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Abstract

Hybrid architectures, which are composed of a conventional processor closely coupled with recon-
figurable logic, seem to combine the advantages of both types of hardware. They present some
practical difficulties however. The interface between the processor and the reconfigurable logic
is crucial to performance and is often difficult to implement well. Partitioning the application
between the processor and logic is a difficult task, typically complicated by entirely different
programming models, heterogeneous interfaces to external resources, and incompatible represen-
tations of applications. A separate executable must be produced and maintained for each type
of hardware. An architecture called HASTE (Hybrid Architecture with a Single Transformable
Executable) solves many of these difficulties. HASTE allows a single executable to represent
an entire application, including portions that run on a reconfigurable fabric and portions that
run on a sequential processor. This executable can execute in its entirety on the processor, but
for best performance portions of the application that are mapped onto the fabric at run-time.
Extensive experiments show that this concept is feasible for a range of different benchmarks,
and that HASTE architectures can provide performance several times better than commercial
FPGAs, while being easier to program and providing all of the advantages of having a single

executable.
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Chapter 1

Introduction

The last two decades have seen a staggering increase in the power and complexity of digital
systems of all types. The manufacturing processes for silicon integrated circuits continue to im-
prove, allowing designers to include ever-greater numbers of transistors, running at ever-higher
frequencies, on every integrated circuit. This would seem to promise the opportunity to con-
tinue building digital systems of continually increasing sophistication, with dramatically better
functionality and performance at each new design cycle, as has been the case throughout the his-
tory of the industry. These kinds of improvements are necessary to meet projected demands for
lower cost, more energy eflicient, and more powerful devices possessing substantial computational
capabilities for diverse application workloads. For instance, in the near future cellular phones
may be expected to work with multiple global telecommunications standards, support complex
graphical user interfaces, allow real-time videoconferencing, encrypt data for secure transmission,
and use sophisticated error-correcting codes for operation in environments with very low signal
to noise ratios. Moreover, they will need to do all this with very little power and cost only a few
tens of dollars to produce. Historic trends regarding improvements in digital system performance
would seem to support the feasibility of these sorts of expectations. Unfortunately, it is becoming
apparent that numerous trends are making this vision increasingly problematic.

Most of the cost reductions and performance gains seen in electronics in recent years have been
enabled by the use of integrated circuits designed for a specific application. These application-

specific integrated circuits (ASICs) are custom hardware designs that are optimized to meet the



performance and other requirements of the device in which they will be used. ASICs have also
allowed for the replacement of many separate components with a single component, reducing
cost and size. However, rapid increases in IC design and manufacturing costs are limiting the
applications for which ASICs makes economic sense. Since ASICs are too expensive in many
cases and standard processors cannot offer the performance and power efficiency needed for many
applications, a newer approach, namely programmable ICs in the form of systems-on-chip (SoCs)
with heterogeneous programmable IP blocks have become an increasingly important part of the
semiconductor industry. Use of these types of ICs leads to a number of new problems, including
the performance losses and reduction in power efficiency incurred when using programmable
hardware as opposed to custom hardware, and the difficulties encountered when implementing
applications on systems containing components with multiple programming models.

This thesis will explore one particular technology which may help address some of these
problems. The HASTE (Hybrid Architectures with a Single, Transformable Executable) concept
is a variant of a class of architectures which combine traditional sequential processors with spa-
tially programmed computational fabrics, an architectural class often called a hybrid architecture.
What makes HASTE unique is the use of a single executable to describe both portions of the
application; both the portion that runs on the sequential processor as well as the portion that
runs on the spatial fabric. To be more exact, portions of the executable can be automatically
transformed at run time from sequential code into a spatial configuration. Hence the name,
Hybrid Architectures with a Single, Transformable Executable. In particular, this thesis will
investigate the costs and benefits associated with this property of transformability. The final
results are quite encouraging. The results to be presented will show that HASTE is a viable and
realistic technology that can be implemented with fairly conventional hardware and software and
which is competitive with standard approaches.

This thesis can be considered to be divided into two sections. The first section discusses
the HASTE concept itself, including system components, system operation, and application
representation. It begins with a discussion of the motivation for HASTE, related work, and
other background information in Chapter 2. Chapter 3 provides an introduction to HASTE and
discusses some key concepts and theoretical constructs. The various instruction set architectures

that can be used with HASTE are discussed in Chapter 4. Details of the reconfigurable fabrics



used in HASTE are covered in Chapter 5. The conversion of sequential executables to spatial
configurations is explained in Chapter 6.

The second section discusses the experimental tools and techniques used to explore the
HASTE concept as well the results obtained from these experiments. First, the tools used
to create HASTE executables and to simulate HASTE operation are shown in Chapter 7. Next,
the hardware models and techniques used to evaluate the performance of HASTE, as well as the
results of performance evaluations of the HASTE fabrics, are presented in Chapter 10. Experi-
ments showing correct operation of HASTE applications are shown in the next chapter, Chapter
9. Experiments comparing the different HASTE ISAs are shown in Chapter 8. The experiments
in Chapter 11 compare the area and performance of HASTE implementations of various applica-
tions to implementations using semi-custom ASIC technology and implementations using modern

FPGAs. Conclusions and future work are in Chapter 12.



Chapter 2

Background and Related Work

While the speed and transistor density of semiconductors continue to increase, it is becoming
increasingly difficult to take full advantage of these advances. A range of trends is making it
economically infeasible to use state of the art semiconductors in many applications. While these
trends are diverse in nature, they can be divided into two main groups: those due to the increased
complexity of manufacturing silicon semiconductors in the deep sub-micron (DSM) realm, along
with the difficulties inherent in using DSM devices; and those due to the increased complexity of
products designed for highly competitive and rapidly changing marketplaces. These two groups
of trends will be referred to as silicon complexity and system complexity, respectively. The two
terms are used in this thesis in a manner consistent to their usage in the International Roadmap

for Semiconductor Technology [1].

2.1 Silicon Complexity

As their sizes approach nanometer scale, the basic behaviors and characteristics of semiconductor
devices and interconnect change rapidly, and they will change even more rapidly in the near future
as process technology continues past the 90 nanometer technology node. In particular, the basic
switching activity of CMOS field-effect transistors (FETs) is scaling poorly, in the sense that the
simple models of this behavior that have been used in the past are increasingly insufficient as
the behavior becomes increasingly complex. In addition there are fundamental changes in terms

of interconnect delay, power, and reliability [2]. Relative interconnect delay relates to the fact

4



that interconnect delay is increasing more rapidly than gate delay. The result is that the time
it takes signals to propagate from gate to gate is proportionately a larger portion of the time
available in one clock cycle. Hence interconnect delay is increasingly the limiting factor on clock
speed and performance. This also means that global structures, which must be accessed in a
single clock cycle from all portions of the die, are increasingly untenable [3]. Even where global
structures are feasible, the interconnect capacitance greatly increases the power cost [4]. This
requires designers to look at new types of designs that limit globally synchronous interconnect
and requires better modeling of interconnect to achieve reasonable performance during synthesis.

DSM devices are much more demanding to manufacture, and require designers to consider
manufacturability as part of the design process. However, this can require expensive and time-
consuming simulations to measure the optical effects of mask interference patterns and other
manufacturing details. Further, process variations across a wafer and even across a single die are
harder to control in DSM processes and require more carefully designed circuits. Designs that
provide redundant resources and fault tolerance designs may also be required to meet reliability
and manufacturability requirements [5].

Since current microprocessor designs rely heavily on global structures, they are particularly
susceptible to these problems. The critical path of a typical processor involves many large com-
ponents, such as branch predictors, ALUs, and dispatch units, making meeting timing constraints
particularly difficult [6]. Aggressive pipelining has been used to overcome this to a large degree,
but this requires increasingly complex logic to handle pipeline stalls, correct for branch mispre-
diction, and handle various other hazards, which then makes the overall design larger, in turn
limiting the gains provided by pipelining.

DSM devices also have characteristics that diverge quite notably from standard FET models.
They require much more careful circuit and system design to ensure proper operation [7]. These
factors requiring more careful circuit design provide another indication that design cost problems
will get worse rapidly, not only due to the inherent complexity of larger systems, but also due to
more stringent requirements for circuit designs. It seems clear that some new methodologies for

designing digital systems and ICs will be necessary to take full advantage of DSM technology.



2.2 System Complexity

As the number of transistors on a single chip increases, the complexity of the designs needed to
utilize those transistors is also increasing. This increase in complexity is driving rapid increases
in the cost of designing, verifying, and completing projects. These complexity-related costs,
when coupled with a fast-paced and highly competitive market, place an enormous price on
failed designs. So not only are the projects getting more complex, but failure has become so
expensive that even more testing and verification is required to ensure success, driving costs even
higher [1]. Current design flows for digital systems of all types are not scaling well, requiring
enormous engineering efforts to produce very complex designs such as microprocessor and DSP
designs. The organizational and administrative costs required for very large projects requiring
hundreds of engineers are substantial, and seem to be growing much faster than linearly [8]. The
costs of producing a new chip are increasing dramatically, for both these design reasons and
for manufacturing reasons as well. For instance, mask sets for a single complex chip such as a
microprocessor or DSP are expected to exceed one million dollars in the near future. This and
other increases in non-recurring engineering (NRE) costs are making it even more important that
chips work correctly the first time. Increasing design costs make custom design prohibitively
expensive, yet denser designs, which require more full-custom layout, are needed to maintain
profitability [5].

Trends in the consumer market seem to point to more computing devices being produced in
large quantities for communications and entertainment products of various types. These devices
will require significant processing power to handle tasks such as wireless protocols, encryption,
streaming video, and compression. They will typically also be portable, putting severe constraints
on available power. Most of these devices must sell for much less than the large desktop computers
that have previously been the only products requiring comparable amounts of processing power,
and the application workloads will differ greatly from those needed for today’s typical desktop
computer.

Given these difficulties, it seems that some new directions must be explored to provide the
performance needed by future digital systems. It will no longer be sufficient to simply ride the
wave of increasing processor performance and decreasing processor price as a means to enable new

digital devices. Scaling todays superscalar processors to a billion transistors seems a daunting



task, and while it may be achieved, the end result will be inappropriate and unusable for many
applications. More power efficient, flexible, easier to design and manufacture, and yet still very
powerful architectures must be developed if digital technology is going to continue to show the
incredible performance gains and price drops of recent years, which consumers and marketplaces

expect will continue indefinitely.

2.3 Possible Solutions

2.3.1 Reuse

Given that system complexity and costs are rising so quickly, reuse at all levels of a design seems
to be one of the only ways to build practical, affordable systems. Design reuse in this case ranges
from simply designing chips that can be used across a range of applications and reused for future
applications, to designing chips using IP blocks that can be reused across a number of chips, to
using structures and layouts that can be reused many places across a single die.

Using one design for many applications seems difficult given the increasingly stringent require-
ments for power and cost. However, many researchers are considering the idea of a hardware
platform [9], a programmable chip design that can be used for a set of related applications and
which has the flexibility to be used for future applications as well. While these hardware plat-
forms cannot match the performance efficiency of an ASIC designed for a specific application, the
cost savings afforded by amortizing the chip design across the much higher volumes allowed by
utilization in multiple applications can allow for a larger chip design with nearly the performance
of a smaller ASIC at a much lower cost.

The general concept of a hardware platform is a system-on-chip {(SoC) composed of multiple
digital cores, and possibly analog cores, connected by a predefined communication scheme. The
cores would be IP blocks that could be shared across multiple hardware platform designs and
the communications infrastructure for sending data between cores could be predesigned and
reused as well. Differentiation between different hardware platforms would be accomplished by
including different combinations of cores, varying amounts of memory, and using different device
packaging. Differentiation between applications would be accomplished by programming the

cores and possibly the interconnect. The amount of programmability would vary from core to



core, but most, if not all cores would have some amount of flexibility. General-purpose processor
cores could of course run different programs, but even fixed-purpose cores such as data converters
could have programmable parameters. One important aspect of research into hardware platforms
is determining what kinds of cores should be included. Including hardware optimized for specific
applications seems to contradict the goal of producing flexible hardware, but more general purpose

hardware may not provide the necessary performance and efficiency.

2.3.2 Reconfigurable Hardware for Hardware Platforms

One of the ways that ASICs achieve high performance is by the creation of custom datapaths
tailored to the specific application. In order to duplicate this in a hardware platform, some sort
of reconfigurable hardware is needed. Reconfigurable hardware in its most general sense is simply
a set of functional units, storage, and interconnect, any or all of which can be configured for a
specific application. A commercial field-programmable gate array (FPGA) is a common kind
of reconfigurable hardware. A typical FPGA has a set of look-up tables (LUTs), which can be
programmed to implement any Boolean function, registers which can be programmably included
or excluded from the data path, and typically a rich set of programmable switchboxes and multi-
plexers. FPGAs thus have programmable functional units, storage, and interconnect. FPGAs are
very flexible and can achieve very high performance for many applications. FPGA-like hardware
has been considered for inclusion in hardware platforms. FPGAs have some drawbacks however,
and are not the best or only choice for reconfigurable hardware. Programming FPGAs can be
difficult, especially when computing tasks must be partitioned across heterogeneous processing
resources. Effective partitioning requires accurate estimation of performance, but this requires
time-consuming place and route for accuracy with FPGA fabrics. Further, the fine granularity of
FPGASs can lead to less efficient implementation of applications with fixed data widths as com-
pared to reconfigurable architectures with coarser granularity. Another problem with FPGAs is
the long configuration times required by these devices. This is due in large part to another one
of their disadvantages, the large size of the files needed to configure them. Some modern FPGAs
have configuration files of tens of millions of bits [10]. Hardware that could provide most of the
flexibility of FPGAs while avoiding these disadvantages would make hardware platforms more

feasible.



One of the main promises of reconfigurable computing has been to provide the performance of
an ASIC with the flexibility of a general purpose CPU, and that has been fulfilled to some degree.
Reconfigurable architectures can implement custom datapaths and other logic with performance
close to that of a comparable ASIC, while still having the ability to be reprogrammed for new
tasks as needed. Reconfigurability can enable a single architecture to potentially be used for many
different products and applications, and allows existing products to be given new features and
functionality, while still providing high performance. This enables high-level reuse. In addition,
reconfigurable architectures are typically well-suited to implementation by layouts composed of
repeating design units, which enables a potentially large amount of low-level reuse, as does their
suitability for inclusion as IP blocks in systems on a chip.

Like an ASIC, reconfigurable hardware achieves much of its performance by exploiting par-
allelism. Rather than separating operators in time, as in the sequential execution of instructions
in a conventional processor, operators are separated in space, allowing many operations to occur
simultaneously. In order for this to provide a performance advantage, an application must have
a significant degree of available parallelism; applications that do not will not execute efliciently
on reconfigurable hardware. Reconfigurable architectures are typically ineflicient for applications
with lots of branching and with irregular data access patterns, and many support little or no
control flow, or support only certain kinds of memory access. This problem has typically been
handled by either implementing the necessary functionality on an application specific basis, thus
giving away most of the flexibility needed for widespread use, or by coupling some sort of general
purpose processor with a reconfigurable fabric and partitioning applications so that sections of
code operate on the hardware best suited for them.

While the latter is certainly a valid approach, it raises a number of issues that have been a
severe hindrance to wide acceptance of this type of hybrid hardware. Performing the partitioning
has been a much more difficult task than was initially anticipated. Partitioning is complicated
by the fact that the CPU and the reconfigurable hardware typically have entirely different pro-
gramming models, separate interfaces to external resources, and very different representations
of applications. After partitioning and compilation/synthesis, an application consists of two or
more separate executables, and these executables must be very specific as to the particular type

of processor, reconfigurable fabric, and interface between them. For example, an application



running on a conventional workstation with an FPGA-based coprocessor card will require a stan-
dard executable for the main processor, as well as a configuration bit stream for each FPGA on
the card. Updating an application requires modifications to all executables, which presents both
developmental and logistical problems. This precludes any immediate performance increase from
newer hardware, since at the very least generation of two new executables is required, and more
typically a significant amount of redesign is required.

The interface between the processor and the reconfigurable logic is crucial to performance and
difficult to implement well. Design and testing of interface code and logic can consume as much
or more time as design and testing of application code and logic. Since interfaces are largely
specific to particular instances of hardware, interface design and testing is usually not portable
to new architectures and must be repeated for even minor hardware changes. This interface code
and hardware also restricts the amount of code that can be efficiently run on the reconfigurable
fabric. Only when the performance gained is greater than performance lost to interface overhead
can use of the reconfigurable fabric be justified. This means that sections of code that do not
run for very long, even if they have lots of available parallelism, cannot be sped up by running
on the reconfigurable fabric.

Another problem that has hindered the development of reconfigurable hardware of all kinds
has been the difficulty of programming. Bit streams for FPGAs are typically generated by
creating designs in VHDL or Verilog and then using a series of tools to synthesize the design,
map it to the specific technology, place and route the design to specific FPGA, and finally
generate the bit stream itself. This is a much more complex process than compiling a program
for high-level language and it can take much longer, up to many hours for particularly large
and dense designs. Much effort has been spent to develop easier ways to program existing
architectures such as FPGAs and to design architectures that are inherently easier to program;
but it is still the case that reconfigurable systems take more skill and effort to program than
conventional software. These requirements greatly reduce the pool of designers available to
successfully implement applications using reconfigurable computing, and form a significant barrier

to its use.
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2.4 Goals

Reconfigurable hardware allows the flexibility, and opportunities for design and architecture
reuse, that will be needed for future digital systems, particularly those implementing the kinds of
data-intensive and/or data-streaming applications that are often implemented with ASICs today.
As has been seen, however, it has other drawbacks that limit its usefulness and practicality
for commercially viable products. In particular, the burdens of heterogeneous programming
models and executables, the overhead imposed by interface requirements between heterogeneous
hardware, difficulties imposed by tool flows, and the lack of portability and performance scaling
are particular problems. If these problems could be solved, it would substantially increase the
usability of reconfigurable architectures, which in turn could help solve many of the challenges
facing digital designers in the coming years.

An ideal reconfigurable architecture would have a complete and unified computational model,
such that an entire application could be programmed as a single entity, with no need for interface
programming or design. It would allow for both temporal and spatial distribution of execution,
matched to the characteristics of different portions of an application, but without requiring
the designer to attend to the details of coordinating different modes of execution. In order
to maximize performance, there would be little or no overhead required to use either mode of
execution, so that all of an application that could benefit from spatial execution could do so. Such
an architecture would have programming semantics and tool flow closer to that of conventional
software than hardware design, so that it could be used by a much larger group of potential
designers. Executables would be portable and run on different instances of the architecture
without recompilation, allowing legacy applications for old versions of the architecture to run on
newer versions of the architecture with improved performance. This ideal architecture would lend
itself to implementations exhibiting a high degree of low-level reuse, and the architecture would
itself be usable in a wide range of products and applications, enabling high-level reuse. This ideal
architecture may not feasible in its entirety, but it does seem possible to achieve many, if not
most, of its characteristics using HASTE. HASTE is targeted towards embedded systems that
need to implement highly parallel multimedia and streaming applications with high performance

as well as efficiency. This project has the following goals for the HASTE architecture:

e Allow the use of a single executable for both the sequential and spatial portions of an
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application.

e Allow application specification from a high-level language, not a hardware description lan-

guage.

o Create a configuration for the spatial portion of an application at run time, so applications

can be sent to hardware of different sizes based on run-time performance requirements.

e Enable high-level reuse by providing a high-performance architecture which is programmable

and usable for a wide range of applications.

e Enable low-level reuse by composing the architecture primarily from identical, repeated

tiles.

2.5 Related Work

Research on reconfigurable computing architectures has been an active area for 15 years or more,
although arguably the roots of this area go back to the early 1960s [11]. Throughout most of
this period, the predominant use of reconfigurable computing involved a hybrid architecture of
some sort, meaning that the reconfigurable hardware was used in a system that also included a
conventional processor, often called a host computer. Compton and Hauck identify four different
classes of hybrid architectures in their survey of reconfigurable computing [12]. They classify
architectures by how closely coupled the reconfigurable hardware is with the conventional pro-
cessor(s), ranging from systems in which there is little or no regular communications with the
host to systems in which the reconfigurable hardware takes the form of a functional unit in the
host processor itself. HASTE is an instance of the second-most closely coupled style of architec-
ture, in that it operates as an independent coprocessor that can run without being controlled by
the host, once the host initializes the hardware and provides the data to to be processed and/or
the location of that data. The third-most closely coupled style generally communicates with the
host only using external I/O and in general appears more like a separate processor.

Many reconfigurable architectures have been designed that operate essentially as coprocessors,
as HASTE does, although unlike HASTE they all require that the reconfigurable hardware be

programmed using something other than the sequential executable run on the host. Examples of
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these architectures include such projects as Garp [13], Napa [14], OneChip [15], REMARC [16],
and MorphoSys [17]. Other architectures such as PipeRench [18] and RaPiD [19] are not quite
as closely coupled to a host processor, but would most likely be used in a manner more similar
to that of a coprocessor, as with the systems listed above, as opposed to the loosely-coupled
separate processor model.

All of these systems have shown substantial performance improvements over conventional se-
quential systems and the advent of commercial products show that these kinds of coprocessors are
feasible and practical solutions to some of the problems facing more conventional architectures.
However, all of these architectures suffer from the necessity to develop a conventional executable
for the sequential processor and a very different configuration for the coprocessor. As has been
discussed, this presents problems that HASTE is designed to circumvent by dynamically translat-
ing from one form to the other. Dynamic translation from one form of executable to another has
been investigated by other projects, albeit in quite different contexts. The DAISY project [20]
at IBM investigated the dynamic conversion of PowerPC executables to VLIW code. The Trans-
meta Cruesoe processor similarly translates x86 machine code into VLIW code at runtime [21].
While these are converting the code to target a different architecture, they are still targeting
essentially sequential hardware, with inherent limits to parallelism, especially as compared to
highly parallel spatial fabrics.

Many other research projects ( [22] [23] [24] [25], among others) use some form of hardware-
based dynamic translation or optimization to change a running executable on a conventional
superscalar processor for better performance. While some significant performance gains have
been realized, the hardware cost of these techniques is high and the performance still lags behind
that observed with the reconfigurable coprocessors previously discussed. These techniques are
again limited by the parallelism of the underlying processors. These approaches makes sense
for general-purpose computing, but they are not well-suited to the high levels of parallelism and
restrictions on power and area that the sorts of embedded multimedia applications that HASTE
is targeted to tend to exhibit. Numerous projects, including [26], [27], and [28], have dealt with
the memory access bottlenecks by implementing specialized hardware, similar in purpose to the

MAU.
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Chapter 3

HASTE Systems and Applications

Chapter 2 discussed some of the challenges facing the designers of digital systems due to
increasing silicon complexity and increasing system complexity. Reconfigurable computational
fabrics were shown to have many desirable characteristics but to present considerable drawbacks
as well. Hybrid systems were introduced as a partial solution to some of these problems, but
the need for two separate executables was shown to present additional difficulties. The HASTE
concept solves the problems introduced by separate executables and provides mechanisms for
close coupling of processors and reconfigurable fabrics by requiring only a single executable. This
chapter will discuss the operation and basic characteristics of HASTE systems and applications

and will define some of the terminology that will be used in the remainder of this thesis.
3.1 Haste Overview

HASTE is targeted towards embedded systems and SoCs that must efficiently implement highly
parallel applications that operate primarily on streaming data. This category includes many
applications of interest, especially those in the signal, image, and video processing domains, as
well as encryption, channel coding, and other communication applications. These are the types
of applications whose computationally intensive portions are typically implemented as custom
datapaths in SoCs or ASICs. HASTE provides performance characteristics similar to custom
datapaths for these applications, but since it is programmable it can be used with hardware
platforms and programmable SoCs. While these applications seem to be the best fit for HASTE,
this does not rule out the applicability of HASTE for more conventional processor workloads.

That will remain the work of future research, however.
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Figure 3.1: Basic HASTE Architecture and Operation

HASTE is an architectural concept, rather than a single architecture. This thesis will outline
the design space and general characteristics of HASTE systems, and will then explore some
specific implementations. It is important to note that there is no single HASTE architecture,
only specific HASTE implementations, just as there is no single RISC architecture, only specific
RISC implementations such as the MIPS 4KEc [29] or ARM 720T [30].

Figure 3.1 illustrates the operation of the basic HASTE architecture. All HASTE architec-
tures have these same components: a sequential processing unit (SPU), a reconfigurable compu-
tational fabric (RCF), a code transformation engine (CTE), and a memory access unit (MAU).
The RCF is an array of reconfigurable logic, reconfigurable interconnects, and storage, arranged
to form a pipelined datapath; it will be discussed in detail in Chapter 5. The SPU is a Von
Neumann processor which operates sequentially on a series of instructions which can implements
control flow as well as data processing. It may be very similar to a conventional RISC proces-
sor, or a more specialized processor architecture may be used. With some minor changes to the
HASTE concept as presented here, a modern superscalar processor could be used for the SPU;
however, that will not be explored in this thesis. The CTE converts portions of the sequential
instruction stream for the SPU into a configurations for the RCF. The MAU provides access
to memory and memory-mapped I/O for both the SPU and the RCF, using streaming memory
access instructions. The SPU may also access main memory directly, bypassing the MAU. The
CTE, SPU, and MAU are covered in Chapter 6.

A HASTE application is composed of sections of sequential code, interspersed with computa-
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tionally intensive kernels, each kernel being comprised of a single loop body which iterates a fixed
number of times and has a single entry point and a single exit point. In the next section this
application model will be considered in more detail. The basic operation of HASTE proceeds as
follows: the SPU executes the code outside of the kernel or kernels, then executes one iteration
of the loop body comprising a kernel, while the CTE creates a configuration for the RCF, as
shown in Figure 3.1(a). Once this is complete, control is handed off to the RCF as shown in
Figure 3.1(b). On subsequent loop iterations, the RCF uses this configuration to execute the
loop body as a pipelined datapath, effectively executing the entire loop body in parallel. While
memory access in the SPU can use either the MAU and streaming memory access instructions
or conventional memory access instructions (loads and stores), the RCF must use the MAU and
streaming memory access instructions exclusively. Once the kernel is complete, control passes
back to the SPU, as shown in Figure 3.1(c), which executes sequential code until encountering
the next kernel or the end of the program.

In a typical hybrid architecture, if it was desired that a kernel potentially run on both portions
of the architecture, the kernel code would need to be compiled into an executable to run on the
processor and then separately synthesized into a configuration for the reconfigurable logic, giving
two separate executables. While the configuration could be embedded into the executable to
create a so-called ‘fat binary’, the fact remains that there are two completely separate executables
and there is no guarantee that they actually perform the same function. HASTE, by contrast,
requires only a single executable that can run on both the processor and the reconfigurable logic,
and in a properly designed HASTE system, the functionality of the kernel will be the same
regardless of which type of hardware it is run on.

To make the HASTE concept work an appropriate application representation must be chosen.
It must have a valid sequential semantic and yet also contain the information necessary for the
CTE to create a spatial configuration. This application representation is an important part of
the HASTE concept and this thesis will investigate and compare several different application
representations. The idea of an application representation in this context encapsulates several
things, including the form and encoding of the HASTE executable, which must be associated with
the specific SPU architecture needed to process the it; the format of kernel configurations in the

RCF; and the CTE algorithms used to convert the instruction stream into RCF configurations.
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The remainder of this chapter will present models of the various components that make up both

the application representation and the HASTE system itself.

3.2 Application Model

Before application representations are discussed, it is first necessary to be able to describe the
applications themselves. For this purpose, a common application model (and corresponding
C+—+ class; see Chapter 7) has been developed for HASTE. A HASTE application is composed
of segments of sequential code and one or more computationally intensive kernels, sections of
parallelizable code. Models for these two types of code will initially be examined separately and
then unified later in this section. A number of assumptions about applications and kernels will be
introduced in this section, some of which are inherent to HASTE and some of which are adopted
for other reasons. Both types of assumptions will be identified when first introduced and then

summarized at the end of the section.

3.2.1 Operations

An application is considered to be formed of a number of operations chosen from a set O of
possible operations. This set is divided into three subsets: computation operations, data move-
ment operations, and control flow operations. The set of operations of each type will be called
Oc, Om, and Oy, respectively, such that O. U O, U Oy = O. Each operation consumes some
number N; of input operands and produces some number N, of outputs, with either or both N;
and N, allowed to be equal to zero in certain cases. Each operation is represented in a control
dataflow graph (CDFQG) as a node, with data edges corresponding to operands and control edges
corresponding to control low. Note that the same operand can be carried on multiple data edges
leaving an operation, so a node may have a number of outgoing data edges greater than N,. If
an operation produces a single output value (N, = 1), than all outgoing data edges carry the
same output value If an operation produces two or more distinct output values (N, > 1), then
each outgoing data edge must be designated as to which output value it carries. Inputs to nodes
represent source operands, and only one value per input is allowed. So nodes may only have as

many incoming data edges as their value of N;.
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Control flow operations do not produce data, so they have N, = 0. A conditional branch may
evaluate data, so N; > 0 for control operations. Computation operations are required to have
N; and N, both greater than 0; they take in one or more operands, perform some calculation
on them and output one or more results. Data movement operations do not change operands,
but instead move them in some architecturally dependent way, typically between registers, or
between registers and memory. Operands moved from memory are not represented by input
edges and are not counted in N;; similarly, operands moved to memory are not represented by
output edges and are not counted in NV,, so it is possible to have a data movement node with
no edges in the case of a memory-to-memory transfer. Since memory-to-memory data transfers
are not included in the current application model, however, all data transfer nodes have at least
one input edge or one output edge, and may have both. A data transfer node with N; = 0 and
Ny > 0 is called a data source and a data transfer node with N; > 0 and Ny = 0 is called a
data sink. Figure 3.2(a) shows a graph with 5 different operation nodes. Nodes 1 and 2 are data
sources and node 5 is a data sink.

Note that this discussion of data transfer nodes indicates that a load/store architecture is
being assumed in this thesis; the HASTE concept as currently developed assumes a load-store,
aka register-register architecture, although it could potentially be expanded to other architecture
types such as memory-register or memory—-memory. It will also be assumed that every operation
has the same latency, specifically a single clock cycle. This is a reasonable assumption for a RISC-
type SPU architecture, except for load and store operations and possibly multiplication and other
complex operations. The HASTE model could encompass multi-cycle operation latencies, but

for this thesis, only single-cycle operation latencies will be investigated.

3.2.2 Sequential model

The sequential code model consists of a sequence of operations that can execute on the SPU,
each drawn from a set of possible sequential operations Og, which may contain all three kinds
of operations (computation, data movement, and control flow), but which may not necessarily
contain all of the operation in O, such that O, C O. The operations in sequential code of
each type will be called Os., Osm, and Oy, with Osc € O, Ogm C Oy, and O, C Oy. Having

operations that execute only in the RCF, i.e., operations that are in O but not in Oy, is counter to
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Figure 3.2: Application Model

the goals of HASTE as presented here, since that would force code containing those operations
to run only on the RCF. Therefore, all operations are compatible with the SPU, so O, = O
for the purposes of this thesis. Any sequence of n operations can be represented as s,, with
Sn = (01,...,0n); 0; € O, Vi. This sequence refers to the order of operations in the executable,
which is just a particular representation of the application. As long as the data and control
dependencies implied by the executable are respected, the actual order of execution in the SPU
may be different than the order given in the executable.

The sequential code can be expressed as a conventional CDFG, with control flow operations
(operations in O,¢) determining the execution of basic blocks. In Figure 3.2(b), for instance,
a control operation, C2, is seen that determines whether basic block 3 (BB3) is followed by
BB4 or BB5. The basic blocks contain only operations from Oy, and Os.. Each basic block in
the sequential code is expressed as a dataflow graph (DFG); a DFG is similar to a CDFG, but
has no control flow. Each basic block has a particular sequential ordering applied to it. Note

that the DFG form of the sequential code is explicitly represented only in the compiler; once
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a sequential ordering is imposed, the DFG structure is only implicit in the sequence. For any
given basic block DFG, potentially many different sequences of operations can be created. The
only restriction on the sequence is that a valid topological order is followed; i.e., no operation
can placed in a sequence before any of the operations on which it depends. Figure 3.2(a) shows
a basic block, BB1, made up of 5 operations. Since this is a basic block from the sequential
portion of an application, there are many different valid sequences for this basic block. For
example, (01, 03, 02,04, 05), (02,04, 01,03,05) and (01, 02, 04, 03, 05) are all valid sequences for this
basic block. Note that each instruction sequence corresponds to just one DFG, the original
DFG shown for BB1, so mapping from the set of DFGs to the set of instructions sequences is a

one-to-many mapping.

3.2.3 Kernel Model

Kernels must execute on both the SPU and the RCF, so they must have a valid sequential order
and otherwise meet all of the requirements discussed in Section 3.2.2. Kernel code has additional
requirements not imposed on sequential code, however, since it must run on the RCF, not just
the SPU. As in [31], the basic unit of code that can be executed in reconfigurable hardware is
defined as being comprised of a single loop body and a single back edge spanning the entire
code segment. However, HASTE requires that the loop body be a single basic block, instead
of a hyperblock. While it seems feasible to execute alternate paths on the RCF, as is done on
the Garp architecture described in [13], this concept will not be included in this discussion of
HASTE. The kernel model does in effect allow control flow through the conversion of control
flow into data flow. This is done by executing all paths in parallel and using select statements
to choose the value to be used by successive operations. Kernel code cannot contain any actual
control flow operations other than loop begin and loop end operations. While this may seem like
a limited model, it is more than sufficient to support kernels from a wide range of applications.
A kernel is thus a basic block, delimited by loop end and loop begin operations. These loop
delimiters execute the basic block a number of times as the body of a loop. The number of times
that the loop body executes must be fixed at the beginning of loop. This may be a runtime
value, however; the iteration count does not have to be known at compile-time. Figure 3.2 (c)

shows a kernel, composed of a basic block BB2 and loop delimiters. Not all basic blocks meeting
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these requirements are kernels; only those that are compatible with operation on the RCF and
have been designated as such are considered kernels.

As with all other basic blocks, an ordering must be placed on the operations in the kernel
basic block so that can they be executed on the SPU as a sequential series of operations, and this
ordering must be topologically valid. However, those basic blocks that are designated as kernels
have further constraints placed on them. The algorithms used by the current CTE model, as
will be discussed in Chapter 6, place restrictions on the ordering of the kernel operations. A
further consideration for kernels is the source of operands and the destination of results. The
HASTE concept requires a streaming model of memory access for the RCF and most operands
will come from sequential memory locations (or addresses varying by a fixed stride) and most
results will be stored in the same kind of memory locations. More complex memory addressing
schemes could be used, as long as memory locations are known well in advance of their being
needed, but are not implemented at present. Each data source node in the kernel represents a
stream or vector of data that will be loaded from memory by the MAU and each data sink node
represents a stream or vector of results that will be stored in memory by the MAU. Equivalently,
MAU streams may instead be generated by or sent to external hardware using a standard FIFO
like interface located at a specific memory address. Anywhere reference is made to accessing
memory through the MAU, an external hardware interface may be in use instead, using this kind
of memory-mapped I/0, unless otherwise specified.

While in theory HASTE could support various kinds of feedback in kernels, only a very limited
form is currently supported. Allowing general feedback is problematic in a pipelined fabric and
may require techniques such as c-slow retiming [32] in order to maintain performance. Allowing
feedback also makes the task of the CTE much more complicated, since the source of a particular
operand may be anywhere in the fabric. Feedback through the MAU is also never allowed; in
other words, no address used as a destination for a data sink node can be subsequently read by a
data source node. This is due to the difficulties inherent in providing consistent behavior in both
the the RCF and SPU in the presence of unknown and arbitrary latencies in the MAU. Note
that the SPU can perform arbitrary memory loads and stores outside of kernels using traditional
memory instructions that bypass the MAU. While these restrictions on feedback may seem very

limiting, in practice most applications of interest can be implemented with only the feedback
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allowed by HASTE, and in fact most vector processors do not even allow the feedback that
HASTE does.

There are some cases where a fixed value needs to be used in each loop iteration and that
value is not known at compile-time; a constant value that is a parameter of the loop, for instance.
This is represented as an edge that enters the basic block, with its source external to the block.
All such edges are considered to represent static operands; that is, operands that are only written
once by code outside the basic block, before the first iteration. These are also be called live-in
values, after the common convention in compiler design. In other cases it may be required that
a given value to be output only once after all iterations of the loop are complete; a sum of all
the results of each iteration would be an example. These kinds of operands appear as edges that
exit the basic block. These represent values that are read by code outside the hyperblock only
after the last iteration and will be referred to as live-out values.

Figure 3.2(d) shows a basic block intended to run on the RCF. Node 1 is a data source and
represents a stream of data read from memory. Nodes 7 and 8 are data sinks and represent
streams of data stored in memory. Node 1 produces a new value each loop iteration and nodes 7
and 8 each consume a value each loop iteration. Node 2 has an input that has its source external
to the basic block and is thus a live-in value. Node 3 and node 4 both have out edges that have
targets external to the basic block and they represent live-out values. A node that produces a
live-out value does not behave differently in regard to other nodes in the basic block than nodes
that do not produce live-out values. For instance, node 5 has the output of node 4 as one of its
source operands; it get the value produced by node 4 each iteration. The only value that gets
passed outside the basic block, however, is the the last value produced by node 4. Other than
live-in and live-out values, all data passed into and out of a kernel must go through the MAU.

In general, no feedback is allowed in kernel code; the DFGs for the kernel DFG must be
acyclic. However, node 3 shows the limited feedback that is allowed: the output of a node can be
used as one of its own inputs. This is particularly useful for counters and accumulators. These
must have an initial value; in this example, this is represented by the in-edge for node 3 that has
its source external to the basic block. This is a live-in value, but because it is the same input
to node 3 that is also written by the output of the node, it does not stay constant like a typical

live-in value. So if node 3 is a counter, for instance, the live-in value to node 3 represents an
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initial value to the counter, and the live-out value represents the final count of the node.
Kernel code can be executed either in the SPU or in the RCF; thus all operations executable
in the kernel, by definition members of the set Oy, must be compatible with both. Since every
operation that can execute in the RCF can execute in the SPU, but not the converse, O D
Os = O, Ogm 2 Ogimy = Oy, and Oy 2 O = O,. Since there is no control flow in the kernel,
Ors = . The absence of control flow in kernels means that the sequential execution of kernels

in the SPU is always the same, which is of course not true of SPU code in general.

3.2.4 Complete Application Model

As has been discussed, applications for HASTE consist of a sequence of operations, each corre-
sponding to an instruction that can be executed on the SPU. This sequence can be divided into
basic blocks of computation and data movement operations, with control operations determining
the order of basic block execution. A complete HASTE application is shown in Figure 3.2(b).
This application has five basic blocks, BB1-BB5, and two control operations C1 and C2. Basic
blocks are represented as DFGs, with a sequential order applied to each DFG. The basic blocks
may contain only operations from O, and O,,, while control flow operations are by definition
from Oy.

One of these basic blocks, BB2, has been designated as a kernel and therefore may only contain
operations in the set O. This kernel may execute on either the SPU or the RCF, and in either
case it must produce the same results and have the same side effects on the SPU state. In order
to execute on the RCF, the kernel operation sequence must be converted into a configuration by
CTE. If it cannot be so converted, than it executes on the SPU only. A number of assumptions
and restrictions are imposed on the application model by the HASTE concept and others are
adopted for simplicity in this early research on HASTE. Table 3.1 lists these assumptions and

the reasons for each.

3.3 System Model

Given this application model, a method is needed to describe the system that the application

executes on in terms of this application model. On the system hardware, each operation is
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Table 3.1: HASTE Application and Kernel Assumptions

| Assumption | Reason

All operations execute in a single clock Simplifies HASTE modeling and simulation.

cycle.

All operations can execute on SPU. RCF only operations complicate HASTE for lim-
ited gain.

Kernel loop body is a basic block. Simplifies RCF design.

Kernel basic block DFGs are acyclic. General feedback difficult to implement in
pipelined architecture.

No feedback through MAU. Possible in general, but very dependent on MAU
operation and latency

Tteration count must be fixed before first | Simplifies MAU and RCF operation.

loop iteration.

No memory-stored operands allowed for General memory access difficult to implement in

computation operations in kernel pipelined fabric.

represented by a single machine instruction. The SPU can execute an entire application as a series
of instructions executed in the order determined by the control flow instructions. Using a simple
SPU model, it might be assumed that any sequence s,, of n instructions, s, = (01,...,0,);0; €
Og, Vi, can be executed on the SPU. To be precise, if S is the set of all possible sequences of
instructions s from Og, and Sspy is the set of all sequences that can be executed on the SPU,
then Sspy = S. For other SPU models, this may not be the case, so Sspy C S. An example
of this might be the restrictions on sequencing required by the branch delay slot found in MIPS
processors [33].

Any SPU program can be uniquely described as such a sequence of instructions. Note that
this sequence does not designate the order in which the instructions are executed, which is
determined by control flow operations that may be dependent on run-time data, but only the
order of instructions composing the program. Upon running the program, a particular sequence
of instructions will be executed; this executed sequence will be designated ex(s). Note that |ex(s)|
is not necessarily equal to |s| , since control flow instructions, if present, can cause instructions
in s to be skipped, resulting in a shorter sequence. For a sequence of length n, s,, there is a set
of p possible execution sequences EX (s) = {ex(s)1,...,ex(s),} whose lengths in general are not
equal to n. Since a kernel is a sequence of instructions that can be executed on the SPU, kernels

can also thus be represented as a sequence of instructions k& = (01,...,0,);0; € O, Vi, with

24



k € Sgpy. Since there is no control flow allowed in kernels, p = |[EX (k)| =1 and |ex(k)| = |k| .

The RCF does not execute sequentially, so a program running on the RCF cannot be described
by a sequence. Instead, it is necessary to specify a configuration for the RCF. A configuration
for the RCF requires the specification of where in the fabric each operation is located, where
each operand is produced, and where each operand is consumed. This can be accomplished by
specifying a dataflow graph, G, with each vertex in the DFG representing an operation in the
kernel and each edge designating where an operand is produced and consumed; and a mapping
m, composed of two one-to-one functions m,, and m., which map vertices and edges, respectively,
to specific locations in the fabric. Note that the DFG is implicit in the instruction sequence but
is not explicitly represented. It is the same DFG used for the basic block in the application
model, as described previously, and thus there is one correct DFG that represents a particular
kernel. There may potentially be many different valid mapping functions, however.

The mapping functions must meet several criteria. Every operation (vertex) in the DFG
must be placed at a location in the fabric such that all of the operations it is dependent upon
are located where they can be accessed. In addition, it must be possible to implement each edge
given the available interconnect resources, and there must be enough of these resources so that all
of the edges in the graph can be implemented. As will be shown, there are many different kinds
of possible RCFs, and it is not necessarily true that a valid mapping can be found for a given
DFG on a given fabric. Given a valid DFG and mapping, the fabric configuration is generated
by specifying an operation for each processing element in the fabric and specifying the necessary
values to control the fabric interconnect in such a way as to implement the DFG and mapping.

The goal of the CTE is thus to take a sequence of instruction representing a kernel, and from
them produce the DFG and mapping functions so that the fabric can be configured. Given a
sequence of instructions representing a kernel, k, the CTE should produce a configuration c(k),
or equivalently, a DFG G and a mapping, m, if one is possible for the fabric. If Cror is the set
of configurations that can be implemented on the fabric and Sj, is the set of all kernel sequences,
than CTE performs the function f : Sy — Crcr. However, in general, a CTE may not be
able to perform all such transformations. Only some sequences may be understood by the CTE
and a valid configuration may not be possible to generate for every sequence. So Scrg is let

to represent all kernel sequences that a given CTE can both understand and generate a valid
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configuration from. Then Corp represents the set of all configurations that the CTE can produce
from elements of Scrg, so fore @ Scre — Ceorg. Note that a CTE will always produce the
same configuration for a given sequence. Ideally, Sorp = Sk and Corp = Cror; but this is not
usually the case. If a kernel sequence is not in Scrg then that sequence can only be executed
on the SPU. A different CTE might have a larger set of transformable sequences so that same
sequence might be transformable on this more powerful CTE.

So the system model describes a HASTE system as having an SPU which can execute some set
of sequences of instructions Sgpy with an individual sequence s composed of instructions from
Os. The actual executed sequence is ex(s) and this executed sequence may vary in length from the
original sequence. Some portions of these sequences are designated as kernels; a kernel sequence
k is composed of instructions from O. A kernel sequence always executes in the same order, so

ex(k) =k. If k € Scrg, than then CTE can transform it into an equivalent configuration c(k).

3.3.1 Component Completeness

There are several different system characteristics that can now be described using this termi-
nology. The first is SPU completeness. An SPU is complete if it can execute any sequence of
instructions from Og; this implies that Sspy = S. An SPU is incomplete if it cannot execute
some sequences of instructions (without generating an exception or other error condition), imply-
ing Sspy C S. The queue ISA SPU that will be discussed in Chapter 4 is incomplete, because
only sequences of instructions with certain properties can run on the SPU. Other sequences do
not have a defined behavior or will have undesirable or unexpected behaviors. Most conventional
SPU architectures are at least partially complete, although this of course does not mean that all
sequences performs any sort of useful computation.

Given a sequence of SPU instructions, it can be designated as a kernel if it meets certain
criteria, namely that it contains only instructions in O and that it meets the control flow
requirements mentioned earlier. This kernel code can be guaranteed to run on the SPU if the
SPU is complete or if the sequence is in Sgpy. (If neither is true and the code doesn’t run on
the SPU, than there is no reason to have any further interest in it!). In order to run on the RCF,
however, there are two additional requirements. The first is that at least one configuration c

exists that provides a proper mapping from the edges and vertices of a DFG G that is isomorphic
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to the original kernel DFG, to the routing and computational resources of the RCF. If not,
the kernel is not physically implementable on the specific RCF, at least as it was expressed in
sequential code for the SPU. Changing the original DFG implementing the kernel in the compiler
could avoid this problem in some cases, particularly if the exact RCF to be used was known in
advance, but that is not always the case. If any kernel sequence that can be run on the SPU
can be implemented on the RCF, than the RCF is called complete, assuming that the fabric is
always sufficiently large. For a complete RCF, then for every sequence in Sy, there is at least
one corresponding configuration in Crcor that performs the same computation.

However, there is another criteria for running a kernel on the RCF, and that is that the CTE
can correctly implement the kernel on the fabric, given the SPU sequence. It is possible for a
RCF to be complete, but for the CTE to still be unable to map kernels that could be implemented
on the RCF. If, however, the CTE can map any valid kernel sequence that can be run on the
RCF to the RCF, than the CTE is called complete and it can be said that Scrg = Sk and
Ceore = Crer. Note that it is possible to have an incomplete RCF and still have a complete
CTE, if all sequences that do have mappings to configurations on the RCF are transformable by

the CTE.

3.4 Observations

A general description of HASTE applications and kernels and the operation of the SPU, CTE,
MAU, and RCF has now been presented. However, these have all been described in very general
and mostly abstract terms. In the next chapter, Chapter 4, the instructions sets that will be
used to represent operation sequences will be discussed using more specific terms. The chapter
after that, Chapter 5, will describe the HASTE hardware more thoroughly and in particular will
describe the RCF in detail, which will provide the background necessary for understanding what
RCF configurations consist of. Once the instructions sets and fabrics have been explained, it will

be possible to describe how the CTE works in detail; this will be covered in Chapter 6.
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Chapter 4

Instruction Set Architectures

The previous chapter described the application and system models for HASTE, but it must
still be explained how executables that run on a sequential processor can be transformed into
configurations for a spatial fabric. There are two main components that make this possible. One
is the CTE, which will be covered in Chapter 6, and the other is the set of instructions that
kernels are expressed in, which is the subject of this chapter. The kernels need to be expressed
in a manner that will ensure that the kernels will run and give the same results on both the
SPU and the CTE. So the executable for each kernel must have a valid sequential meaning and
also must contain enough information to allow for the construction of a valid configuration. A
configuration means information about the placement of operations and the connections between
operators needed to produce the same results as the sequential semantic; in effect, placement
and routing of the fabric. There are several possible ISA types that meet these requirements and

they will be presented in this chapter. Experiments comparing them are reported in Chapter 8.

4.1 Generic HASTE Assembly Language (GHAL)

All HASTE applications are initially expressed in the Generic HASTE Assembly Language, or
GHAL. This is a conventional register-based assembly language, based on the Portable Instruction
Set Architecture developed for use with the SimpleScalar simulator [34]; PISA in turn is based
on the MIPS ISA [33]. GHAL serves as an intermediate format between the original application

source code and the ISA-specific executables that actually run on HASTE architectures. Unlike
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most intermediate formats, however, it can be executed directly using a simulator. Simulations
of GHAL are performed using a modified version of SimpleScalar; this was possible since GHAL
is an extension of PISA. The main differences between GHAL and PISA are threefold; the
addition of special instructions to designate the beginning and end of kernel loops and control
loop execution; the addition of streaming memory instructions; and the introduction of a select
instruction that allows for the implementation of some control flow by converting it into data flow
using if-conversion [35]. In addition, GHAL has 32 more general purpose registers than PISA
does. This reduces register spills in the compiler and simplifies the process of creating GHAL
code. There are a few other minor difference between the GHAL and PISA,| relating mainly
to some instruction names and operand ordering. These can be seen by comparing the GHAL
reference in Appendix B to the PISA instruction reference in [34]. The three main differences
between GHAL and PISA are covered in this section, however, and a list of the most important
new instructions in GHAL and not in PISA is shown as Table 4.1. A simple PISA assembly
program and its GHAL equivalent are shown in Figures 4.1(a) and 4.1(c), respectively, and these
will be used as examples throughout this section. These programs both implement the kernel
portion of the simple C program shown in Figure 7.3. Note that this particular example is also

covered in more detail in Chapter 7.

4.1.1 Loop Delimiters

Loop delimiters have two important functions in HASTE: they are used to identify kernel code
and they can also control iteration of kernel loop bodies. The identification function is used
for profiling execution and can also be used to tell the SPU that a kernel is starting and that it
should start passing instructions to the CTE for transformation into a configuration. The control
function implements the actual iteration of the loop body if it executes on the SPU and it enforces
the requirement that the number of loop iteration be known before the first loop iteration. There
are two kinds of loop delimiters; dummy loop delimiters and active loop delimiters. The dummy
loop delimiters DLPBGN, DLPEND, and DLPDONE do not actually execute; they are only
used for profiling kernels and are not counted in any simulation statistics. Technically, they are
not even part of GHAL, but are used for profiling PISA versions of kernels. In Figure 4.1(b),

the dummy loop delimiters are present on lines 6, 24, and 26. The DLPBGN instruction on
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Table 4.1: New Instructions in GHAL

Instruction | Syntax

Description

DLPBGN DLPBGN Dummy loop delimiter, used for profiling only. Placed
before beginning of loop body.

DLPEND DLPEND Dummy loop delimiter, used for profiling only. Placed
as last instruction in loop body.

DLPDONE | DLPDONE Dummy loop delimiter, used for profiling only. Placed
as first instruction after end of loop body.

LPBGN LPBGN rd, rs Loop delimiter for beginning of loop. Register rd is
used to hold loop iterator and iteration count is taken
from value in rs.

LPBGNI LPBGN rd, uimm | Loop delimiter for beginning of loop. Register rd is
used to hold loop iterator and iteration count is taken
from unsigned immediate uimm.

LPEND LPEND rd, target | Loop delimiter for end of loop. Register rd holds loop
iterator and target is label at beginning of loop (af-
ter LPBGN). Value in rd is decremented and if > 0,
execution branches to target.

SETB SETB p, addr Set base address for port p to addr.

SETS SETS p, uimm Set stride for port p to unsigned immediate uimm.

RECV RECV rd, p Receive word from memory port p into register rd.

RECVB RECVB rd, p Receive byte from memory port p into register rd and
sign-extend.

RECVBU RECVBU rd, p Receive byte from memory port p into register rd.

RECVH RECVH rd, p Receive half-word from memory port p into register
rd and sign-extend.

RECVHU RECVHU rd, p Receive half-word from memory port p into register
rd.

SEND SEND p, rs Send word in register rs to memory port p.

SENDB SENDB p, rs Send low byte in register rs to memory port p.

SENDH SENDH p, rs Send low half-word in register rs to memory port p.

SEL SEL rd, rs, rt, ru | If rs is zero, copy value in register rt to register rd.

Otherwise, copy value in register ru into register rd.
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1) simple_ kernel: 1) simple kernel: 1) simple_kernel:

2) . frame $sp,0,$31 2) . frame $sp,0,$31 2) .frame $sp,0,$31
3) .mask 0x00000000,0 3) .mask 0x00000000,0 3) .mask 0x00000000,0
4) .fmask 0x00000000,0 4) .fmask 0x00000000,0 4) .fmask 0x00000000,0
5) addu $7,$5,20000 5) addu $7,$5,20000 5) setb P1,0($4)
6) $L43: 6) dlpbgn 6) sets P1,3
7) 1lbu $2,0($4) 7) $L43: 7) setb P2,1($4)
8) 1lbu $3,1($4) 8) 1bu $2,0(s$4) 8) sets P2,3
9) lbu $6,2($4) 9) 1lbu $3,1(84) 9) setb P3,2($4)
10) srl $2,52,2 10) 1lbu $6,2(54) 10) sets P3,3
11) addu $3,$3,$2 11) srl $2,$2,2 11) setb P4,0(S$5)
12) sltu $2,$6,$3 12) addu $3,83,%2 12) sets P4,2
13) beqg $2,$0,$L44 13) sltu $2,$6,$3 13) lpbgni $40,10000
14) move $2,5$6 14) beq $2,$0,8L44 14) $L35:
15) 3j $L45 15) move $2,$6 15) recvbu $2,P1
16) $L44: 16) j $L45 16) recvbu $3,P2
17) addu $2,$3,4 17) $L44: 17) recvbu $6,P3
18) $L45: 18) addu $2,$3,4 18) srli $2,$2,0x2
19) sh $2,0($5) 19) $L45: 19) addu $3,$3,%2
20) addu $5,$5,2 20) sh $2,0($5) 20) addiu $48,$3,4
21) addu $4,$4,3 21) addu $5,85,2 21) sltu $44,$6,$3
22) slt $2,$5,87 22) addu $4,$4,3 22) sel $2,$44,$6,$48
23) bne $2,$0,$8L43 23) slt $2,$5,87 23) sendh P4,$2
24) 3 $31 24) dlpend 24) lpend $40,$L35
25) .end simple_kernel 25) bne $2,$0,8L43 25) 3j $31
26) dlpdone 26) .end simple_kernel
27) j $31
28) .end simple kernel
(a) Original PISA Code (b) Instrumented PISA Code (c) Equivalent GHAL Code

Figure 4.1: Equivalent PISA, Instrumented PISA, and GHAL programs

line 6 identifies the beginning of the loop body and is placed just before the first instruction
in the loop body. It only executes one time, and the next instruction after DLPBGN is the
first instruction in the first iteration of the loop. The DLPEND instruction on line 24 identifies
the last instruction in the loop body except for the loop-closing branch statement on line 25.
DLPEND executes once for each loop iteration. The DLPDONE instruction on line 26 identifies
the end of all loop iterations and is placed after the loop-closing branch. It executes only once,
after all loop iterations are complete. These three instructions are all needed for accurate kernel
profiling. The profiling process is covered in Chapter 9.

The active loop delimiters LPBGN and LPEND are actually executed and perform the branch-
ing for kernels when executing on the SPU and otherwise delimit the code that is contained in
a kernel. The LPBGN instruction specifies a register to hold the loop counter and a count of
the number of times to iterate; this may be supplied as either a constant (in which case the
immediate instruction version LPBGNI is used) or the value may be in a register (in which case

LPBGN is used). In Figure 4.1(b), there is a LPBGNI instruction on line 13. It designates reg-
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/* * simple.c * */
#define NUM_DATA 10000
#include <stdlib.h>
void simple_kernel (unsigned char* in_data, unsigned shortx* out_data);
int main(void) {
unsigned char *p_in;
unsigned short *p_out;
int i;
p_in = malloc(3*NUM_DATA*sizeof (unsigned char));
p_out = malloc(NUM_DATA*sizeof (unsigned short));
for (i = 0; i < (NUM_DATA*3); i++) {
p_in[i] = randQ);
}
simple_kernel(p_in,p_out);
return 0;
}
void simple_kernel (unsigned char* in_data, unsigned short* out_data) {
int i;
unsigned char a,b,c;
unsigned short x,y,z;
asm("dlpbgn™);
for (i=0;i<NUM_DATA;i++) {
a = in_datal[i*3];
= in_data[(i*3)+1];
= in_data[(i*3)+2];
a>> 2;
=b + x;
if (y > ¢)

Z = c;

< X 0o o
1]

else
z =y + 4;
out_datal[i] = z;
asm("dlpend™);
}
asm("dlpdone");
}

Figure 4.2: Original C code for simple example program
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ister $40 as the loop counter and sets an immediate loop iteration count of 10,000. The LPEND
instruction specifies the loop count register and a branch target. The instruction decrements the
counter register and checks to see if it is greater than zero. If it is, execution continues at the
branch target address. If not, iteration is complete and execution continues to the next instruc-
tion in memory. The LPEND instruction can be seen on line 24 of this example. It identifies
the same register as the loop counter as was used for LPBGN, register $40, and specifies the
branch target address using the label $L.35 placed just before the first instruction in the loop
body. These two instructions replace the instructions on lines 5, 21, 23, and 25 of the original
code in Figure 4.1(a). Although nothing actually prevents it, modifying the loop counter register
during execution of the loop body can cause unexpected results and complicates operation of the
MAU. A general purpose register was used here to allow for more flexible loop iteration in future
versions of GHAL and HASTE; a special interlocked loop counter could have been used had it

been deemed necessary to enforce the restriction on modifying the loop counter.

4.1.2 Streaming Memory Accessors

To match the streaming memory model mentioned earlier, GHAL has a set of streaming memory
access instructions. These send and receive instructions correspond to store and load operations
of a conventional ISA. Rather than referring to memory addresses, however, they refer to memory
access ports. The current GHAL design assumes hardware with 32 memory ports; ports 0-15 are
receive ports and ports 16-31 are send ports. Prior to issuing a send or receive instruction, and
prior to kernel initiation, the port must be set up by supplying a base address using the SETB
command and a stride using the SETS command or their variants. Only some of the variants on
SETS and SETB are shown in Table 4.1, but all are covered in Appendix B. The first receive
instruction using a port gets the memory value at the base address; subsequent receives of the
same port get the values in memory at subsequent addresses that are obtained by adding the
stride value to the base address at each access. Send instructions work similarly, with the first
send to a port sending data to the base address, and subsequent ones sending data to subsequent
addresses. A stride of zero may be used for access to memory mapped I/0. In Figure 4.1(b), three
receive ports and one send port are in use. The receive ports, ports 0,1, and 2, are set up in lines

5 through 10, and the receive port, port 16, is set up in lines 11 and 12. In this example, port 0 is
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set with a base address of 0($4), meaning a zero offset from the address in register $4, port 1 has
a base address of 1($4), meaning a one-byte offset from the address in register $4, and port 2 has
a base address of 2($4), meaning a two-byte offset from the address in register $4. Each of these
three receive ports has a stride of 3 bytes (set in lines 6, 8, and10). Just as for the load and store
instructions in PISA, there are send and receive instructions for words, half-words, and bytes;
the receive instructions for half-words and bytes have both signed and unsigned versions which
control whether sign-extension is performed. All of these memory accessors are listed in Table
4.1. In this example, it can be seen that all three receives, in lines 15, 16, and 17, are receives
of unsigned bytes. So the access patterns is that in the first iteration three consecutive bytes
are read from addresses 0($4), 1($4), and 2($4), in the next iteration three consecutive bytes are
read from addresses (0+3)($4) = 3($4), (1+3)($4) = 4($4), and (2+3)($4) = 5($4), and so on.
Looking at lines 8, 9, 10, and 22 in Figure 4.1(a), it can be seen that the GHAL code is in fact
reading the same data from memory as the PISA version. The GHAL code is simpler, because
address incrementing is done automatically, so no instructions equivalent to those on lines 21 and

22 of the original PISA code are needed in the GHAL code.

4.1.3 Select Instructions

Since no control flow is allowed in the kernels, select instructions are introduced into the ISA; see
sel in Table 4.1 for the syntax. The instruction has three source operands; a single selector and
two possible select values. Depending on whether the selector is zero or non-zero, either the first
or second select value is passed to the destination operand. In the PISA code in Figure 4.1(a),
it can be seen that a different value ends up in register $2 depending on whether the branch in
line 14 is taken or not. If it is taken, then $2 gets the sum of registers $3 and $4 in line 18; if the
branch is not taken, it gets the value in register $6 in line 15. This corresponds to the if..else
construct in the original C code. In the equivalent GHAL code registers $3 and $4 are always
summed on line 20. Then either this sum or the value in register $6 is placed in register $2 by
the select statement on line 22. Note that the number of instructions executed in the PISA code
varies depending on the branch taken, but the number of instructions executed in the GHAL

code is always the same.
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4.2 ISA Requirements

While GHAL has several features that improve its suitability for HASTE, it is still not easily
transformable, at least not without further consideration of the transformation process. It is nec-
essary to be able to take the sequential code for the kernel, k, and from it determine the mapping
function m, and at least indirectly the kernel DFG, G. Equivalently, the kernel application needs
to be placed and routed on the RCF. To construct G, it is necessary to determine the nodes
and edges of the graph. To determine the mapping function, it is necessary to know where on
the fabric each of these nodes and edges goes. The ISA needs to implicitly or explicitly provide
enough information to the CTE so that it can produce G and m. As discussed in the previous
chapter, m is composed of two sub-functions, m, and m. which map vertices(nodes) and edges,
respectively, from G to the fabric. In order to discuss what the requirements are for the ISA, it

is necessary to discuss G, m,, and m. in more detail.

4.2.1 Operations and Placement

In the current HASTE implementation, the nodes in G correspond on a one-to-one basis to
the instructions in the kernel sequence, with the exception of the loop delimiters, which are
not considered part of the kernel. So a sequence of n instructions (not including delimiters)
corresponds to a DFG with n nodes, and vice versa. The functionality of each operation in the
fabric thus corresponds to the functionality of each corresponding instruction in the sequence. So
determining the number of nodes and the operation performed by each is simple. An instruction
sequence like that shown in Figure 4.1(b) with three recvbu instructions, and one each of srli,
addu, addiu, sltu, sel, and sendh instructions, will have a corresponding DFG with three
recvbu nodes and one each of srli, addu, addiu, sltu, sel, and sendh nodes. Note that the
loop delimiting instructions and label on lines 13,14, and 24; the memory access setup instructions
on lines 5-12; and the subroutine-related code on lines 1-4, 25, and 26 are not part of the kernel
DFG.

In addition to the number and type of nodes, the CTE needs to determine where in the fabric
to place each node. While in theory the CTE could determine the placement entirely by itself
from an arbitrary sequence of instructions, this would require a much more complex CTE than

would be practical. The HASTE concept assumes that most of the work of determining the
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Figure 4.3: Application Mapping in Compiler

configuration will be done at compile time, so it is only necessary to give enough information
about the desired configuration for the CTE to recreate the configuration. So for a given DFG,
the compiler determines a mapping for that DFG to a specific ISA and fabric. In Figure 4.3(a)
can be seen a mapping for a DFG to a simple fabric with four rows (or pipeline stages) and
three columns. Since it is desirable that the CTE be able to complete its job as quickly as
possible, ideally within a single loop iteration, it would be preferable to be able to determine the
placement for each node as soon as it is seen by the CTE. Given the pipelined nature of the RCF,
it makes sense to order the instructions in the sequential code such that all instructions for a
given pipeline stage are in the sequence before any instruction for any subsequent pipeline stages.
This also ensures that the topological ordering requirement for sequential code is met. This still
leaves the question of where in each stripe to place each operation. Again keeping with the the
premise that the CTE’s job should be made as simple as possible, the instruction sequence is
simply created such that each instruction appears in the order that it is placed in the fabric.
The instruction sequence in Figure 4.3(a) was created by simply copying the operations from
right to left, starting with the first pipeline stage and continuing on to successive pipeline stages.
Figure 4.4 shows how the DFG is recreated by the CTE by reading the instruction sequence and
“pushing” each instruction onto the pipeline stage (Note that this process is covered in much
more detail in Chapter 5). Some indication of the need for a new row is needed; the exact form
this takes differs between ISAs. In any case, the new row signal causes the current row to move

up into the fabric, and the CTE can start placing the next row. Determining the nodes in G
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Figure 4.4: Placement of Operations by CTE

and where each node goes in the fabric (m,) is thus quite straightforward. The only complexity
arises when it is necessary to place operations in the fabric such that are spaces between them,
as shown in Figure 4.3(b). This might need to be done because of routing restrictions in the
fabric, for instance. In this case, NOOP instructions are inserted into the instruction sequence to
properly space the operations on each row. This causes some inefficiency in the sequential code,
since these NOOPs must be fetched and decoded, but this is necessary in order to keep CTE
operation simple. These same placement techniques are used for all ISAs; the only difference is

in how the “new row” signal is generated, and this will be discussed for each ISA in turn.
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4.2.2 Data Flow and Routing

The more difficult part of determining the structure of G is finding the edges, which represent
data dependences between instructions, or equivalently, represent data flow between operations.
The exact manner that these dependences are determined is different for each specific ISA. Once
these are known, the CTE must determine how to configure the interconnect to implement the
correct data flow. This is in effect implementing routing for the RCF and is covered in detail in
Chapter 5. Performing a general routing task where connected operations could be anywhere in
the fabric would be quite difficult to do at run time with RCF. However, the pipelined nature of
the RCF greatly simplifies the routing problem. For any given operation, it is only necessary to
route operands from a register in the current stripe, and the result of each operation needs only to
be routed to a register in the next stripe. So once the input operands for an operation are known,
as long as the locations of those operands are known, the required routing can be determined.
Since all of the input operands for any given instruction must have been generated or stored in
the previous stripe, and since instructions are sequenced in stripe order, all input operands must
already have been seen by the CTE for any given operation needing those operands. So the main
information the CTE needs is what input operand(s) each operation needs. This varies from ISA

to ISA and will be covered in the section for each ISA.

4.3 Queue ISA (QISA)

The easiest kind of ISA for the CTE to convert is a queue ISA, which is an ISA targeting a queue
machine. A queue machine is analogous to the more familiar stack machine, such as the Java
Virtual Machine [36], except that it uses an operand queue rather than an operand stack. Figure
4.5(a) shows an operation using an operand stack. In a stack machine operands are always taken
off of the top of the stack and the result is placed back on the top of the stack. In this example,
the operation is an add, so the top two values, 1 and 2, are taken from the stack and added. The
result, 3, is placed back on the top of the stack.

An operand queue does not have a top, but instead has a head(front) and tail(back). Operands
are always taken from the head of the queue and results are always placed on the tail of the queue.

In the example shown in Figure 4.5(b), the same operation performed in the stack machine
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Figure 4.5: Stack and Queue Machine Operation

example is performed using a queue machine. The two operands, 1 and 2, are taken from the
head of the queue and added. The result, 3, is placed on the tail of the queue.

The queue machine is used for HASTE because the inherent ordering of operations better
matches the requirements for the types of instruction sequences needed to ensure that a simple
CTE can be used. Because of the use of a fixed data storage structure and rules that determine
where operands are taken from for each operation, both queue and stack machines place strict
limits on the instruction sequences that are valid for a given DFG. Figure 4.6 shows a simple DFG
and the instruction sequences generated from it for a stack machine and for a queue machine.
Note that in the stack machine schedule, operations that are on the same level of the DFG are
separated by operations on a different level. The arrows connect blocks of operations that are
on the same level of the DFG. The queue machine schedule has all of the operations that are
on the same level of the DFG in sequence. While there are different possible stack and queue
machine schedules, it is shown in [37] that any correct sequencing of the example DFG for a stack
machine will separate operations that are on the same level and should be adjacent for correct
CTE operation. Further, a correct sequencing for a queue machine will always keep operations
together that should be on the same level. So queue machines require instruction sequences
that are an exact match for the type of instruction sequences that are desired for simple CTE
operation.

Given some arbitrary stream of instructions, it may be possible to reorder them so that they
can run on a queue processor, but this is not true of most instruction sequences. Fortunately there
is a correspondence between certain properties of a DFG and the correct ordering of instructions
for a queue machine. Any DFG that is both level and planar will produce an instruction sequence
that will run correctly on a queue machine [37]. A level graph is one that can be drawn with

the nodes in rows such that every edge goes from a node in one row to a node in the next row
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Figure 4.6: Instruction Ordering for Stack and Queue Machines

and no edge skips a row. An example of a non-level graph and a level graph are shown in Figure
4.7(a) and Figure 4.7(b), respectively. A planar graph is one that can be drawn without any
edges crossing. An example of a graph that is both level and planar is shown in Figure 4.7(c).

By adding new nodes to a DFQG, a level-planar graph can be produced from any arbitrary
DFG, so queue machines can be used to implement any instruction sequence, if certain queue
manipulation instructions are allowed. These instructions are SWAP, which replaces edges that
cross, and PASS, which allows edges to cross levels. In the queue machine, a PASS instruction
removes an operand from the head of the queue and places it on the tail of the queue, and a
SWAP instruction removes two operands from the head of the queue, reverses their order and
places them on the tail of the queue. This process of making an arbitrary DFG both level and
planar is illustrated in Figure 4.7. The original non-level, non-planar graph is shown in Figure
4.7(a). The graph is first made level by add PASS nodes to each edge that crosses more than
one level; the level version is shown in Figure 4.7(b). Next the graph is made planar by inserting
SWAP nodes everywhere that two edges cross. Finally, the graph is made level again by inserting
PASS nodes for all edges spanning the level where a SWAP node was added. The final graph is
shown in Figure 4.7(c).

The queue ISA has some drawbacks that seem to make it a rather poor choice for use in
HASTE. Use of the queue ISA requires that the SPU be a queue machine, which requires con-
struction of a novel type of processor. Further, all application code would have to be compiled to
run on the queue-based ISA. Many PASS and SWAP operations have to be added to queue DFGs
to make them level planar, so the corresponding code is longer than it would be otherwise. The
level planarity property makes it impossible to directly indicate feedback in a queue ISA DFG as

can be done in a generic DFG, as was shown in Figure 3.2(d). Currently single operator feedback
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is only possible in QISA by using a special instruction type which includes feedback implicitly.
The only such operation currently implemented is ZACC, the accumulate from 0 operation, as
described in Appendix B. Finally, the queue ISA allows a fanout of at most 2 from any node;
in other words, any result may only be read at most 2 times. The PASS2 instruction takes an
operand from the head of the queue and places two copies of it on the tail of the queue. This
allows a result to be read more than twice, but this requires the addition of yet more instructions.

The queue ISA does have several advantages, however. Because the operands used by each
operation are implied by the ordering of operations in the sequence, no explicit operation desig-
nation, like specifying register numbers in a conventional ISA, is needed. This means that each
instruction need only contain a field to designate what operation is to be performed and can
thus be much smaller than instructions for other types of ISAs. The job of the CTE is simplified
because it doesn’t have to keep track of explicit operand designations; it can determine implicitly
where to get the operands for each operation. All result operands are written to the same column,
so the CTE always knows where to find them. In addition, the CTE can determine when a new
row is needed just by observing the number of operands available in a given row. A queue ISA
allows the use of a very simple CTE, as will be discussed in Chapter 6.

The queue ISA has all of the instructions in GHAL, except that unlike GHAL, no register
operands or other operands designation is required. The only operands needed are immediate
values for instructions that require them. In addition to the standard GHAL operations, the
SWAP and PASS instructions, as previously described, are also included. Another queue specific
instruction is DROP, which simply consumes a value off of the queue. This is typically only
needed for instructions that produce two different values, only one of which is needed. The
queue ISA requires some variants on the standard GHAL instructions as well. Normally, a queue
instruction places one copy of its result on the queue, which means that operand can only be used
once. Equivalently, each node in the DFG would only have a single out edge. This is impractical
for most applications, so instructions are allowed to have variants that produce two identical
results. To designate this a ‘2‘ is simply appended to the instruction. Thus an ADD instruction
adds two operands and places the sum on the queue; an ADD2 instruction performs the same
addition but places two copies of the sum on the queue. This is illustrated in Figure 4.8(a). The

ISA reference in Appendix B shows which instructions can have their output doubled in this way.
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Figure 4.8: Queue ISA Instruction Variants

Other problems with the queue ISA come from the limitations placed on the DFG due to the
level planarity requirement. One way to simplify meeting this requirement is the allow the ability
to reverse the order that operands are used in. If this were not possible, than the DFG would
have to restructured to place the operands in the correct order. This is designated by adding
an 'R’ to the instruction and is is illustrated in Figure 4.8(b). Note that this is only required
and implemented for operations with non-commutative operands, like subtraction; hence there
is no ADDR (reversed input addition) instruction. An instruction can have both reversed inputs
and doubled outputs. The ISA reference in Appendix B shows which instructions can have their
inputs reversed. The select instruction has three inputs, which means that there are six possible
input orderings. This is implemented by having three different versions of the select instruction
in the queue ISA, each of which can be reversed. All of the possible select operations are shown
shown in Figure 4.9.

The final instruction variation is needed only for instructions which have two different outputs;
for example, multiplying two 32-bit numbers produces two 32-bit results, one for the high bits and
one for the low bits of the result. If the output order is reversed, or exchanged, then an X is added
to the instruction. In the SimpleScalar simulation of the Queue ISA, these instructions variants
(2R, and "X’) are implemented as annotations to the original GHAL instructions; however, in
actuality, there would be different instructions with different opcodes for each instructions and

variant.
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Figure 4.9: Select Instruction Variants

The Queue ISA has relatively simple instruction formats, as shown in Figure 4.10(a). As with
all the instruction formats in HASTE, it is assumed that instructions must be some multiple of 8
bits in length. Most queue ISA instructions require one byte to identify the specific instruction.
Since the identity of operands is determined implicitly due to the nature of the queue architecture,
no fields are needed to specify what the inputs to an instruction are or where the results should
go. R-type instructions require no other information than an 8-bit instruction field. Queue ISA
instructions with small immediate values, e.g, port number or shift amount are specified in the
S-type instruction format. S-type instructions have one byte to identify the instruction and 5
bits to represent the port number or shift amount, with 3 unused bits needed to reach a width
that is a multiple of 8 bits. QISA instructions with numeric immediate values use the I-type
instruction format, with one byte for the instruction and 16 bits for the immediate value. It
would have been possible to allow larger immediates, perhaps with the addition of new versions
of immediate instructions that specify the immediate width, but this was not done due to limited
utility (few immediates in the kernel need more than the standard 16 bits) and to maintain

compatibility with PISA, RISA, and RRISA, all of which use a 16-bit immediate width. The
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final QISA instruction format is the J-type, used for jump instructions. To maintain compatibility
with the PISA compiler, a 26-bit target address is used. To avoid requiring an extra byte for
J-format instructions, the J format instructions can be specified using only the upper 6 bits of
the instruction field. This 6-bit field plus the 26-bit address field requires only 32 bits, rather
than the 34 bits needed if the full 8-bit instruction field was used. The 34 bits instruction would

need to be stored in 5 bytes, rather than just 4.

4.4 Register ISA (RISA)

Given some of the difficulties inherent in using the queue ISA, using a more traditional register
ISA would seem to be a desirable alternative. Using a register ISA makes the construction of
the SPU easy, since a conventional or nearly conventional processor architecture can be used.
However, extracting parallelism and constructing a spatial configuration from code produced
by a standard compiler is an extremely difficult, if not impossible, task. It is necessary to
produce executables in this register ISA that allow for the creation of a configuration that can
be implemented on the fabric that they will be run on. Thus the compiler must know the base
parameters of the fabric and the algorithms used by the CTE, and modify the DFG accordingly.
It does this by producing a spatial configuration as part of the compilation pass. Then register
assignments are made and the sequential code can be written out. This will be covered in more
detail in Chapter 7.

Another problem is that the task of the CTE is more complicated than for the queue ISA.
Since operands are identified only by register numbers, the CTE must keep track of the location of
these values and route the fabric accordingly. There is no correspondence between the architected
register file number used in the SPU and the register location in the fabric. To completely specify
the location of a register in the fabric, both the column of the register file and the number of the
register file entry must be specified. Figure 4.11 shows a sequence of three instructions, the first
of which is a NOOP placed there just for spacing. Given an SPU with 8 registers, registers would
be accessed as shown in the middle portion of the figure. First, for the SUB instruction registers
1 and 5 are read. The result is placed in the register file in register 4. Next, registers 6 and 3 are
read for the ADD instruction, with its result placed in register 7. Both the source and destination

of operands is given explicitly for the SPU. For the RCF, however, these register numbers have
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Figure 4.10: HASTE ISA Instruction Formats
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Figure 4.11: RISA Register Addressing

no relation to their locations in the fabric. The CTE uses the register designations to keep track
of the dependences, but must assign and track fabric registers itself. In order to allow the CTE
to do this, result operands are always placed in the same column they are generated in. The
first open register in the register file in that column is used to store the result. The CTE keeps
track of the column and register number in the RCF that the SPU register is associated with for
use when operations need that operand. In order to free up registers when they are no longer
needed, the last use of a particular value must be marked as such. The HASTE tools take care
of this determination and indicates it using an exclamation mark after the register number of a
source operand. A bit in the corresponding instruction field is set if this is the last use of that
value. This bit is labeled RK in 4.10(b). Note that there will typically be more registers in a
single row of the fabric than there are registers in the SPU. CTE operation for the register ISA
is covered in Chapter 6.

Another modification is necessary to allow use of a fabric with limited interconnect. In the
fabric, if an operation needs operands that are in columns too far apart to be read in any single
PE, than one or both operands must be moved. A move instruction can be implemented to read
operands from one column and write to another. The CTE interprets a move instruction as a
routing directive that reads a value from a register in one column and writes it to a register
in a different column. The move instruction would be treated as a NOOP by the sequential
processor, since the value being moved would still be referred to by the same register number
and be in the same location in the SPU’s register file. Rather than introduce a new instruction,
the PISA pseudo operation MOVE is promoted to be a true instruction. A move from one register
to the same register is interpreted by the CTE as move from the column the operand is in to

the column the MOVE instruction is in. Other than these minor changes, and the mapping and
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transformations performed by the tools, RISA is no different than GHAL.

The Register ISA formats are shown in Figure 4.10(b). There are three instruction formats,
R-type, I-type, and J-type. R-type and I-type instruction formats have an additional single
bit field labeled NR. This bit indicates whether the current instruction is the last one on the
current row. Note that the J-type instruction does not have this field, since jump instructions
are never part of kernels and rows have no meaning in sequential code. The NR bit is ignored
in sequential code for instructions using the R-type and I-type formats. The remaining fields are
very conventional; the OP field designates the specific instruction. As in QISA, this is an 8-bit
field for all instructions except those that use the J-format, in which case it is a 6-bit field. This is
done only for compatibility with QISA. In both the I- and R-type instructions, the RS1, RS2, and
RS3 fields are source register designators; note the SEL instructions is the only one that actually
uses all three source registers. The RD field is the destination register. The one exception to
this is the full-width multiply instruction, which uses the RS1 and RS2 fields to designate the
source values and the RD and RS3 fields to designate the result registers for the low and high
bits of the result, respectively. Note that the widths of all of the register fields are labeled R,
and the format widths are given as functions of R. R in this case designates the number of bits
needed to select a specific register. As such, it depends on the number of register in the SPU,
since that is what these register designators refer to (the CTE does the transformation to actual
RCF registers). So R = ceil[log,(#0f SPU registers)]. The width of the largest format for any
given value of R is used as the width for all formats. For example, with 32 registers, R = 5, so
the R-type instructions have width 4-54+ 12 = 32 bits, I-type instructions have width 2-5+ 25 =
35 bits, which is rounded up to 40 bits, and J-type instructions always have a width of 32 bits, so
all instructions are 40 bits wide. 40 bits are sufficient for up to 128 SPU registers. It is important
to remember that the number of registers in each RCF row is not limited by the number of SPU
registers, nor does the number of SPU registers determine how many different live register values
can be in the fabric at any row. Any sequential kernel that can be implemented within the limits

of available SPU registers can be implemented on any RCF fabric with sufficient registers.
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4.5 Relative Register ISA (RRISA)

Determining the routing for the PEs is difficult for a register file ISA because the only available
information about operands is the SPU register file number. Another problem is that the size
of the application is limited by the size of the architected register file. Rather than require the
CTE to determine which register file and register entry to read and write operands to and from,
it would be nice if this information was present in the executable. An efficient way to do this is
shown in Figure 4.12. In Figure 4.12(a) are two example instructions. Each register is addressed
by a register number and an offset. The meaning of this in the RCF is straightforward. The
register number refers to a register in the register file of each PE in the fabric. The offset refers
to the column location of the register file in the fabric, relative to the current column. So in
this example, the SUB instructions first operand is located in register 2 at offset -1, meaning the
column one to the left of where the instruction is being implemented, and the second operand is
in register 3 at offset 0, meaning the current PE. Figure 4.12(b) shows the locations of operands
for the example instructions. Note that RRISA allows results to be placed in a column different
than the one that they were calculated in, while QISA and RISA require that results are always
placed in the same column as the one they were calculated in. As in QISA, feedback cannot be
expressed directly with RRISA, since results can only be placed in a register file in the next row.
RRISA supports the ZACC instructions as does QISA.

Since register addressing refers specifically to the RCF in RRISA, an equivalent method
for addressing the correct registers in the SPU is needed. One way to implement this ISA
would require the SPU to use a register file with a sliding window. The column location of each
instruction would need to be tracked in the SPU and the register file window indexed accordingly,
as shown in Figure 4.12(c). The size of the window is dependent on the read and write spans
and the size of each register file in the fabric. Since the movement of the register file window is
predictable, register values that aren’t needed can be cached, allowing for a very large register
file and thus allowing for very wide fabrics. Some kernels will require modification of their DFG
to allow for operands to be read from locations outside the register window; this can be done
by using MOVE instructions, as discussed for the register ISA. These move instructions may
be needed for all portions of the application, not just the kernels. New row indicators are also

needed just as for the register file ISA and these will also be needed for the whole application,
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Figure 4.12: Relative Register ISA Addressing.

since it is necessary to properly index the register window. Except for the register file, a mostly
standard RISC CPU can be used for this ISA. Alternatively, translation could be performed from
relative register numbers to fixed conventional register numbers using a technique analogous to
conventional register renaming. However, a sliding window register file model will be assumed
for the RRISA SPU, more details of which will be covered in Chapter 6.

The Relative Register ISA instruction formats are shown in Figure 4.10(c). These formats
appear quite different than those used for RISA. Since, as discussed, relative register addresses
consist of a register number, corresponding to a register number in an RCF register file, and an
offset, corresponding to a column offset relative to the instructions location, the operands are
thus designated by a two number designator R,0O, with R the register number and O the offset.
In Figure 4.10(c), the source operand pairs are thus SR1 and SO1; SR2 and SO2; and SR3 and
S03. The destination register is designated by DR and DO. The other difference between the
R2ISA and RISA formats is that a register kill bit is not needed for proper CTE operation. If
an RCF location holds a value that is no longer needed, it can be overwritten by another value
explicitly. The width of these fields is determined by the range of possible offsets, with F' =
ceil[log, (max(RC, WC))], where RC' is the number of columns that can be read from the current
column, and W' is the number of columns that can be written from the current column; and
the number of registers in each PE register file, with R = ceil[log,(#of RCF registers per PE)].
So as with RISA, instruction width depends the specific fabric architecture targeted. Since only
fabrics with read connectivity RC' = write connectivityW C' are being considered in the current

HASTE implementation, the max(RC,WC) term in the formula for F can be replaced with just
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RC. For example, with a fabric with RC' = 3 (and thus WC = 3), and number of registers NR
=4 has F = 2 and R = 2, so each register designator takes 4 bits total. The width of the
R-type instructions would then be 25 bits and I-type 33 bits. As with the other ISAs rounding is
done to the nearest byte, giving a 40-bit instruction word. A widely connected fabric with large
register files, for instance with RC' = 17 and NR = 10, would have F = 5 and R = 4, requiring 9
bits per register designator. This means 45 bits are needed for R-type instructions and thus the

instruction word would be 48 bits wide.

4.6 Observations

In this chapter the requirements of HASTE ISAs and three different ISA types have been shown,
each with their own advantages and disadvantages. All three provide enough information for
the CTE to recreate a valid fabric configuration for the kernel. The details of this process are
covered in Chapter 6. Before covering this material, however, specific details of the RCF must be
introduced so that the exact task performed by the CTE can be determined. The next chapter
will cover the RCF model and the parameters that define specific fabrics. While there are many
possible RCF fabrics, three styles of RCF will be primarily considered, each of which corresponds

to one of the ISAs introduced in this chapter.
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Chapter 5

RCF Architecture

As discussed in Chapter 3, the HASTE architecture consists of three main computational com-
ponents, the sequential processing unit (SPU), the code transformation engine (CTE), and the
reconfigurable computing fabric (RCF), plus the memory access unit (MAU). While these com-
ponents will exist in any HASTE system and will perform the same functions, the actual char-
acteristics of each component are not fixed and may vary substantially from implementation to
implementation. The characteristics of each of the components are dependent largely on the ISA
used and the other components in the system; all four components and the ISA must be designed
as a unit in order to create a functioning system. In order to make comparisons between different
HASTE implementations, parameterizable models of the components are needed. These models
need to be broad enough to allow for design space exploration across a large range of possible
system implementations, but not so broad as to make comparison difficult.

In this section a parameterized model of the RCF is presented. In addition to the parameters
needed to describe the characteristics of all of the parts that make up the RCF, the signals needed
to configure each RCF fabric have been determined, so that the configuration signals that CTE
must generate are known. In addition to the parameterized architectural models described in
this chapter, physical models for estimating area and performance are discussed in Chapter 10.

Models of the CTE and the SPU are covered in Chapter 6.
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Figure 5.1: RCF Model
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5.1 Global RCF Model

The RCF model assumes that the fabric consists of coarse grained processing elements, register
files, and programmable interconnect, arranged to form a pipelined datapath, as shown in Figure
5.1. Each pipeline stage, or stripe, is composed of several tiles and two programmable interconnect
networks. Each tile contains a programmable processing element (PE), and a register file (RF).
One interconnect network allows the PEs in one stripe to read values from the RFs in the same
stripe. The other interconnect network allows the PEs in one stripe to write values into the
RFs in the next stripe. All of these components have their own set of parameters, and these
parameters, in addition to a set of global parameters, describe an individual RCF instantiation.
Each of these parameter sets will be discussed in this chapter. All of the RCF parameters are
shown in Table 5.1.

Customized datapaths for each specific application kernel are implemented by programming
the PEs, RFs, and interconnect. A single wide configuration word specifies all of the necessary
programming for each tile, including the PE, the RF, and those portions of both the read and
write interconnect networks associated with that tile. A set of configuration words, one for
each processing element in a stripe, provides all of the necessary information to configure that
stripe. Each configuration word is composed of several fields, with each field corresponding to
a particular hardware structure. The hardware model specifies the specific fields that make up
the configuration word for each processing element. The number and types of fields required will

vary between different RCF classes.

5.1.1 Global Parameters

There are several global parameters that either apply to every component of the RCF or which
apply to the structure of the RCF as a whole. The first and most important is the datapath
width, B. This represents the width in bits of all data in the RCF. This means that all data
interconnect, data storage, and data processing in the RCF is designed to work with data words
of Bbits wide. It is possible to design HASTE implementations such that operations on data
wider than B can be implemented automatically by the CTE; in others, all data and operations
wider than B are handled by decomposition into narrower widths in the DFG before the kernel

assembly code is produced. Most of this thesis assumes that all data and operations in the DFG
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Table 5.1: RCF Model Parameters

| Symbol | Name

| Description

Global Parameters

B Datapath width The width in bits of all data and datapaths in fabric.
F, Fabric width The width of the fabric in tiles/columns.
Fy Fabric depth The depth of the fabric in tiles/stripes.
| Register File Parameters
Myw # of write muxes Number of write muxes per register file.
Mp # of read muxes Number of read muxes per register file.
Inw Write mux inputs Number of inputs to each write mux.
Iyr Read mux inputs Number of inputs to each read mux.
Ts # of static registers | Number of static registers in each register file.
Tp # of pass registers Number of static registers in each register file.
r # of registers per file | Total number of registers in each register file.
| Processing Element Parameters
P # of input operands | Maximum number of input operands for any instruction.
T # of outputs Maximum number of outputs produced by any instruction.
Mo # of operand muxes | Number of operand muxes in each processing element.
Iyvo Operand mux inputs | Number of inputs to each operand mux.
| Interconnect Parameters
Re Read connectivity Number of different tiles that the current tile can read from.
We Write connectivity Number of different tiles that the current tile can write to.

are B bits wide or narrower; however, the composition of wider operations than B is mentioned
in Chapter 12. The second global parameter is F,,, the width of the fabric in columns, where a
column is simply a horizontal position that tiles can occupy, or equivalently, the set all of tiles in
a fabric at the same horizontal position, as can be seen in Figure 5.1. For purposes of the thesis
it is assumed that F), is always wide enough to hold the maximum width of any kernel to be
implemented on it. The final global parameter is Fy, the depth of the fabric in pipeline stages.
As with the width, it is assumed that the physical depth of the RCF is sufficient for any kernel

to be implemented. Some justification for these two assumptions is given in Chapter 12.

5.2 Register File

Each register file in the RCF is identical to every other RCF register file. Each register file
consists of a number of registers, each of which is B bits wide. These registers can be of two
types, either static registers or pass registers. A static register is simply a conventional register

that can only be read using the register file’s read ports and which can only be written to using
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the register file’s write ports. A pass register is one in which all register values which are not
overwritten in the current stripe are passed to the corresponding registers in the register file in
the same column in the next stripe. A pass register file is shown in Figure 5.2. Since all values in
the pass register file are accessed each clock cycle, as they are transferred to the next register file
in the pipeline every clock cycle, it is not necessary to consider read ports as would be done for
a conventional register file. Instead, it is only necessary to have sufficient read multiplexers and
other interconnect resources to read as many register values as needed by the read interconnect
value, as will be covered in the next section. Any of the pass register values can be read by
processing elements in the current stripe, by selecting the value to be read using one of the read
multiplexers. Similarly, it can be assumed that it is always possible to write as many new values
into the pass registers as might be needed according to the write connectivity, since all values
are being written anyways. By default, each pass register is overwritten by the corresponding
register from the previous stripe. A multiplexer at the input of each register allows the selection
of a different value to be written into the register; these values come from functional units in the
previous stripe. There are My write multiplexers and Mp read registers in each register file.
Each write multiplexer has Iy inputs, one for each PE that can write to it, plus one for the
value passed from the previous stripe, and each read multiplexer has Iy;r inputs, one for each

register.
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The number of static registers, rs, is another parameter for the register file, as is the number
of pass registers, r,. The total number of registers of both types is r, where r = r; + r,. While
mixed register files, register files with both r; > 0 and r, > 0, can be useful in some circumstances
and for some ISAs, the remainder of this thesis will only discuss those with only one or the other
type of register, as mixed register files are not needed to implement any of the different ISAs
being studied. Further, it will be shown that register files with static registers will only require
a single register, while those with pass registers will need at least two. Therefore, it is only
necessary to specify r, with r =1 = (r, =1,7, =0) and r > 1 = (ry = 0,7, > 1). In order to
configure the pass register file, the select values for each of the read and write muxes must be
set, the exact number of which depends on the specific interconnect parameters in use. A static
register file with a single register, the only kind that will be considered, may have a single write
mux that needs to be configured, but no read muxes; this will be shown more clearly in Section

5.5.

5.3 Processing Elements

The main processing element parameters are B, the processor element bitwidth, which is the
same as the global bitwidth parameter; the number of input operands, P; and the number of
outputs, 7. For the purposes of this thesis only PEs with P = 3 will be considered. The two

primary inputs are both B-bits wide; the third input is only used for the select operation, which
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has a boolean input for the third input. Thus only a single-bit input is needed for the third
input. This single bit input is connected to the LSB of the B-bit wide values used elsewhere in
the connect. In most cases it is only necessary to consider PEs with T'=1, although it is necessary
to consider PEs with T=2 in two instances. The first is if there is a full-width multiplier in the
ALU, in which case two outputs are needed, one for the B low bits of the result and one for the
B high bits of the result. The second is for the queue ISA that was introduced in the chapter,
which requires an instruction to swap the order of two inputs and thus requires two outputs.

The processing element is shown in Figure 5.3. There are three operand muxes, one for each
input, so the number of operand muxes Mo = P = 3. These select where each input operand
is being read from, either a register file, an immediate value, or a constant zero. The number of
inputs to the operand multiplexers, Ij;0, depends on the number of register files each PE can
read from, designated Rc. The PE can read at most two values from any column other than the
current one, and three from the current column. The read mux in the register file determines
the specific register being read from the register file selected by the operand mux. The third
operand mux has fewer inputs because a select with an immediate select value or constant zero
value isn’t necessary.

All PEs in a given RCF are identical and all can execute any of the operations that are
specified as being legal for the RCF. In addition to the typical arithmetic operations, the ALU
also contains logic for getting data from and sending data to the MAU. Three different ALU types
are considered in this thesis, with the only difference being the kind of multiplier, if any. The
three choices are no multiplier, a full-width multiplier, or a half-width multiplier. As mentioned,
the full-width multiplier multiplies two B-bit values and produces a 2 - B-bit result, which is
expressed as a B-bit low result and a B-bit high result. The half-width multiplier multiplies two
B/2-bit values and produces a B-bit result. The inputs to the multiplier are taken from the low
B/2bits of each B-bit input value. To configure the PE, it is necessary to specify the select values
for each input mux, specify an operation for the ALU to perform, and specify a value for the
immediate register(s) if needed. The immediate registers are full width, because an immediate

value may also be a live-in value instead of a true compile time immediate.
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