAs pose certain challenges as follows:

1. Design of novel reconfigurable architectures for multitasking: most of available commercial
reconfigurable architectures do not provide native support for identifying, capturing and restor-
ing the state data of a hardware task before and after interruption, which are basic requirements
for preemptive multitasking. Although partial reconfiguration on FPGAs, which allows to load
a new task into a part of the device while other tasks keep running on other parts, has been in-

troduced and employed, it has only limited support.

2. Task partitioning and mapping: task partitioning is often used to split an application into
parts; and, task mapping is to map such parts into different hardware execution units of a
target device. As the number of parts an application can be divided into and the number
of hardware execution units for a certain device are greatly varying, a mapping method to

improve performance and device utilization is crucial.

3. Inter-task communication: a DRPA can be considered as a multicore architecture with hard-
ware execution units functioned as cores. As the run-time, tasks are assigned to cores for
execution. Here, the question of how large the size of cores is and how cores should be con-
nected in order for tasks to exchange data becomes the key for efficiently exploiting DRPA

resources.

4. A runtime environment for multitasking: multitasking on reconfigurable systems requires cer-
tain support from a run-time environment or an OS. Such an OS needs to manage resources
and controls the execution of hardware at the run-time. Furthermore, the OS has to provide
application programming interfaces for designers to abstract the details of the underlying hard-

ware.
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1.2 Contribution of the Thesis

The main contribution of the thesis is to try to solve the first three challenges mentioned above toward
coarse-grained dynamically reconfiguration processors. By introducing, evaluating and discussing
crucial architectural components for, the thesis tries to give an outline of a realizable coarse-grained

dynamically reconfigurable platform that supports the multitasking capability.

e A systematic method for mapping a target application modeled as a Kahn Process Network
onto a coarse-grained DRPA to exploit a task-level pipeline technique toward improving through-
put is proposed and evaluated [16]. Besides exploiting parallelism within an application to
achieve high throughput in data-flow driven applications, the proposed method tries to apply
the computation model of processing multiple computations in parallel without decreasing

performance by making the best use of the stream-level pipeline execution.

e A preemption algorithm for inserting preemption points into the scheduled task graph of a
target application subject to preemption latency constraints in order to minimize the hardware
overhead is developed and investigated [17]. Important factors when implementing a pre-
emption mechanism for hardware tasks such as preemption latency, hardware overhead and

performance degradation are taken into account and quantitatively evaluated.

e A multicore reconfigurable architecture consisting of multiple small computational cores con-
nected by an interconnection network is introduced. At first, the thesis proposes a general
system architecture and related matters, then a simulation environment where experiments and
evaluations of the proposed system may be carried out is described. Next, a comparison of a
tile-based architecture and a multicore architecture in terms of performance is examined. Last,
based on the proposed architecture, an evaluation with different core sizes is implemented in
order to find out how the size of cores in a homogeneous system influences on the performance

and the internal fragmentation of target applications.

1.3 Thesis Organization

Chapter 2 Methodology and System Architecture presents the methodology and system architecture
proposed in this thesis. First, the methodology is outlined, and the organization of the thesis is shown
according to recommendations from the methodology. Next, several concepts and definitions are
described since they might cause confused for their similarities in the microprocessor field. Then,
an outline of the system architecture is described. Several multitasking models based on resource
sharing are also introduced.

Chapter 3 Coarse-grained Dynamically Reconfigurable Processing Arrays provides background
to research carried out in this thesis and related work. A general architecture of DRPAs that subject

to be the target devices of the thesis is discussed. A brief introductions of currently available devices
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is also mentioned and categorized according to certain criteria. The target architecture using in
Chapter 4, Chapter 5 and Chapter 6, which is NEC Electronics DRP, is also described in this chapter.

Chapter 4 Hardware Task Mapping proposes and investigates a systematic method for mapping
an application modeled as a Kahn Process Network onto a target DRPA in order to enhance through-
put by trying to exploit more inherent parallelism of target applications. The proposed mapping
algorithm is evaluated with several real applications to show the impact of different versions mapped
onto the target device on performance.

Chapter 5 Hardware Task Preemption aims at studying a general method for capturing the state
data of hardware tasks targeting coarse-grained DRPAs. By forming the state transition graph of a
target application and using the report on resource usages, the proposed algorithm tries to generate a
list of preemption points, where the application is allowed to be preempted, subject to user-specified
preemption latency.

Chapter 6 Multicore Reconfigurable Architecture extends the task-level pipelined execution model
examined in Chapter 4 by introducing a multicore reconfigurable architecture composed of multiple
computational cores connected by an interconnection network. Two architecture, a tile-based ar-
chitecture and a multicore architecture, are compared in terms of performance to see the effect of
inter-task communication methods. Then, the problem of how the size of cores in a multicore recon-
figurable architecture influences on the performance and the resource utilization of target applications
is investigated.

Chapter 7 Conclusion and Future Work finalizes the thesis with a summary, draws conclusions

and presents suggestions for future exploration.
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Chapter 2

Methodology and System Architecture

2.1 Methodology

This chapter introduces and exploits a type of system engineering methodology to guide studies in the
thesis. The methodology is based on a research of software engineering presented in [ 18], in which
a methodology for solving problems in the field of software engineering is proposed. It consists of

three stages:

e Following a certain path for categorizing research questions or issues into different types in

order to clarify problems to be solved,

e Selecting a strategy for addressing questions raised in the previous stage. The chosen strategy
can be implemented as building a model, performing experiments, or proposing a technique in

order to understand the problem and obtain results.

e And applying a validation technique to verify the result obtained. Not only does the valida-
tion result confirm whether the selected strategy is correct, it may recommend a new research

direction or another strategy to better answer the research issue.

For each stage, five different types of research questions, which are presented in Table 2.1, are
suggested. For example, a question relating to feasibility may be asked like "does X exist and what
is it?". To provide the answer to the question, several strategies such as building a qualitative model,
reporting observations, or generalizing from examples can be selected. Then, to verify the answers
obtained from the strategy, a validation technique can be selected such as evaluation or experience.
According to the methodology, a validation technique depends on the strategy used. An example to
build a common plan is as follows. The research question is "Can X be done better?"; the strategy
selected to address the question may be "To build a Y"; then, a validation method is to measure Y
and compare to X. If Y is better, a correct answer for solving a research problem is found, otherwise,
another Y1, or Y2... could be suggested as alternatives to examine the question. This is shown on

Table 2.2
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Table 2.1: Research methodology

Question Strategy/Result Validation
Feasibility Qualitative model Persuasion
Does X exist and what is it? Report observations
Is it possible to do X at all? Generalize from examples

Structure a problem area
Characterization Technique Implementation
What are the characteristics of X?  Invent new ways to do some tasks, in-
What exactly do we mean by X? cluding implementation techniques
What are the varieties of X and Develop ways to select from alternatives
how are they related?
Method/Means System Evaluation
How can we do X? Embody result in a system using the sys-
What is a better way to do X? tem both for insight and as a carrier of
How can we automate doing X? results
Generalization Empirical model Analysis
Is X always true of Y? Develop empirical predictive models
Given X, what will Y be? from observed data
Selection Analytic model Experience
How do I decide whether X or Y?  Develop structural models that permit

formal analysis

Table 2.2: A common plan

Question Strategy/Result Validation
Feasibility Qualitative model Persuasion
Characterization Technique Implementation
Can X be done better? Builda'Y Measure Y, compare to X
Generalization Empirical model Analysis
Selection Analytic model Experience

In this thesis, each chapter tries to address relevant research questions drawn from Table 2.1.
Each chapter concentrates on a specific and separate research problem toward a common target,
that is to build a multitasking environment on coarse-grained DRPAs. To do that, first, problems
are clearly specified. Then, previous work related to the problems is reviewed, and the solutions
are proposed. An outline of the whole system proposed to solve the problems is introduced. Next,
after describing approaches, they are carefully examined by a thorough evaluation to obtain relevant
results. Based on the results, relevant discussion and conclusion can be drawn. The organization of

the thesis related to the methodology is show in Table 2.3.
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Table 2.3: Methodology paths used in the thesis

Methodology Path

Thesis organization Question Strategy Validation
Chapter 2
Methodology and system architec- Feasibility Qualitative model Persuasion
ture
Chapter 3. . o DRPA background and .
Coarse-grained dynamically recon- Feasibility . . Persuasion

. architectural analysis
figurable processing arrays
Chapter 4 . Implementation
Hardware task mapping Method Technique and Evaluation
Chapter 5 . Implementation
Hardware task preemption Method Technique and Evaluation
Chapter 6 Implementation
Multicore reconfigurable architec- Method Technique P .
tre and Evaluation

2.2 Concepts

Before going into the detail of studies in this thesis, several concepts relating to multitasking on
DRPAs need to be defined by drawing an analogy from the software operating system domain and
examining unique features when such concepts are applied in reconfigurable computing. Concepts

being mentioned are: application, hardware task, computational core, and inter-task communication.

2.2.1 Application

An application mentioned in the thesis is a computation program designed to help people to perform
a certain type of work. This should be contrasted with system software often involved in services of
an operating system. In this context the term application refers to both the application software and
its implementation.

As a general understanding, target applications for reconfigurable computing are often those,
from which massive amounts of parallelism can be exploited, and which have simple control require-
ments. Applications having large datasets with few or no data dependencies are ideal targets for im-
plementing on reconfigurable platforms [19]. They include image and video processing algorithms,
multimedia, network and communication systems, data processing applications and industrial mea-
surement systems, and many military and aerospace systems [19,20]. All these applications share

some common key characteristics:

e They contain computations which are mostly regular and data flow oriented. This can be

efficiently computed on reconfigurable devices.
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Fig. 2.1: Application’s task graph

e They may consist of several different computational tasks, which could allow a task-level

pipelined technique to be implemented.

In this thesis, those application are considered as stream applications. That is, data blocks to be
processed are iteratively received in a certain interval. The execution of stream applications is often
deterministic, or in other words, for a determined input, the same output is always produced. In
addition, a partial result at the output of an execution can be obtained from a partial information at the
input. This feature is very important since it allows to exploit parallelism and pipelined processing.
An application can be partitioned into multiple tasks, which can be modeled as a set of task
graphs, in which nodes represent tasks, and edges show transitions and data dependencies between

tasks. Fig. 2.2.1 shows an example of a task graph consisting of five sub-tasks 7'y, 75, 73, T4 and T’s.

2.2.2 Hardware task

Generally speaking, hardware tasks are the parts of an application implemented in reconfigurable
logic. In this thesis, since I target coarse-grained DRPAs, a hardware task can be considered as the
representative of a part of an application mapped onto on a DRPA for execution. The behavior of a
hardware task could be represented in the form of a state transition graph, in which nodes represent
computation states, and edges shows the transition and data dependence between computation states,
as shown in Fig. 2.2(a)). There are a start node with no incoming edges, and an end node with
no outgoing edges. Tasks can also be modeled as a finite-state machine (FSM) to represent their
executing states (Fig. 2.2).

Hardware tasks may be realized as various implementation variants with the trade-off between
performance and reconfigurable resource utilization. Such various implementations can be achieved
by considering different circuit architectures. For example, in Chapter 4, it is shown that using a
larger tile group for a task could improve throughput and reduce execution time because more par-
allelism could be exploited. A hardware task requires a specific amount of reconfigurable resource.
For FPGA devices, designs often provides information on how many slices are required. For coarse-
grained dynamically reconfigurable processors, the number of ALUs, flip-flops and register files a
design consumes are usually reported. Additional resources such as different types of memories and

multipliers may also be reported.
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Fig. 2.2: Hardware task model

Before hardware tasks can start execution, they must be placed somewhere inside the reconfig-
urable array. Therefore, they can be characterized by their sizes and shapes. The size of a task can
be computed as the number of logic elements the task needs to implement its computation. It can be
represented in terms of slices or configurable logic blocks for fine-grained FPGAs, and in terms of
processing elements (PEs) for coarse-grained reconfigurable devices.

Apart from the size, which shows a certain area requirement, a task implemented on a reconfig-
urable device can be characterized by its shape, which is the smallest enclosing geometry shape that
contains all processing elements and routing resources used by the task. The shape of a task can be
rectangular or polygonal. No matter which shape a task is, external fragmentation caused by dynamic
addition and deletion of tasks in a multitasking environment always occurs. While non-rectangular
task shapes can use a reconfigurable array more effectively with almost no internal fragmentation
in theory, they make allocation, mapping process and defragmentation more difficult. In contrast,
although causing internal fragmentation to a certain degree, rectangular task shapes simplifies al-
location; and, especially, defragmentation could be performed much faster. As a result, most of
research relating to the problem of task allocation, transformation, placement and area defragmen-
tation assume tasks to be rectangular in shape [21,22, 23, 24]. More importantly, coarse-grained
DRPASs often have their reconfigurable array partitioned into larger areas often called tiles, slices or
stripes, each of which has a certain amount of PEs, to simplify the routing architecture and to easy
the mapping process. Those areas are usually rectangular naturally. In this section and in the thesis,
I only take rectangular task shapes into consideration.

The concept of hardware task could be considered to be equivalent to that of software process
in the microprocessor computer domain. However, several unique characteristics in reconfigurable

computing cause the differences between these two concepts.

e The program code of a software process is a set of sequential instructions that can arbitrarily be

divided into equal sized parts. However, in reconfigurable computing, a hardware task consists
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Fig. 2.3: A heterogeneous SoC

of a two-dimensional logic circuit that is loaded in a reconfigurable array for execution. Par-
titioning hardware is far more complicated than partitioning the sequential codes of software

process.

e Maintaining the state of a hardware task is much more complex than that of a software process.
When a software process is preempted, the operating system performs a context switch to save
the current state of the process. This involves saving the values of a fixed number of registers.
However, when a hardware task is preempted, all state information distributed in different
storage elements such as embedded memories, register files and flip-flops must be saved. At

each computation state, the amount of state data is considerably varying.

e The program data of a software process are contained in a separate part within the process.
However, in a hardware task, instructions are circuits and the division between data and com-

putational elements is less clear.

2.2.3 Computational core

A computational core in an SoC is a hardware execution unit or a processor-like hardware block, in
which suitable applications can be mapped to for execution. For example, each component repre-
sented as a rounded rectangle in Fig. 2.3 is a core with different characteristics and functionalities.
Cores are different in structures, granularities and functionalities; so, the system is heterogeneous. A
core may be a fine-grained reconfigurable device like an FPGA, a coarse-grain reconfigurable unit
such as a DRPA, a general-purpose programmable core, for example, a microprocessor core, or a
digital signal processing device.

In a homogeneous system, cores are identical in architecture. For example, a multi-FPGA system
containing multiple FPGA chips can be seen as a multicore system, where each core corresponds
to an FPGA [25,26]. In a reconfigurable system where the reconfigurable array can be divided
into hardware parts, each of which can be assigned to a task for execution, and all parts can be
reconfigured and executed independently, cores can be considered as equivalent to such parts. As

an example, when an FPGA can be divided into slots of equal sizes, each slot can be viewed as a
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Fig. 2.4: Multicore architecture studied in this thesis

core; or, in a tile-based dynamically reconfigurable architecture like NEC’s DRP (Section 3.2.3), tiles
could be assumed to be cores, and a 8-tile architecture of DRP-1 is equivalent to a 8-core system.
Apart from being able to execute tasks mapped to, cores might be allowed to join together to form
core groups.

Many currently available dynamically reconfigurable processors are designed to easily become
intellectual property (IP) cores in embedded SoCs such as NEC’s DRP (Section 3.2.3), PACT XPP
(Section 3.2.2) and MuCCRA (Section 3.2.11). The dynamically reconfigurable processor itself is
user-programmable for target applications after the SoC fabrication. In this thesis, the proposed
multicore reconfigurable architecture (Chapter 6) has coarse-grained DRPA cores connected through
an interconnection network as shown in Fig. 2.4. This structure is homogeneous since each core is
assumed to be identical.

Apart from the architecture, cores are characterized by their size. The size of a reconfigurable
core can be computed differently. For fine-grained reconfigurable devices, size can be viewed as
the number of logic elements or logic array blocks as in Altera Stratic FPGA [27], or the number
of configurable logic blocks as in Xilinx Virtex FPGA families. For coarse-grained reconfigurable
devices, size can be considered as the number of tiles in each slice as in Chameleon CS2112 (Section
3.2.1), the number of processing array elements as in PACT XPP (Section 3.2.2), the number of PEs
or tiles as in NEC’s DRP (Section 3.2.3), and the number of cells (ALU and MLT) as in Hitachi
FE-GA (Section 3.2.5). In this thesis, since I use NEC’s DRP as the target device for research, the
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size of a core is calculated as the number of tiles or equivalent processing elements the core has.
Specifically, when mentioning the size of a core is n tiles, or n —tile core, a core is considered to have

n(tiles) x 64(PEs/tile) processing elements.

2.2.4 Inter-task communication

In the microprocessor domain, inter-process communication provides mechanisms to allow processes
to communicate and to synchronize their actions without necessarily sharing some parts of the ad-
dress space. These mechanisms are divided into methods for message passing, synchronization,
shared memory, and remote procedure call. Applications executing on a reconfigurable system also
need to be able to communicate with one another that do not share the same address space. When an
application is partitioned into parts, each of which becomes a new hardware task that do not share
the address space with other tasks, so an inter-task communication mechanism is needed. In a re-
configurable system, several communication mechanisms can be exploited to transfer data between
tasks such as memory, non-shared direct hardware channels, or an interconnection network.

One of the simplest methods to transfer data between two hardware tasks is to use embedded
memory modules with a suitable arbitrator. For example, in Chapter 4, vertical memories organized
as FIFOs are employed to send and receive processing data between tasks. These FIFOs use a simple
handshake mechanism in order for two tasks involving in communication to determine if a FIFO
is full or empty. If there is no data in the input FIFO, or the output FIFO is full, the execution of
receiving and sending tasks, respectively, is stalled.

Another mechanism for supporting inter-task communication in reconfigurable computing is the
use of an interconnection network as illustrated in Fig. 2.4. This involves configuring a commu-
nication network architecture independent from all task to connect hardware execution units. The
advantage of using an interconnection network over an on-chip wiring architecture is structure, mod-
ularity and performance [28]. Moreover, using networks allow more flexibility in where tasks can be

allocated. This mechanism will be used to form a multicore reconfigurable architecture in Chapter 6.

2.3 System Architecture

The architecture shown in Fig. 2.5 consists of several components responsible for user interface,
OS service provider, hardware abstraction, interconnection network, and underlying reconfigurable
device. Outside dashed rectangles show services and mechanisms that will be addressed in following

chapters of the thesis. Each component will be described separately in more detail.

User application and interface
This component is similar to the same concept found in software operating systems based on mi-
croprocessors. It aims at providing an interface between the users, the OS and the hardware. Users

can input commands and execute applications via the interface. The OS service provider is then re-
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Fig. 2.5: System architecture

sponsible for converting them into appropriate calls to the application programming interface (API).
The OS service provider also reports back to the user interface about the status of the requested

operations.

Operating system

The OS service provider is responsible for interpreting user commands from the interface, modifying
to suit APIs, and then passing them directly to the hardware abstraction layer. The services provided
include embedded memory reading and writing, and platform specific configuration information.
Using the OS allows to cope with the change of the hardware abstraction layer since in this case,

only the services provided by the OS must be changed, and the user interface is still the same.

Hardware abstraction layer

Similar to equivalent concept in the GPP field, a hardware abstraction layer allows an operating
system to interact with a hardware device at a more abstract level. However, the biggest challenge in
reconfigurable computing is that there is no agreed standard interface for reconfigurable devices. This
is different from devices in the GPP world such as hard disks, monitors or memories. Manufacturer
have their own APIs, which require users to have a good understanding of the platform. As a result,
the hardware abstraction layer mentioned here should provide a standard API that abstracts away the
detail of underlying reconfigurable hardware. It should provide an API to connect to the platform,

configure the device, control the clock rate and access embedded memory.

Network manager
The network manager plays an important role in supporting inter-task communication and input/output

operations. In this thesis, I encourage to use an interconnection network to connect cores and form
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a multicore reconfigurable architecture. Although the network itself is fixed, tasks are dynamically
mapped onto any core, and once the mapping process has been done, information about where tasks
are located is updated to the network manager in order to allow related tasks to communicate to one

another.

Coarse-grained dynamically reconfigurable processor

This is the target hardware platform in which tasks can execute to perform their functionalities.
Generally speaking, it is a multicore architecture where each core is a separate coarse-grained multi-
context dynamically reconfigurable processor with a certain size. Cores are connected by a network-
on-chip. The device should have the capability of partial reconfiguration in order to support the
dynamic addition and deletion of tasks. A task can be mapped to any core for execution; however, in
order to improve throughput and reduce fragmentation, an appropriate mapping approach should be

introduced.

GPP

As being mentioned in many research, reconfigurable platforms are not efficient for control and
load/store operations; instead, they are often used for accelerating certain parts of an application
like data-flow kernels. Accordingly, a reconfigurable device is usually coupled with a certain type
of a microprocessor. The coupling between a GPP and a reconfigurable fabric will be discussed
in refsec:coupling. A GPP part in Fig. 2.5 represents such a processor for handling operations
unsuitable being executed on the coarse-grained dynamically reconfigurable processor. Moreover, a

GPP is needed to perform specific management jobs for the reconfigurable hardware.

Multitasking-support mechanisms

Several shaded small rectangles outside above mentioned components represent mechanisms to sup-
port multitasking on DRPAs studied in this thesis. The position of such rectangles shows appropriate
layers where the mechanisms should be integrated. Some mechanisms appearing in more than one
layer mean their implementations need support from these layers. For example, in order to imple-
ment a preemption scheme for hardware tasks, not only does the target coarse-grained DRPA need
to provide a preemption interrupt and a method to recognize preemption points', the scheduler in
the OS must be aware of the interrupt and the state data of preempted tasks in order to correctly
schedule tasks. As a result, Preemption support appears both at the OS layer and the coarse-grained

dynamically reconfigurable processor layer.

2.4 Multitasking Execution Model

There are several models of multitasking execution in reconfigurable computing based on different
characteristics. This section introduces the multitasking execution model based on resource sharing,

which is the most relevant to studies in this thesis. Several approaches attempt to determine how

"The concept of preemption points will be introduced in Chapter 5
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Fig. 2.6: Time-sharing, non-space partitioning model

a reconfigurable system allows multiple tasks to share its resources, especially the reconfigurable
processing array. Since the purpose of reconfigurable devices is to extract as much parallelism both
instruction-level and task-level parallelism from a target application as possible in order to achieve a
certain speedup over microprocessor platforms, a resource sharing model is the way to allow multiple
hardware tasks to use the resources of a reconfigurable device more efficiently; or in other words, this
exploits task-level parallelism to further improve performance, especially when a target application

does not have enough degree of instruction-level parallelism.

2.4.1 Time-sharing, non-space partitioning

The simplest method to realize multitasking is a time sharing approach without partitioning the area
of a reconfigurable device, as shown in Fig. 2.6. That is the entire device resources are assigned
to only one task at a time. Each task can run until completion (non-preemptive multitasking), or
tasks can be preempted and resumed later to free resources for other tasks (preemptive multitasking).
Switching from one task to another is carried out by fully reconfiguring the whole device. Since
only one task is executed at a time, this model incurs the problem of the overhead in loading a
configuration and the the limited availability of on-chip memory for caching. Moreover, not only
does device utilization become inefficient since the sizes of tasks are varying and no matter how
large a task is, it is always allocated the whole reconfigurable array for execution, but no parallelism
between tasks can be exploited. Several systems use this approach [29, 30, 31,32]. For example,
Fig. 2.6 indicates that, at first, task 7'1 is loaded for execution, then when 7'1 is stopped either
because it has completed or because it is preempted, task 72 is loaded to replace 71. Then, upon
finishing, task 7'3 will replace task 72. Whenever a task is allocated for execution, it always takes
over the whole reconfigurable array though its size might be much smaller than the size of the array;

and, the whole device needs to be reconfigured.

2.4.2 Non-time sharing, static partitioning

Using the static partitioning approach, all tasks are allocated to different areas in the reconfigurable

array providing that the total size of tasks does not exceed the size of the array (Fig. 2.7). Normally,
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Fig. 2.7: Non-time sharing, static partitioning model

all tasks are configured once and stay active until the system shuts down, or until another set of tasks
requires to load in for execution. This method makes a reconfigurable device behave similar to an
ASIC and it is suitable to systems where a set of tasks can be determined in advanced. Since tasks do
not need to be allocated and freed often, mechanisms for scheduling and resource management are
not necessary, or they are quite simple if such mechanisms requires. This approach is efficient when
tasks are predetermined and they often execute for most of the time. It is not suitable if some tasks
need to be executed just once or only occasionally since all tasks get resources allocated. Fig. 2.7
shows an example where all four tasks 7'1, 72, T3 and T4 are present in the reconfigurable array
at the same time. No matter if any of these tasks is executing or not, they all occupy a part of the
reconfigurable array.

The mapping method proposed in Chapter 4 exploits this approach. According to the method,
an application is partitioned into multiple tasks, each of which is assigned to a tile or a group of
tiles of a underlying DRPA, and all of them are present at the same when being executed. Tasks can
communicate using a FIFO model based on embedded memories. This approach allows to exploit
task-level pipelined model by arranging tasks involving in a computation stream into a pipelined
chain to take advantages of a pipelined model toward improving throughput. Also, for reconfigurable
devices without partial reconfiguration capability, non-time sharing and static partitioning method is

the best way to exploit task-level parallelism.

2.4.3 Time-sharing, two-dimensional partitioning

In this approach, tasks, which are represented as rectangles, can be dynamically allocated to any
area in the reconfigurable array for execution providing that enough free space is available at the
assigned area, and then removed upon completion, as shown on Fig. 2.8. When a task completes or
is preempted, the area it occupies is freed, and a new task may take over that area; so, when that
task is resumed for continuing execution, it is likely to be assigned to a new area. This approach
enables a more flexible and efficient multitasking environment since tasks can be dynamically allo-
cated resourses for execution and freed upon completion. This is similar to the memory allocation
mechanism in microprocessor-based OS. On the down side, this method could make the problem

of scheduling and fragmentation more complicated. More importantly, it requires the capability of
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Fig. 2.8: Time-sharing, two-dimensional partitioning model

partial reconfiguration on a two-dimensional reconfigurable array. Several studies have addressed
different aspects of this approach [33, 34,35].

As an example from Fig. 2.8, at the beginning, four tasks 7'1, 72, T3 and 7'4 are allocated for
execution. After some times, task 71 is preempted and removed, task 75 comes and takes over a
part of area that was occupied by T'1 previously. Then, when tasks 72 and T4 complete, task 76 is
scheduled and T'1 is resumed. This time, task 7'1 is allocated to a new area. As shown, the external
fragmentation, which is fragmentation of area outside the rectangular boundary of all tasks, changes
from time to time. That is the reason why a defragmentaion mechanism is necessary; otherwise, a
task might be denied to place on the reconfigurable array for execution since sufficient contiguous

area is not available though total empty area may be greater than the area required by the task.

2.4.4 Time-sharing, multicore partitioning

This approach is based on a multicore architecture, where independent computational cores are con-
nected by a certain network. Cores may be identical and have equal sizes, so I have a homogeneous
architecture. Cores could also be different in size, granularity or structure as shown in Fig. 2.3; in
this case, a heterogeneous architecture is represented. Generally speaking, a task can be mapped to
any core for execution; however, for a heterogeneous system, tasks are allocated to a certain core
based on their sizes or functionalities in order to make the best use of advantages of cores.

Fig. 2.9 shows a heterogeneous model where cores are identical in structrure but different in size.
Cores could be connected by different types of network. For example, in Fig. 2.9, if connection
elements are switches, a system with an island-style network is established; in case when connec-
tion elements are routers, a different system with a network-on-chip is formed. A mapping process
decides which tasks are assigned to which cores based on the size of tasks in order to optimize the us-
age of cores’ resources. When a task completes, the core it occupies is freed and another task can be
assigned to the core. This architecture assumes that each task must be able to fit in a core. If a task is
too large for any core in the system, it should be partitioned into smaller tasks. This approach is the
extension of the above mentioned time-sharing, two-dimensional partitioning architecture. There-
fore, the approach encounters the same problems as the above solution such as scheduling, internal

and external fragmentation. However, by using multiple cores, the process of partial reconfiguration
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Fig. 2.9: Time-sharing, multicore partitioning model

becomes much easier since cores are independent.

As an example from Fig. 2.9, at the beginning, four tasks 7'1, 72, T3 and 74 are allocated for
execution according to their sizes. When tasks 7'1 and 7'4 finish or are preempted, their correspondent
cores are freed and task 7'5 and 76 are assigned to these cores. As being shown, a task always takes

over a core though its size might be smaller than the core size. This causes internal fragmentation.
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Chapter 3

Coarse-grained Dynamically Reconfigurable

Processing Arrays

This chapter describes coarse-grained DRPAs that are the potential target devices of research in this
thesis. First, the background and the architectural overview of DRPAs are introduced, then several
dynamically reconfigurable processor architectures including both commercially available devices
and new prototypes released and developed recently are described. Devices mentioned in this chapter
is summarized in a table, in which devices are categorized according to certain criteria introduced in

Section 3.1.

3.1 DRPA Architecture Overview

A large number of coarse-grained reconfigurable architectures have been developed over the years by
researchers and the industry. Reconfigurable architectures can be classified based on several different
parameters. In following sections, system-level architectures for coarse-grained are described by

presenting various flavors of reconfigurable fabric.

3.1.1 Coarse-grained processing array

A typical DRPA often consists of a two-dimensional array of coarse-grained PEs, distributed mem-
ory modules, multipliers, state transition controllers, and I/O elements. Compared with fine-grained
FPGAs, the advantage of a DRPA in terms of area efficiency comes from the capability to provide
multiple-bit wide datapaths and word-level operators instead of bit-level reconfigurability. Wide dat-
apaths allow the efficient implementation of complex operators in hardware. Thus, routing overhead
caused by composing complex operators with bit-level processing units is avoided. Fig. 3.1 shows a
PE array of PACT XPP-64 [36] with a 8x8 computational PE (ALU-PAE) array and a set of memory
modules (RAM-PAESs) at both sides.

In general, each PE has a 4-bit to 32-bit ALU for numerical and logical calculations, logics for

shift/mask operations, registers or register files, and multiplexers for switching the dataflow between
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Fig. 3.1: PE array of PACT-XPP Fig. 3.2: Example of a PE (RC of Morphosys)

such components. An example of a typical PE, which is a Reconfigurable Cell (RC) of Mophosys,
is presented on Fig. 3.2 [37]. As shown on the figure, an RC consists of an ALU-multiplier (ALU —
MULT), a shift unit (S HIFT), two multiplexers (MUXA and MUXB), a register file and an output
register (O/PREG). Context data stored in ContextRegister determine the functionalities of the
whole RC.

The operation of ALUs, shift/mask logics, and data paths between components are controlled
with configuration data stored in configuration memories. The array of multiple PEs connected with
programmable routing resources provides various kinds of parallel datapaths such as single instruc-
tion streams and multiple data streama, multiple nstruction streams and multiple data streams, and
pipelining. Although a coarse-grained PE array has low flexibility compared to a fine-grained re-
configurable fabric, it can provide high performance and high area-efficiency for parallel multimedia
applications. The PE with a small granularity such as 4-bit or 8-bit can generally improve flexibility
with low datapath speed. In contrast, a larger granularity can provide high area-efficiency and reduce

configuration data only if the granularity suites to a target application.

3.1.2 Interconnection structure

Interconnection networks [38] used to connect PEs in an array are varying, but they could be catego-
rized into three groups: an island-style interconnection, a direct interconnection, and a switch matrix

interconnection.

Island-style interconnection Fig. 3.3 depicts an PE array with an island-style interconnection
structure, which is very similar to that of FPGAs. Switches denoted as grayed squares with S char-
acter inside are provided at the intersection of horizontal and vertical data channels. Switches can
be changed by dynamic reconfiguration, especially, in every clock cycle for multicontext devices to
realize different connections among PEs. Although being flexible on PE-to-PE connections, an is-
land style encounters two major problems: (1) the area for routing and switches is large, and (2) the

maximum operating frequency is degraded by a long critical path.
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Fig. 3.3: Island-style Fig. 3.4: Direct interconnection  Fig. 3.5: Switch matrix

Direct interconnection Fig. 3.4 shows a typical direct interconnection structure in a PE array.
In this style, each PE is directly connected to its nearest neighbors. In order to reduce the delay
for communicating with remote PEs, additional long connections to other PEs in the same row and
column are provided in some architectures [39]. A direct interconnection could be a solution for two
problems existing with an island-style interconnection. However, it suffers a long delay to transfer

data between remote PEs.

Switch matrix interconnection A large switching matrix can be used to connect a number of PEs
as shown in Fig. 3.5. Since the number of PEs connected with a single switch is limited, various
types indirect interconnection may be used. For example, in D-Fabrix architecture, a chess-board
like interconnection between PEs and switches is applied by having three-stage indirect switching
network to connect all PEs in a cluster. In FE-GA, PEs are connected to distributed memory modules
through a switch, which allows to transfer data stored in memory modules to any PEs located at the

edge of the PE array.

3.1.3 Dynamic reconfiguration method

Although the coarse-grained PE arrays actually provide high area-efficiency compared to fine-grained
FPGAs, they are still inefficient compared to logically equivalent ASICs because of the programma-
bility. A dynamic reconfiguration scheme is a primary technique to improve area- and power-
efficiency of field-programmable logic devices like the coarse-grained PE arrays. A large amount
of configuration data can be stored into on-chip and/or off-chip memories, and the coarse-grained PE
array can be dynamically reconfigured by reading out a desired configuration data from the memo-
ries. The dynamic reconfiguration offers a great advantage with respect to area- and power-efficiency
because the PE array can be reconfigured so as to be optimized for various kinds of functions.

In the last few decades, fine-grained FPGA-based dynamically reconfigurable devices have been
released. They include partially run-time reconfigurable FPGAs [40] and multicontext FPGAs [41,
42]. Fine-grained dynamically reconfigurable devices require a large amount of configuration data,
and this implies millisecond-order reconfiguration time. Therefore, dynamically reconfigurable FP-
GAs have been used for only restricted purposes such as a logic emulation system. Fortunately,

coarse-grained PE arrays can drastically reduce the need for configuration data, and they provide less

36



3. Coarse-grained Dynamically Reconfigurable Processing Arrays

3.1. DRPA Architecture Overview 24
PE PE
Configuration PE PE PE Context
Data Memory |__| |__| j——l Memol‘y ----------------

Configuration hegister

Configuration PE PE PE
Data Memory I 1 I 1 I 1 Context

= =
I Controller PE PE
= =

Configuration Bus (Data + Address)

Configuration PE PE PE _
Data Memory |__| |__| I__I Context
| Pointer
Fig. 3.6: Configuration Delivery Scheme Fig. 3.7: Multicontext Scheme

than microsecond-order and practical dynamic reconfigurability.
In this thesis, dynamic reconfiguration schemes are classified into two categories: a configuration

delivery scheme and a multicontext scheme.

Configuration Delivery Scheme

The configuration delivery scheme is used for the systems in which the dynamic reconfiguration
is not performed frequently. In this method, as shown in Fig. 3.6, the configuration data for each
reconfigurable element including PEs and switching resources are stored in on-chip configuration
data memory modules. The configuration data is delivered to corresponding elements in sequence
via a dedicated configuration bus. Since configuration data memory modules are centralized on the
chip, the configuration delivery scheme has an advantage of area-efficiency, and communication with
outside of the chip is readily feasible. The reconfiguration time for the configuration delivery scheme
is almost microsecond order. This is preferable to FPGAs with millisecond-order reconfiguration

time, but operations of the PE array have to be suspended during the reconfiguration in most cases.

Multicontext Scheme
The other dynamic reconfiguration method, the multicontext scheme, is supported in recent dynam-
ically reconfigurable processors. In this method, as shown in Fig. 3.7, each reconfigurable element
provides its configuration data memory called a context memory which stores configuration data sets
for operational instructions of each PE and intra/inter-PE connection instructions. A context number
is delivered to all of the reconfigurable elements and used as a pointer to the context memories. By
changing the context number and reading the context memory simultaneously, all the reconfigurable
elements can switch the context in parallel with only one clock cycle. This method implies that the
configuration data corresponding to a context is distributed to each reconfigurable element, and a
context is switched by reading out the configuration from each of the context memories.

There are different context switching control methods for the multicontext dynamically reconfig-

urable devices. The three methods supported by recent architectures include a data-driven control,
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state transition control, and program counter-based control. At first, Ling and Amano [43] proposed
the data-driven control method in their architecture WASMII. In the WASMII, a context is activated
when all input data are present. Secondly, in the state transition control method, a simple controller
has a state transition table which describes statically defined context switching patterns. Finally, the
program counter-based control is the simplest method based on an incrementing counter. As simi-
lar to commonly used microprocessors, the controller has a counter for the context number and the
context indicated by the counter is activated.

Although the data-driven method provides dynamic and flexible context switching controls, it has
a design difficulty because of the hardware overhead for detecting an activated context [44]. There-
fore, the simpler methods including the state transition control and the program counter-based control
mechanisms are commonly used in the recent multicontext dynamically reconfigurable processors.
Since the proposal of WASMII in 1992, our project has investigated the multicontext dynamically re-
configurable processor architectures, and I focus on them also in this thesis. And, I suppose the state
transition control and the program counter-based control methods for the context switching control

because of their generality.

3.1.4 Coupling between CPU and DRPA

A DRPA is often used as an accelerator for a host processor. A system consisting of a microprocessor
and a DRPA could achieve both the high performance with hardware-accelerated execution on the
reconfigurable array and the flexibility with software execution on the GPP. From the viewpoint of
the coupling between a microprocessor and a reconfigurable fabric, reconfigurable system can be

classified into three groups [45], as shown on Fig. 3.8.

e an attached reconfigurable processing unit,
e a tightly coupled coprocessor, and

e areconfigurable functional unit (RCFU).

Attached Reconfigurable Processing Unit

Attached reconfigurable processing units are integrated into a system on a memory or 1/O bus. Sys-
tems with attached reconfigurable processing units, for example, Splash 2 [46,47], RASH [48], and
Teramac [49], have no direct access to the processor. The primary feature of attached reconfigurable
processing units is that they are easy to add to existing computer systems. However, due to the band-
width and latency constraints imposed by memory or I/O buses, they do not suit to communication-

intensive applications.

Tightly Coupled Coprocessor
A coprocessor system consists of a microprocessor and one or several reconfigurable fabrics that play
arole of a coprocessor. In general, the coprocessor handles computation-intensive parts of a program,

and the other parts are executed by the microprocessor. In such a system, the reconfigurable fabric
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can access to the same memory hierarchy as to the microprocessor including several levels of caches,
on-chip memories, and external memories. As a result, there is a low-latency and high-bandwidth
connection between the microprocessor and the reconfigurable fabric. The examples of such systems
include Garp [6,50], Napa 1000 [51], PRISM [52, 53], and ArMen [54].

Reconfigurable Functional Unit (RCFU)

The tightest coupling between a microprocessor and a reconfigurable fabric occurs when the reconfig-
urable fabric is on the microprocessor’s datapath, as in functional unit architectures like PRISC [55],
Chimaera [56], and OneChip [57,58]. All of these allow custom instructions to be executed. The
reconfigurable fabric is on the processor datapath and has access to registers. However, these imple-
mentations restrict the applicability of the reconfigurable fabric by disallowing state to be stored in
the fabric and in some cases by disallowing direct access to a memory, essentially eliminating their

usefulness for stream-based processing.

3.1.5 C-based programming methodology

Due to their field-programmability, dynamically reconfigurable processors can execute various kinds
of parallel algorithms. For a stream-based processing like an image processing, streaming data are
distributed into memory modules and executed by the PE array in data-parallel and SIMD fashion.
Moreover, since the PE array has a lot of independent operators such as shifters, ALUs, and registers,
and switches a context in a cycle-by-cycle manner, it can perform as like a Very Long Instruction
Word (VLIW) processor exploiting instruction-level parallelism (ILP).

For dynamically reconfigurable processors, a C/C++-based programming methodology is com-
monly accepted [59]. Although basic C language is suitable to describe algorithmic behaviors, it’s
not suitable for data flow or continuous computation [60]. In order to apply C language to describe

a hardware behavior of ASICs and FPGAs, several C-based hardware description languages and
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high-level synthesis techniques have been proposed. They support extended features such as timing
and communications. Fortunately, since the coarse-grained PE array consists of ALUs, shifters, and
register files, an arbitrary data flow graph described in a C-based language can be efficiently mapped

onto the PE array.

3.2 Review of DRPAs

This section reviews several dynamically reconfigurable processor architectures released by consumer-
electronics makers in the last decade. They include not only commercially available products but also

new devices under research and development.

3.2.1 Chameleon CS2112

The Chameleon’s Reconfigurable Communication Processor (RCP) [61] called CS2112 !, comprises
a Reconfigurable Processing Fabric (RPF), programmable input and output banks, and an embedded
microprocessor. Chameleon is a licensee of the ARC processor, which it uses as an executive con-
troller overseeing the 128-bit internal RoadRunner split-transaction bus. RPF uses RoadRunner to
communicate with the ARC core, as well as with external devices on the PCI bus.

As shown in Fig. 3.9, the device’s fabric is made up of four programming slices, each of which
has three tiles. Inside each tile is a control logic unit (CLU), which is a programmable logic array that
controls the tile’s registers; four separate local store memories (LSM) measuring 32 bits x 128 entries
deep; dual 16 x 24 multipliers (MPU); and a total of seven 32-bit datapath units (DPU), similar in
function to an arithmetic logic unit. One CS2112 chip thus has 84 datapath units, 24 multipliers and
48 local store memories, with an aggregate memory of 24 kbytes.

The DPU shown in Fig. 3.10 is a fundamental computational element in the fabric. It has a

basic word length of 32 bits but has special operations that allow it to operate in SIMD fashion on

!"The technologies of Chameleon’s reconfigurable processors is now licensed by Intel Corporation.
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four 8-bit data streams or two 16-bit data streams. The core of the DPU is the 32-bit Operator (OP)
that performs arithmetic and logical operations. The MPUs can perform 16 x 24-bit or 16 x 16-bit
single-cycle multiplications. The LSM is a multi-ported 32-bit x 128-word RAM. Each DPU is pro-
grammed with eight user-definable instructions stored in its instruction memory (context memory).
Each instruction specifies a complete configuration for the DPU. The CLU directly implements a
FSM to select the DPU and MPU instructions stored in the instruction memory. Nearby DPUs are
connected to each other in a full crossbar connection. More distant DPUs are connected with routing
with a one-clock pipeline delay.

Each tile of the RCP has a background configuration plane and active configuration plane. In-
structions for the architecture are dynamically programmable, since instructions load in the back-
ground plane during one clock cycle, then swap functions with an active plane. To program all four
slices, a new configuration data can be loaded in less than 3 usec. The entire system can be reconfig-
ured in one clock cycle by switching the configuration data from the background plane to the active
plane. That means multivariate problems are handled in an all-or-nothing fashion in the Chameleon
design. In a cdma2000 chip-rate application, for example, tasks such as pseudrandom number gen-
eration and rake finger searches are not parceled out to various pipelined subprocessors. Instead,
an entire tile is dedicated first to pseudorandoms, then to demodulation, then to finger searches and
finally to access searches, with the task reassigned in a single clock cycle.

Applications are developed in a mixed environment, where routines compiled in C are developed
for the ARC executive controller, while Verilog source code is created and synthesized for the re-

configurable fabric. The resulting fabric bit stream is sent to the ARC linker in the final object-code
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steps and then to Chameleon’s proprietary execution engine for final simulation.

The RCP has been implemented at a 0.25 um CMOS technology with a 125-MHz clock. From
the performance evaluation results to handle digital processing algorithms, CS2112 can handle a
1,024-point fast Fourier transform in 10 microseconds, while a 48-tap symmetric FIR filter has a
125-Msample/second capability. As baseband processing in 3G digital cellular markets branches out

to include some IF filtering functions.

3.2.2 PACT XPP-I1I

eXtreme Processing Platform (XPP) [36] is a reconfigurable processor architecture based on a hier-
archical array of PEs called Processing Array Elements (PAEs). An XPP Core contains a rectangular
array of three types of PAEs. Those in the center of the array are ALU-PAEs. To the left and right
side of the ALU-PAEs are RAM-PAEs with I/Os. Finally, at the right side of the array, there is a
column of FNC-PAEs. Fig. 3.11 shows a sample array with 30 ALU-PAEs, 12 RAM-PAEs, and 6
FNC-PAEs. The PAEs can be configured while neighboring PAEs are processing data. Reconfigu-
ration is triggered by a controlling FNC-PAE or by special event signals originating within the PE
array.

The FNC-PAE comprises a 2 x 4 array of 16-bit ALUs, a Special Function Unit (SFU), a 16-
bit register file, a 32-bit address generator, a local instruction cache, a tightly coupled memory,
and I/O ports. The eight ALUs are designed to be small and fast because they are arranged in
two non-pipelined columns of four ALUs each. SFUs operate in parallel to the ALU datapath.
They support up to two 16x16-bit multiplications and functions such as a bit-field extraction. By
combining the SFU multiplications with the adders of the ALU array, it is possible to execute two
pipelined multiply-accumulate (MAC) operations each cycle.

As shown in Fig. 3.12, the ALU-PAE contains three XPP objects: FREG, ALU, and BREG
object. All the objects have input registers which store the data or event packets for one cycle. The
ALU object in the center of the PAE provides basic logical and arithmetic operations, and special
arithmetic operations such as multiplication. The Forward Register (FREG) object on the left side
and the Backward Register (BREG) object on the right side of the ALU-PAE are very similar. The
main difference is the processing direction: top-down for the FREG and bottom-up for the BREG
object. Both objects provide routing of data, dataflow operators such as multiplexing, basic arithmetic
operations and look-up table for boolean operations.

The RAM-PAE consists of the FREG and BREG objects which are identical to the ones in the
ALU-PAEs, a RAM object, an additional I/O object. The RAM object contains a small bank of
two-ported SRAM. The RAM operates either in internal RAM (IRAM) or in a FIFO mode. The
content of RAMs is preserved during reconfiguration of the array. The I/O object is integrated into
the RAM-PAE, providing access to external data.

The XPP objects communicate through a packet-oriented network. An operation is performed as
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Fig. 3.12: XPP-III ALU-PAE Architecture

soon as all necessary data input packets are available. The results are forwarded as soon as they are
available, provided the previous results have been consumed. Thus it is possible to map a dataflow
graph directly to ALU objects and to pipeline input data streams through it. The communication
system is designed to transmit one packet per cycle. Hardware protocols ensure that no packets are
lost, even in the case of pipeline stalls or during a configuration process.

In [62], it is described that a video decoder on the XPP-III, in which various video sequences
including MPEG-2, MPEG-4, H.264, and VC-1 (WMV9), are supported. The evaluation result
shows that the XPP-III version of 40 FNC-PAEs, 16 ALU-PAEs, and 8 RAM-PAEs can perform
real-time decoding of H.264 frames with VGA size at 92MHz and HD resolution (1280x720) at
174MHz.

3.2.3 NEC Electronics DRP-1

Dynamically Reconfigurable Processor (DRP) is a coarse-grained reconfigurable processor that was
released by NEC Electronics in 2002 [63]. The basic building unit of the DRP architecture is a Tile
shown in Fig. 3.13. Each Tile consists of 64 PEs, 8 vertical memory modules (VMEMs) with 2
controller (VMCTRs), 4 horizontal memory modules (HMEMs) with one controller (HMCTR), and
a state transition controller (STC). By combining multiple Tiles, designers can construct a DRP core
with a desirable size.

Fig. 3.14 shows the PE architecture which is composed of an Arithmetic Logic Unit (ALU),
a Data Manipulation Unit (DMU), a Flip-Flop Unit (FFU), and a Register File Unit (RFU). The
ALU performs addition, subtraction and so on. The DMU is a logic operator, and it performs the
combinations of logical AND, OR, and shift. The FFU is an 8-bit wide flip-flop unit, and the RFU is
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an 8-bit wide and 16-entry deep register file.

In a DRP core, memory modules are laid-out in jail-bar like structure. VMEMs separate the tile
columns, and HMEMs take the top and bottom. Each of VMEM modules is an 8-bit x 256-word
memory with one read port and one write port. It can be also configured as a FIFO storage. Each of
HMEM modules is an 8-bit x 8192-word memory with one read or write port. Together with PE’s
FFU and RFU, the DRP supplies an uniform distribution of memory resources.

Each of the reconfigurable elements such as PEs has its instruction memory (context memory),
in which 16 contexts can be stored. According to a context pointer delivered from the STC, all of
the reconfigurable units read the corresponding context and then be reconfigured. The STC is a pro-
grammable sequencer which carried out switching the context based on a simple state transition, and
can store up to 64 states. Each state is associated with the context pointer which indicates a particular
context. The STC can receive event signals from the PE array to take a branch conditionally. The
maximum number of branches that can be specified from the PE array is four.

Fig. 3.15 depicts the prototype chip DRP-1, which is composed of a DRP core with 4 x 2 Tiles. It
has been fabricated with a 0.15-ym CMOS technology. It consists of 8 Tiles, eight 32-bit multipliers,
an external SRAM controller, a PCI interface, and 256-bit I/Os. The maximum operational frequency
is 100MHz. Although the DRP-1 is used as an attached reconfigurable processing unit, the DRP core
can be used as an IP core on SoCs with an embedded processor. In this case, the number of Tiles can
be chosen so as to achieve required performance with minimum area.

An integrated design environment called Musketeer is provided for the DRP-1 [59]. The applica-
tion design flow is shown in Fig. 3.16. It consists of two flows: compilation flow (shown on the left
part of Fig. 3.16) and verification flow (shown on the right part of Fig. 3.16). The compilation flow
is composed of three main stages: behavioral synthesis, technology mapper and place-and-route.
Firstly, the behavioral synthesis tool receives a DRP programs described in a C-based hardware de-

scription language called Behavioral Design Language (BDL) as input, separates the control flow
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Fig. 3.15: DRP-1 Architecture Fig. 3.16: Programming Flow of DRP

represented as the finite-state machine and data flow, and produces the output in a Verilog format
that describes the datapath of each computation state. The tool also provides a report containing
the number of states, the number of predicted PEs used in each state, and the predicted delay for
critical paths. The technology mapper uses the Verilog code produced by the behavioral synthesis
tool as input to convert the control part (finite-state machine) to STC code and the datapath part to
instruction code for PEs. The mapper outputs a netlist for the next place-and-route tool and Verilog
testbench code for verification. The place-and-route tool uses the netlist to determine the actual place
of PEs and data transfer between PEs. Finally, the output of the place-and-route stage is converted to
configuration data, which can be loaded into DRP-1 for execution.

The verification flow allows to verify the application being developed at many levels including
C-level verification, RTL functional verification, block-level functional verification, hardware-level

functional verification, and on-chip verification.

3.2.4 1PFlex DAPDNA-2

DAPDNA [64] is a dynamically reconfigurable processor architecture released by IPFlex in 2002. In
DAPDNA, sequential processing and large-scale data processing are distinguished and executed in
parallel. The sequential processing is performed by a 32-bit RISC processor core called Digital Ap-
plication Processor (DAP). And, the large-scale data processing is accelerated by a two-dimensional
PE array called Distributed Network Architecture (DNA) matrix. The DNA matrix can dynamically
reconfigure its datapath and exploit loop- and data-level parallelism.

Fig. 3.17 depicts DAPDNA-2 architecture which is the second generation processor of DAPDNA
architecture. It consists of a DAP core and a DNA-matrix. The DAP core has an independent §8-KB
of instruction cache, and 8-KB of data cache. The DNA matrix has 32-bit processing elements
with multicontext dynamic reconfigurability. The operating frequency of each processor core is up

to 166MHz. The DAP core performs system-control and general-purpose operations. The DNA-

45





