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ABSTRACT

The centerpiece of this thesis is a new processing paradigm for exploiting instruction level
parallelism. This paradigm, called the multiscalar paradigm, splits the program into many smaller
tasks, and exploits fine-grain parallelism by executing multiple, possibly (control and/or data) depen-
dent tasksin parallel using multiple processing elements. Splitting the instruction stream at statically
determined boundaries allows the compiler to pass substantial information about the tasks to the
hardware. The processing paradigm can be viewed as extensions of the superscalar and multiprocess-
ing paradigms, and shares a number of properties of the sequential processing model and the datafl ow

processing model.

The multiscalar paradigm is easily realizable, and we describe an implementation of the multis-
calar paradigm, called the multiscalar processor. The central idea here isto connect multiple sequen-
tial processors, in a decoupled and decentralized manner, to achieve overall multiple issue. The mul-
tiscalar processor supports speculative execution, allows arbitrary dynamic code motion (facilitated
by an efficient hardware memory disambiguation mechanism), exploits communication localities, and
does al of these with hardware that is fairly straightforward to build. Other desirable aspects of the
implementation include decentralization of the critical resources, absence of wide associative

searches, and absence of wide interconnection/data paths.



The multiscalar processor design has novel features such as the Address Resolution Buffer
(ARB), which is a powerful hardware mechanism for enforcing memory dependencies. The ARB
allows arbitrary dynamic motion of memory reference instructions by providing an efficient way of
detecting memory hazards, and instructing the multiscalar hardware to restart portions of the dynamic

instruction stream when hazards are violated.

We aso present the results of a detailed simulation study showing the performance improve-
ments offered by the multiscalar processor. These preliminary results are very encouraging. The
multiscalar paradigm seems to be an ideal candidate to reach our goal of 10+ instructions per cycle,
and has tremendous potential to be the paradigm of choice for a circa 2000 (and beyond) ILP proces-

SOor.
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Chapter 1. Introduction

How to exploit parallelism from ordinary, non-numeric programs?

In spite of the tremendous increases in computing power over the years, nobody has ever felt a
glut in computing power; the demand for computing power seems to increase with its supply. To
satisfy this demand in the midst of fast approaching physical limits such as speed of light, scientists
should find ever ingenious ways of increasing the computing power. The main technique computer
architects use to achieve speedup is to do parallel processing. Today digital computing is at a point
where clock speeds of less than 10ns are becoming the norm, and further improvements in the clock
speed require tremendous engineering effort. An order of magnitude improvement in clock speed (to
achieve clock cycles in the sub-nanosecond range) may be difficult, especially because of approach-
ing physical limits. However, looking into the late 1990s and the early 2000s, there appears to be no
end in sight to the growth in the number of transistors that can be put on a single chip. Technology
projections even suggest the integration of 100 million transistors on a chip by the year 2000 [60], in
place of the 2-4 million transistors that are integrated today. This has prompted computer architects

to consider new ways of utilizing the additional resources for doing parallel processing.

The execution of a computer program involves computation operations and communication of
values, constrained by control structures in the program. The basic idea behind parallel processing is
to use multiple hardware resources to process multiple computations as well as multiple communica-
tion arcs in paralel so as to reduce the execution time, which is a function of the total number of
computation operations and communication arcs, the cycle time, and the average number of computa
tion nodes and communication arcs executed in a cycle. With the continued advance in technology,

switching components have become progressively smaller and more efficient, with the effect that



computation has become reasonably fast. Communication speed, on the other hand, seems to be
more restricted by the effects of physical factors such as the speed of light, and has become the major

bottleneck.

The paralelism present in programs can be classified into different types — regular versus
irregular parallelism, coarse-grain versus fine-grain (instruction level) parallelism, etc. Regular paral-
lelism, also known as data parallelism, refers to the paralelism in performing the same set of opera-
tions on different elements of a data set, and is very easy to exploit. Irregular parallelism refers to
paralelism that is not regular, and is harder to exploit. Coarse-grain parallelism refersto the parallel-
ism between large sets of operations such as subprograms, and is best exploited by a multiprocessor.
Fine-grain parallelism, or instruction level parallelism refers to the parallelism between individua
operations. Over the years, several processing paradigms, including some special purpose paradigms,
have been proposed to exploit different types of paralelism. While we would like to stay away from
special purpose architectures and be as general as possible, we would still like to carve out our niche,
which isinstruction level parallelism or ILP for short. Thisthesis explores the issuesinvolved in ILP

processing, and proposes and investigates a new architectural paradigm for ILP processing.

1.1. Why ILP Processors?

Why, in any case, must we investigate ever ingenious ways of exploiting ILP? The answer is
that it is important to exploit paralelism, and many important applications exist (mostly non-
numeric) in which ILP appears to be the only type of parallelism available. Exploitation of parallel-
ism at the instruction level is very important to speed up such programs. Recent studies have
confirmed that there exists a large amount of instruction-level paralelism in ordinary programs
[18, 25, 36,106,159]. Even in other applications, no matter how much parallelism is exploited by
coarse-grain parallel processors such as the multiprocessors, a substantial amount of parallelism will
still remain to be exploited at the instruction level. Therefore, irrespective of the speedup given by a

coarse-grain parallel processor, ILP processing can give additional speedups over that speedup. Thus,



coarse-grain parallel processing and ILP processing complement each other, and we can expect future

multiprocessors to be a collection of ILP processors.

Although ILP processing has been used in the highest performance uniprocessors for the past 30
years, it was traditionally confined to special-purpose paradigms for exploiting regular parallelism
from numeric programs. In this thesis we place a strong emphasis on exploiting ILP from non-
numeric programs, which mostly contain irregular parallelism. Thisis not to belittle the importance
of numeric programs, which are the backbone of many theoretical and simulation studies in scientific
applications. We fed that numeric programs have received substantial attention in the past, whereas
non-numerical programs have received only a passing attention. The ILP machines developed so far
— vector machines, the prima VLIW machines [55], etc. — have al specifically targeted numeric
applications. Our motivation for targeting the difficult irregular parallelism in non-numeric programs
is that if we are able to develop techniques to extract and exploit even small amounts of ILP from
such programs (which are anathema for ILP), then the same collection of techniques can be migrated

to the realm of numeric programsto get perhaps an order of improvement in performance!

As of today, no single ILP processing paradigm has shown a spectacular performance improve-
ment for non-numeric programs. This research is an attempt not only to bridge that gap, but also to

lay the foundation for future ILP processors.

1.2. Challenges

There are severa issues to be tackled in developing a good ILP processing paradigm. First,
there are different schools of thought on when the extraction of parallelism is to be done — at com-
pile time or at run time. Each method has its own strengths and shortcomings. We believe that any
processing model that relies entirely on compile-time scheduling or on run-time scheduling is very
likely to fail because of inherent limitations of both. So the challenge is to use the right mix of com-
pile time and run time extraction of paralelism. The alternatives differ widely, based on the extent to

which this question is answered by the compiler or the hardware, and on the manner in which the



compiler-extracted parallelism information is conveyed to the hardware.

Second, studies have found little ILP within a small sequential block of instructions, but
significant amounts in large blocks [18, 25, 90, 159]. There are several inter-related factors that con-
tribute to this. Because most programs are written in an imperative language for a sequential
machine with a limited number of architectural registers for storing temporary values, instructions of
close proximity are very likely to be data dependent, unless they are reodered by the compiler. This
means that most of the parallelism can be found only amongst instructions that are further apart in the
instruction stream. The obvious way to get to that paralelism is to establish a large window of

instructions, and look for parallelism in this window.

The creation of the large window, whether done statically or dynamically, should be accurate.
That is, the window should consist mostly of instructions that are guaranteed to execute, and not
instructions that might be executed. Recent work has suggested that, given the basic block sizes and
branch prediction accuracies for some common C programs, following a single thread of control
while establishing a window may not be sufficient: the maximum ILP that can be extracted from such
awindow islimited to about 7 [90]. A more complex window, which contains instructions from mul-
tiple threads of control might be needed; analysis of the control dependence graph [38,51] of a pro-

gram can aid in the selection of the threads of control.

Another major challenge in designing the ILP hardware is to decentralize the critical resources
in the system. These include the hardware for feeding multiple operations to the execution unit, the
hardware for carrying out the inter-operation communication of the many operations in flight, a
memory system that can handle multiple accesses simultaneously, and in a dynamically scheduled

processor, the hardware for detecting the parallelism at run time.

1.3. Contributions of this Thesis

In this thesis we describe a new processing model called the multiscalar paradigm; it executes

programs by means of the paralel execution of multiple tasks that are derived from a sequential



instruction stream. Thisis achieved by considering a subgraph of the program’ s control flow graph to

be a task, and executing many such tasks in parallel. The multiple tasks in execution can have both

data dependencies and control dependencies between them. The execution model within each task

can be a simple, sequential processor. As we will see later in this thesis, such an approach has the

synergistic effect of combining the advantages of the sequential and the dataflow execution models,

and the advantages of static and dynamic scheduling. Executing multiple subgraphs in parallel,

although simple in concept, has powerful implications:

(D)

)

3

(4)

The hardware mostly involves only the replication of ordinary processors. This allows the
critical hardware resources to be decentralized by divide-and-conquer strategy, aswill be seen
in chapters 3-6. A decentralized hardware realization facilitates clock speeds comparable to
contemporary implementations of single-issue processors. Furthermore, it allows expandabil-
ity.

The compiler can, as far as possible, attempt to divide the instruction stream into tasks at
those points which facilitate the execution of control-independent code in paralel, thereby
allowing multiple flows of control. Even if the compiler may not know the exact path that
will be taken through atask at run time, it may be fairly sure of the next task that will be exe-

cuted. Thus, the overal large window can be made very accurate.

It helps to overlap the execution of blocks of code that are not guaranteed to be (data)
independent. The compiler can, of course, attempt to pack dependent instructions into a task,
and as far as possible create tasks that are independent so as to improve the processor perfor-
mance. However, the processing paradigm does not require the tasks to be independent, and

thisis a significant advantage.

Because the multiscalar paradigm considers a block of instructions as a single unit (task), the
compiler can convey to the hardware more information such as inter-task register dependen-
cies and control flow information. Thus, the hardware need not reconstruct some of the infor-

mation that was already available at compile time.



(5) It helps to process and execute multiple branches in the same cycle, which is needed to

exploit significant levels of ILP.
(6) It helpsto exploit the localities of communication present in a program.

These statements may appear a bit ‘‘rough-and-ready’’, and may not make much sense before
studying the new paradigm. It is precisely this paradigm and its implementation that we study in the

ensuing chapters of thisthesis.

1.4. Organization of the Thesis

We have outlined the important issues pertaining to the design of a high-performance ILP pro-
cessor, and have now sketched in enough common ground for our study of ILP processing and the
multiscalar paradigm to begin. The rest of this thesis is organized as follows. Chapter 2 presents a
critique on ILP processing. It describes the fundamental concepts related to ILP processing, and

explores how these concepts have been applied in existing ILP paradigms.

Chapter 3 introduces the multiscalar paradigm. It describes the basic philosophy of the para-
digm, and compares and contrasts it with other processing paradigms such as the multiprocessor,
VLIW, and superscalar paradigms. Chapter 3 also introduces the multiscalar processor, a possible

implementation of the multiscalar paradigm.

Chapters 4-6 describe the different building blocks of the multiscalar processor. The descrip-
tion includes details of the instruction issue mechanism (distributed instruction caches), the distri-
buted register file, the memory disambiguation unit, and the distributed data memory system.
Chapter 4 describes the control unit, the execution units, and the instruction supply mechanism.
Chapter 5 describes the distributed inter-operation communication mechanism, namely the replicated
register files. Chapter 6 describes the distributed data memory system. It also describes how the mul-
tiscalar processor allows out-of-order execution of memory references before disambiguating their
addresses, and how it detects any dependency violations brought about by out-of-order execution of

memory references. The descriptions in chapters 5-6 are made as generic as possible so that the



schemes developed in the context of the multiscalar processor can be used in other ILP processors

too.

Chapter 7 presents the empirical results. It describes the methodology of experimentation, and
the software tools developed specifically for studying the multiscalar processor. It presents the per-
formance results of the multiscalar processor, and results showing that the distributed inter-operation
communication mechanism in the multiscalar processor exploits localities of communication.
Chapter 8 describes the role of the compiler, and the different ways in which the compiler can exploit
the idiosyncrasies of the multiscalar paradigm to obtain more performance. Chapter 9 concludes the

thesis by pointing out the broad implications of this dissertation.

The ARB mechanism proposed in chapter 6 is very general, and can be used in several execu-
tion models. The appendix demonstrates how the ARB can be used in superscalar processors, stati-

cally scheduled processors (such as VLIW processors), and small-scale multiprocessors.



Chapter 2. ILP Processing

What is the state of the art in ILP processing?

ILP processing involves a combination of software and hardware techniques to improve perfor-
mance by executing multiple operations in parallel. This chapter describes the fundamental concepts
related to ILP processing, and explores how these concepts have been applied in existing ILP para
digms. This chapter is organized in four sections. Section 2.1 describes the nature of parallelism in
programs. Section 2.2 describes the different ways of specifying instruction level parallelism. Sec-
tion 2.3 describes the fundamental steps involved in ILP processing, including the issues involved in
extracting parallelism by software and by hardware. Section 2.4 reviews the state of the art in ILP
processing, and provides a critique of the existing ILP paradigms. Section 2.5 recaps the main obser-

vations and concludes the chapter.

2.1. Program Execution Basics

From an abstract point of view, a program consists of computation operations and communica-
tion arcs, operating under control constraints. Computation operations operate on data values and
produce new data values, which are communicated to other computation operations. The control con-
straints decide which parts of the program are executed, and how many times each part is executed.
The basic idea behind ILP processing is to use multiple hardware resources to process multiple com-
putation operations as well as multiple communication arcsin parallel so as to reduce the overall exe-
cution time. To better understand the nature of ILP in a program, we need to know the constraints on

ILP and the ways in which they affect ILP processing.



2.1.1. ConstraintsonILP

Data dependencies and control dependencies are the two fundamental constraints on ILP pro-
cessing. Data dependencies relate to the communication arcs in the program; a data dependency is
present when the result of one computation operation is heeded by another operation. Data dependen-
cies are true dependencies, and set atheoretical limit on the ILP that can be extracted from a program.
A control dependency exists between two operations if the execution of one operation can prevent the

execution of the other. Control dependencies manifest by way of conditionals in the program.

Because a control dependency can prevent the execution of other operations, it can introduce or
eliminate data dependencies when a program is executed. Data dependencies can in turn affect con-
trol decisions that depend on them. This might lead one to suspect that control dependencies and data

dependencies are indeed two sides of the same coin.

Control dependencies can be converted to data dependencies and vice versa

A data dependency between two operations can be trivially converted to a control dependency
by specifying an execution ordering for the two computation operations. Techniques for converting

control dependencies to data dependencies (e.g. if-conversion) are described in section 2.3.2.1.

The effect of data dependencies on parallelism get modulated based on the manner in which
communication is handled. Depending on the way computation operations are mapped onto a pro-
cessing structure, the communication arcs (data dependencies) get ‘‘ stretched’’ or *‘shrunk’’, causing

changesin the communication costs, because it takes more time to send values over a distance.

2.1.2. Program Representations

Irrespective of the programming language in which a program is written, for purposes of paral-

lelism extraction, the compiler uses different representations for denoting the computations, the
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communication, and the controls embedded in a program. We shall briefly discuss the important
types of representations. One of them is the data flow graph (DFG), which is a directed graph whose
nodes denote computation operations and whose arcs denote the communication of values, which
define the necessary sequencing constraints. Control constraints are represented by selective routing

of data among the nodes, using switch and merge nodes.

Another way of representing the attributes of a program is the control flow graph (CFG), which
is a directed graph whose nodes denote basic blocks (straight-line codes with no branches into or out
of the middle of the block) and whose arcs denote the flow of control between them. Within a basic
block, control is assumed to flow sequentially. Figure 2.1(i) shows an example CFG containing four
basic blocks, marked BB1-BB4; the CFG contains a unique entry node called START and a unique
exit node called STOP. In acontrol flow graph, a node X is said to be post-dominated by anode Y if
every directed path from X to STOP (not including X) contains Y [51].

A third type of representation is the program dependence graph (PDG), which explicitly
represents the control dependencies and data dependencies for every operation in a program [51, 76].
The control dependencies are represented by a subgraph called control dependence graph (CDG), and
the data dependencies are represented by another subgraph called data dependence graph (DDG).
Control dependencies are derived from the control flow graph by constructing its post-dominator tree
[51]. Figure 2.1(ii) shows the CDG of the CFG shown in Figure 2.1(i). Notice that control parallel-
ism exists between basic blocks 1 and 4, i.e., these two blocks are control independent. Data depen-

dencies are derived by performing adata flow analysis of the program [7].

2.2. Program Specification and Execution M odels

ILP processing involves a sequence of steps, some of which need to be done by
software/programmer and some of which need to be done by hardware. In between comes extraction
of parallelism, which can be done either by the compiler or by the hardware or by both. The instruc-

tion set architecture (ISA) of an ILP processor is a function of where the boundary is drawn between
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Figure2.1: An Example Control Flow Graph (CFG)

and its Control Dependence Graph (CDG)

what is done in software and what is done in hardware. The ISA is also a function of the manner in
which information regarding parallelism is communicated by the compiler to the hardware through
the program. In this regard, we consider two attributes to classify existing ILP architectures and their
implementations. They are: (i) program specification order, and (ii) program execution order. These
two attributes capture information about the extent to which static scheduling, dynamic scheduling,

and combinations thereof are performed in different IL P processing paradigms.
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2.2.1. Program Specification Order

2.2.1.1. Control-Driven Specification

The instructions in a program can imply either a static ordering or no ordering. When the
instructions imply a static ordering, the corresponding ISA is said to be control-driven, and control is
assumed to step through instructions one at atime. Communication is also control-driven; computa-
tion results do not directly proceed to the computation operations that need them, but are rather stored
in a storage, for instance at the output of the functional units, in a set of registers, or in a set of
memory locations. Control-driven architectures have the notion of a ‘‘present state’’ after each
instruction is executed and the result(s) stored in the designated storage locations. The next instruc-
tion in the ordering is guaranteed to have its operands ready when control reachesit. Thus, all data
dependencies are automatically specified by converting them to control dependencies! Generdly, the
implied program ordering is sequential ordering, with provisions to change the ordering by means of
branch operations. Examples for control-driven specification are the VLIW, vector, and superscalar

Processors.

Control-driven specification allows communication to be specified by means of a shared storage
structure. This has several implications. First, it gives rise to storage conflicts (i.e., anti- and output
dependencies). Second, execution of a conditional branch operation does not involve any routing of
data, and involves only changing the value of the control sequencer. Third, it necessitates the con-
struction of data access paths, computation operations to manipulate them, and algorithms to manage
storage space, but therein lies the strength of static ordering. Static ordering can be used to introduce
localities of communication, which can be exploited by hardware means to reduce the costs of com-
munication, and to manage hardware resources properly. This has the effect of combining several
adjacent computation operations of the program into one, because the communication arcs between
them become very short when temporal locality is exploited by hardware means. Lastly, control-
driven means ‘‘ compiler-driven’’. The compiler can even analyze the entire program, and do some

scheduling. The lesson learned from past experiences of the computer architecture community is to
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make use of whatever support and scheduling the compiler can do.

Multiple Flows of Control: The discussion carried out so far might suggest that in control-driven
specification, the execution of one operation triggers the execution of exactly one other operation —
i.e.,, asingle flow of control. However, this is not the case. In control-driven specification, control
need not step through operations one at a time; each instruction could itself consist of many opera-
tions as in the VLIW paradigm. It is aso possible to specify multiple flows of control in which the
execution of an instruction triggers multiple instructions. An example for program specification

involving multiple flows of control is the multiprocessing paradigm.

Parallelism Specification: In control-driven specification, the compiler can extract parallelism.
The compiler-extracted paralelism can be specified in the program and conveyed to the execution
hardware in many ways. One way is to use data parallel instructions (such as vector instructions) in
which a single operation is specified on multiple data elements. Data parallel instructions are highly
space-efficient; however, they are useful only for specifying the regular parallelism present in
numeric programs, and are not of much use for specifying the irregular parallelism present in non-
numeric programs. For specifying irregular parallelism, one can use horizontal instructions in which
multiple operations are specified side by side in asingle instruction. This is the specification used by
the VLIW paradigm. Y et another type of parallelism specification is the one used by multiprocessors.
In multiprocessors, the compiler specifies control-independent tasks, which can be executed by the
hardware in parallel. Finaly, in the case of the superscalar paradigm, the compiler can place
independent instructions adjacent to each other in order that the superscalar hardware scheduler

encounters them simultaneously.

2.2.1.2. Data-Driven Specification

When a program does not imply any particular static ordering, it is caled data-driven
specification. In this specification, communication is specified directly in the program. Computation

results directly proceed to the computation operations that need them, and data are directly held
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inside instructions, instead of being stored elsewhere. In data-driven specification, control dependen-
cies are handled by switch nodes and merge nodes, which route data conditionally. Thus, al control

dependencies are automatically specified by converting them to data dependencies!

The perceived advantage of data-driven specification is that it helps to express the maximum
amount of paralelism present in an application. Ironically, therein lies its weakness! Data-driven
specification, in an attempt to express the maximum amount of parallelism to the hardware, refrains
from doing any static scheduling, and pushes the scheduling task entirely to the hardware. Lack of a
static ordering has other ramifications as well. Data-driven specification suffers from the inability to
express critical sections and imperative operations that are essential for the efficient execution of
operating system functions, such as resource management [36,114]. Furthermore, in data-driven
specification, data tokens have to be routed through control-decision points such as switch nodes and
merge nodes, and often get collected at these control-decision points, waiting for the appropriate con-

trol decisions to be taken.

Data-Driven Specification with Control-Driven Tasks: In an attempt to capture the benefits of
control-driven specification, researchers have proposed using control-driven specification at the lower
level with data-driven specification at the higher level [77,113]. In this specification, the dataflow
graph is partitioned into different regions, each of which is scheduled independently at compile time.
Within a region, control flows sequentially, whereas the execution of a region is triggered by inter-

region data availability.

2.2.2. Program Execution Order

Program execution order is the ordering adopted by the execution hardware. If the hardware
follows an execution order given by the program control flow, then it is called control-driven execu-
tion. If the hardware follows an execution order based on data availability, then it is called data-
driven execution. In control-driven execution, a computation operation is triggered (i.e., becomes

ready for execution) when the control sequencer reaches that operation. Examples for control-driven
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execution are the traditional von Neumann, VLIW, and vector processors. In data-driven execution, a
computation operation is triggered when all of its input operands have arrived. Examples for data-
driven execution are the dataflow machines. Although existing paradigms that use data-driven
specification have also used data-driven execution, this need not be the case. It istheoretically possi-
ble to have a hardware that takes a data-driven specification, converts it into control-driven

specification and executes it in a control-driven manner.

Data-driven execution offers a lot of opportunity to execute multiple operations in parallel,
because it introduces no artificial control restraints on parallel processing. However, the costs of free-
dom take their toll, which manifest as a host of overheads, rendering data-driven execution
performance-ineffective. In an attempt to extract parallelism at run time, then, the data-driven
hardware gets bogged down in a truly global scheduling every cycle. A significant communication
overhead aso accrues, as data-driven execution does not attempt to exploit localities of communica-
tion. Furthermore, data-driven execution needs special mechanisms to detect operand availability, to
match results with needy operations, and to enable the execution of ready operations in an asynchro-
nous manner. Finaly, data-driven execution performs random scheduling; if many operations are
ready for execution, then based on resource availability, some operations are selected in random for
execution, without any consideration for the critical path. This is because the hardware cannot see

what happens beyond the next cycle when no static ordering has been presented to it.

Control-driven execution definitely restrains parallelism. The advantage of control-driven exe-
cution is that after an instruction is executed, there is no need to search for the next instruction to be
executed, which helps to reduce the hardware complexity significantly. Further, it has the capability
to exploit localities of communication. In an attempt to combine the good aspects of control-driven
execution and data-driven execution, processing paradigms have been proposed to combine control-
driven execution and data-driven execution. Prime examples are the superscalar processors, which do
data-driven execution within a window of operations obtained by control-driven fetching of instruc-
tions. Multiprocessors also use a combination of control-driven execution and data-driven execution,

but in a different manner. In a multiprocessor, each processor performs control-driven execution, but
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inter-processor communication and synchronization are performed in a data-driven manner (with

some hardware support).

2.3. Fundamentalsof ILP Processing

Converting a high-level language program into one that a machine can execute involves taking
several decisions at various levels. Parallelism exploitation involves additional decisions on top of

this. The fundamental aspect in ILP processingis:

Given a program graph with control and data constraints, arrive at a good execution
schedule in which multiple computation operations are executed in a cycle as

allowed by the resource constraints in the machine.

Arriving at a good schedule involves manipulations on the program graph, taking into consideration
several aspects such as the ISA and the resources in the machine. Since there can only be a finite
amount of fast storage (such as registers) for temporarily storing the intermediate computation values,
the values have to be either consumed immediately or stored away into some form of backup storage
(such as main memory), creating additional communication arcs. Thus, the challenge in ILP process-
ing is not only to identify alarge number of independent operations to be executed every cycle from a
large block of computation operations having intricate control dependencies and data dependencies,
but also reduce the inter-operation communication costs and the costs of storing temporary results. A
good paradigm should not only attempt to increase the number of operations executed in parallel, but
also decrease the inter-operation communication costs by reducing the communication distances and
the temporary storing away of values, thereby allowing the hardware to be expanded as allowed by

technology improvements in hardware and software.

Optimal scheduling (under finite resource constraints) is an NP-complete problem [32], necessi-
tating the use of heuristics to take decisions. Although programmers can ease scheduling by express-

ing some of the parallelism present in programs by using a non-standard high-level language (HLL),



17

the major scheduling decisions have to be taken by the compiler, by the hardware, or by both of them.
There are different trade-offs in taking the decisions at programming time, at compile time, and at run

time, asillustrated in Table 2.1.

A program’sinput (which can affect scheduling decisions) are available only at run-time when
the program is executed, leaving compilers to work with conservative assumptions while taking

scheduling decisions. Run-time deviations from the compile-time assumptions render the quality of

Table2.1: Trade-offsin Taking Decisionsat Programming Time, Compile Time,

and Run Time

Taking Decisions at

Programming Time Compile Time Run Time

Introduces hardware complexity,
with potential cycle timeincrease.
The benefit should more than make
up for thisincrease in cycle time

No compiler complexity.
No hardware complexity.
No hardware complexity.

Only macro-level analysis.
Difficult to reason about Only tunnel vision possible, with

_ " Global analysis possible. Y nne visonp _
parallelism, specific ISAS, no increase in hardware complexity.

& specific implementations.

Conservative due to lack Has complete run-time

Conservative due to lack of run-time information. information within the ‘ ‘tunnel’’,
of run-time information. Difficult to guarantee and can make well-informed

independence. decisions within the *‘tunnel’’.
Tailored for a specific. HLL compatible. HLL compatible.

HLL program Tailored for specific ISA. | Object code compatible.
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the compiler-generated schedule poor, and increase the program execution time significantly. On the
other hand, any scheduling decisions taken by the hardware could increase the hardware complexity,
and hence the machine cycle time, making it practical for the hardware to analyze only small portions
of the program at atime. Different ILP processing paradigms differ in the extent to which scheduling

decisions are taken by the compiler or by the hardware.

In this section, we explore the different steps involved in ILP processing. To explore the full
possibilities of what can be done by the compiler and what can be done by the hardware, this discus-
sion assumes a combination of control-driven specification and data-driven execution. The sequence
of processesinvolved in ILP processing can be grouped under the four steps listed below:

(i) Expressing ILP (done by the programmer),
(i) Extracting ILP by software,

(iii) Extracting ILP by hardware, and

(iv) Exploiting ILP (done by the hardware).

In our opinion, these four steps are generaly orthogonal to each other, athough hardware
mechanisms for extracting ILP (step 3) and those for exploiting ILP (step 4) are often integrated in

hardware implementations. We shall look into each of the four steps in more detail.

2.3.1. ExpressingILP

The programmer can choose to express the parallelism present in an application by using
appropriate algorithms, programming languages, and data structures. This is particularly useful for
expressing the control parallelism present in an application. For a given application, some algorithms
have more inherent parallelism than others. Similarly, some of the control dependenciesin a program
are an artifact of the programming paradigm used; dataflow languages such as Id [17] are tailored to
express the parallelism present in an application, and do not introduce artificial control dependencies.
One example where data structures help in expressing parallelism is the use of arrays instead of
linked lists. Information about data parallelism can also be expressed by the programmer, by means

of assertions. In many situations, the programmer may not be able to reason about and express all the
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paralelism in an application, in which case the compiler can attempt to expose some of the hidden
paralelism, particularly the control parallelism in the program. These are described in detail in sec-

tion 2.3.2.1.

2.3.2. Extracting ILP by Software

Extraction of ILP can be performed by software and by hardware. The motivation for using
software to extract ILP is to keep the hardware simpler, and therefore faster. The motivation for
using hardware to extract ILP (c.f. Section 2.3.3) is to extract that parallelism which can be detected
only at run time. A central premise of this thesis is that these two methods are not mutually

exclusive, and can both be used in conjunction to extract as much parallelism as possible.
There are three fundamental stepsin extracting ILP from a program:
(1) Establish awindow of operations.
(2)  Determine and minimize dependencies between operations in this window.
(3)  Schedule operations.

Below, we explain each of these stepsin more detail.

2.3.2.1. Establishing a Window of Operations

The first step in extracting ILP from a program at compile time is to establish a path or a sub-
graph in the program’s CFG, called an operation window. The two important criteria in establishing
the operation window are that the window should be both large and accurate. Small windows tend to
have small amounts of parallelism as discussed in section 1.2. Control dependencies caused by stati-
cally unpredictable conditional branches are the major hurdle in establishing a large and accurate
static window. To overcome this, compilers typically analyze both paths of a conditional branch or
do a prediction as to which direction the branch is most likely to go. Because an important com-
ponent of most window-establishment schemes is the accurate prediction of conditional branches, a

considerable amount of research has gone into better branch prediction techniques. Initial static
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prediction schemes were based on branch opcodes, and were not accurate. Now, static prediction
schemes are much more sophisticated, and use profile information or heuristics to take decisions

[28, 75, 98, 118, 160].

In addition to branch prediction, the compiler uses several other techniques to overcome the
effects of control dependencies. Some of these techniques are if-conversion, loop unrolling, loop
peeling, loop conditioning, loop exchange [12], function inlining [28, 85], replacing a set of IF-THEN
statements by ajump table [129], and even changing data structures. All these techniques modify the
CFG of the program, mostly by reducing the number of control decision points in the CFG. We shall
review some of these schemes in terms of the type of modifications done to the CFG and how the

maodifications are incorporated.

Loop Unrolling: Loop unrolling is a technique used to enlarge the body of (typically) small loops.
The key idea is to combine multiple iterations of the loop into a single iteration, and decrease the
loop iterations proportionately, in order to permit better loop body pipelining and decrease the over-

head of branch execution and induction variable update.

Loop Peeling: Loop peeling is atechnique used to reduce dependencies when there is a control flow
into the middle of aloop from outside the loop. If there is a control flow into the middle of aloop,
then that control flow is effectively into the first iteration of the loop. Loop peeling involves peeling
off this first iteration out of the loop by duplicating the loop body, and reducing the loop iteration
count by one. Now, any dependencies that were carried into the loop through the previous control
flow (into the loop) belong entirely to the peeled iteration, potentially allowing more static scheduling

to be done.

Function Inlining: The essence of function inlining is to remove from the CFG of a program con-
trol flow alterations caused by function calls and returns. The procedure for doing inlining isto take a
program’s call graph and replace calls to the leaf functions (especially the ones that are called fre-
quently) by the functions' body, and then repeating the process. Function inlining provides an

enlarged window for code optimization, register allocation, and code scheduling. Most current
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compilers do function inlining as an optimization.

If-Conversion: A control dependency from operation | ; to operation 1, can be converted to a
data dependency by changing |, to a conditional execution operation whose execution is data
dependent on a guard. The guard for a conditional execution operation is a Boolean expression that
represents the conditions under which the operation is executed, and can be stored in a general pur-

pose register or a condition code register. Thus, instead of the two operations

I, if (condition) branch to I,

| ,; conputation operation

we can have,

| 1: guard - condition is true

I,: if (guard) computation operation

This conversion processis called if-conversion [13, 14, 21, 35, 71, 129]. Because the guard is an input
operand to | ,, the relationship between 1, and | , has now been converted from a control depen-
dency to a data dependency. One potential problem with if-conversion, which prevents its pervasive
application in a program, is that the if-converted instructions need to be executed irrespective of

whether their execution is required or not.

2.3.2.2. Determining and Minimizing Dependencies

Once awindow of operations has been established, the next step is to determine the data depen-
dencies between the operations in the window, which exist through (pseudo)registers and memory
locations. If register allocation has already been performed, then this step involves determining the

register storage dependencies (anti- and output dependencies) as well.

Static Memory Address Disambiguation: Static memory address disambiguation is the process

of determining if two memory references (at least one of which is a store) could ever point to the
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same memory location in any valid execution of the program. Static disambiguation is a hard task as
memory addresses could correspond to pointer variables, whose values might change at run time.
Two memory references may be dependent in one instance of program execution and not dependent
in another instance, and static disambiguation has to consider all possible executions of the program.
Various techniques have been proposed to do static disambiguation of memory references involving
arrays [11, 19, 20, 49, 105, 163]. These techniques involve the use of conventional flow analyses of
reaching definitions to derive symbolic expressions for array indexes. The symbolic expressions con-
tain compile-time constants, loop-invariants, and induction variables, as well as variables whose
values cannot be derived at compile time. To disambiguate two references, first their symbolic
expressions are checked for equality. If the expressions are equal, then it means that the two refer-
ences always conflict. If not, the two symbolic expressions are symbolically equated and the result-
ing diophantine equation is solved. If there are (integer) solutions to the equation, then it means that
the two references might point to the same memory location during program execution, and a poten-
tial hazard has to be assumed. Otherwise, the two references are guaranteed not to conflict. For arbi-
trary multi-dimensional arrays and complex array subscripts, unfortunately, these tests can often be
too conservative; severa techniques have been proposed to produce exact dependence relations for
certain subclasses of multi-dimensional arrays [62,97]. Good static memory disambiguation is fun-
damental to the success of any paralelizing/vectorizing/optimizing compiler [14, 49,54, 86,94].
Existing static disambiguation techniques are limited to single procedures, and do not perform much
of inter-procedural analysis. Moreover, existing static techniques are suitable only for memory refer-
ences involving array subscripts, and not suitable for those references involving data types such as
unions and pointers. Hence they are useful mainly for a class of scientific programs. Ordinary non-
numerical applications, however, abound with unions and pointers [30, 67, 70,92]. Although recent
work has suggested that some compile-time analysis could be done with suitable annotations from the
programmer [49, 68, 72], it appears that accurate static disambiguation for arbitrary programs written

in arbitrary languages with pointers is unlikely without considerable advances in compiler technol-

ogy.
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Once the dependencies in the window are determined, the dependencies can be minimized by
techniques such as software register renaming (if register allocation has been performed), induction
variable expansion, and accumulator variable expansion. A description of some of these techniques

isgiven below.

Software Register Renaming: Reuse of storage names (variables by the programmer and registers
by the compiler) introduces artificial anti- and output dependencies, and restricts the static scheduler’s

opportunities for reordering operations. For instance, consider the code sequence given below.

Il RL = RL + R
|2: R3 = Rl + R4
I, RL = R4

In this code sequence, there is an anti-dependency between |, and | 3 and between |, and |5
because of the reuse of register R1. Similarly, there is an output dependency between 1, and | 3
through register R1. Because of these dependencies, | 3 cannot be executed concurrently or before
I , or |1. Many of these artificial dependencies can be eliminated with software register renaming.
The idea behind software register renaming is to use a unique architectural register for each assign-
ment in the window, in similar spirit to static single assignment [38]. In the above code, by replacing
the assignment to register R1 by an assignment to register R5, both the anti- and output dependen-

ciesare eliminated, alowing | 3 to be scheduled before | , and | ; as shown below.

lz: RB = KR4
l.: RL = RL+R
I, RB = RL+ R4

Induction Variable Expansion: Induction variables, used within loops to index through loop itera-
tions and arrays, can cause anti-, output, and flow dependencies between different iterations of aloop.
Induction variable expansion is a technique to reduce the effects of such dependencies caused by

induction variables. The main ideaisto eliminate re-assignments of the induction variable within the
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window, by giving each re-assignment of the induction variable a new induction variable name,
thereby eliminating al dependencies due to multiple assignments. Of course, the newly introduced
induction variables have to be properly initialized. Consider the loop shown in Figure 2.2(i). Figure
2.2(ii) shows this loop unrolled twice. The statements in the unrolled loop cannot be reordered
because of the dependencies through the induction variable i . However, we can use two different
induction variables, i 0 and i 1, to redress the effects of multiple assignments to the induction vari-

able, and reassign the induction variables as shown in Figure 2.2(iii).

i =0 i =0

while (i < 100) while (i < 100) while (i0 < 100)
{ { {

Ali] += 10 Ali] += A[i0] += 10; A[il] += 10

i ++ i ++ i0 += 2; il += 2
A 4=

i ++

Figure 2.2. Example Showing the Benefit of Induction Variable Expansion
(i) An Example Loop; (ii) The Loop Unrolled Twice;

(iii) Induction Variable Expansion
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2.3.2.3. Scheduling Operations

Once an operation window is established, and the register dependencies and memory dependen-
ciesin the window are determined and minimized, the next step is to move independent operations up
in the CFG, and schedule them in parallel with other operations so that they can be initiated and exe-
cuted earlier than they would be in a sequential execution. If a static scheduler uses a basic block as
the operation window, then the scheduling is called basic block scheduling. If the scheduler uses
multiple basic blocks as the operation window, then the scheduling is called global scheduling. Basic
block schedulers are simpler than global schedulers, as they do not deal with control dependencies,
however, their use for extracting parallelism is limited. Global scheduling is more useful, as they
consider large operation windows. Severa global scheduling techniques have been developed over
the years to establish large static windows and to carry out static code motions in the windows. These
include: trace scheduling [53], percolation scheduling [57, 107], superblock scheduling [28], software
pipelining [45, 89, 102, 103, 161], perfect pipelining [8, 9], boosting [141-143], and sentinel schedul-
ing [95].

Trace Scheduling: The key idea of trace scheduling is to reduce the execution time along the more
frequently executed paths, possibly by increasing the execution time in the less frequently executed
paths. Originally developed for microcode compaction [53], trace scheduling later found application
in ILP processing [34,49]. Its methodology in the context of ILP processing is as follows: The com-
piler forms the operation window by selecting from an acyclic part of the CFG the most likely path,
called trace, that will be taken at run time. The compiler typicaly uses profile-based estimates of
conditional branch outcomes to make judicious decisions in selecting the traces. There may be condi-
tional branches out of the middle of the trace and branches into the middle of the trace from outside.
However, the trace is treated and scheduled as if there were no control dependencies within the trace;
special compensation codes are inserted on the off-trace branch edges to offset any changes that could
affect program correctness. Then the next likely path is selected and scheduled, and the process is
continued until the entire program is scheduled. Nested loops are scheduled by first applying trace

scheduling on the inner loop body, and then treating the inner loop as a single node within the
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enclosing outer loop. Trace scheduling is a powerful technique, which is very useful for numeric pro-
grams in which there are afew most likely executed paths. In non-numeric programs, however, many
conditional branches are statically difficult to predict, let alone have a high probability of branching

in any one direction.

Percolation Scheduling: Percolation scheduling considers a subgraph of the CFG (such as an entire
function) as awindow, using a system of semantics-preserving transformations for moving operations
between adjacent blocks [107]. Repesated application of the transformations allows operations to
‘“‘percolate’ towards the top of the program, irrespective of their starting point. A complete set of
semantics-preserving transformations for moving operations between adjacent blocks is described in
[107]. Ebcioglu and Nakatani describe an enhanced implementation of percolation scheduling for
VLIW machines having conditional evaluation capabilities [47]. In their implementation of percola
tion scheduling, a code motion across a large number of basic blocks is allowed only if each of the

pair-wise transformations is beneficial .

Superblock Scheduling: Superblock scheduling [27,28] is a variant of trace scheduling. A super-
block is a trace with a unique entry point and one or more exit points, and is the operation window
used by the compiler to extract parallelism. Superblocks are formed by identifying traces using
profile information, and then using tail duplication to eliminate any control entries into the middle of
the trace. (Tail duplication means making a copy of the trace from the side entrance to the end of the
trace, and redirecting the incoming control flow path to that copy.) In order to generate large traces
(preferably along the most frequently executed paths of the program), techniques such as branch tar-
get expansion, loop peeling, and loop unrolling are used. Once a superblock is formed, the anti-, out-
put, and flow dependencies within the superblock are reduced by techniques such as software register
renaming, induction variable expansion, and accumulator variable expansion. Finally, scheduling is
performed within the superblock by constructing the dependence graph and then doing list schedul-
ing. In order to reduce the effect of control dependencies, operations are speculatively moved above

conditiona branches.
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Hyperblock Scheduling: In hyperblock scheduling, the operation window is a hyperblock. A
hyperblock is an enhancement on superblock [96]. A hyperblock is aset of predicated basic blocksin
which control may enter only from the top, but may exit from one or more points. The difference
between a hyperblock and a superblock is that a superblock contains instructions from only instruc-
tions from one path of control, whereas a hyperblock contains instructions from multiple paths of
control. If-conversion is used to convert control dependencies within the hyperblock to data depen-
dencies. The predicated instructions are reordered without consideration to the availability of their

predicates. The compiler assumes architectural support to guarantee correct execution.

Software Pipelining: The static scheduling techniques described so far deal mostly with operation
windows involving acyclic codes. Software pipelining is a static technique for scheduling windows
involving loops. The principle behind software pipelining is to overlap or pipeline different iterations
of the loop body. The methodology is to do loop unrolling and scheduling of successive iterations
until arepeating pattern is detected in the schedule. The repeating pattern can be re-rolled to yield a
loop whose body is the repeating schedule. The resulting software pipeline schedule consists of a
prologue, a kernel, and an epilogue, and its execution is similar to that of a sequence of chained vec-
tor instructions. Figure 2.3 illustrates how software pipelining is applied to a loop. Figure 2.3(i)
shows an example loop; Figure 2.3(ii) showsthe loop unrolled three times. Scheduling is done on the
unrolled loop, and the re-rolled loop is shown in Figure 2.3(iii). Different techniques have been pro-
posed to do software pipelining: perfect pipelining [10], enhanced pipeline scheduling [47], GURPR*
[149], modulo scheduling [48, 124], and polycyclic scheduling [125].

Boosting: Boosting is a technique for statically specifying speculative execution [141-143]. Con-
ceptually, boosting converts control dependencies into data dependencies using a technique similar to
if-conversion, and then executes the if-converted operations in a speculative manner before their
guards are available. (The guard of a boosted operation includes information about the branches on
which the boosted operation is control dependent and the statically predicted direction of each of

these branches.) Extra buffering is provided in the processor to hold the effect of speculative
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Load R1

} Prologue

R2 = RL + R3; Load R1
Store R2;, R2 Rl + R3; Load Rl; RO = RO + 1; BLT RO, 99,
Store R2;, R2 Rl + R3

Store R }Epilogue
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Figure 2.3. Example lllustrating Softwar e Pipelining
(i) An Example Loop; (ii) The Loop Unrolled Thrice; (iii) The Software-Pipelined L oop

28



29

operations. When the guard of a speculatively executed operation becomes available, the hardware
checks if the operation’s execution was required. If the execution was required, the non-speculative
state of the machine is updated with the buffered effects of that operation’s execution. If the opera-
tion should not have been executed, the hardware simply discards the state and side-effects of that
operation’s execution. Boosting provides the compiler with additional opportunity for reordering
operations, while making the hardware responsible for ensuring that the effects of speculatively-
executed operations do not affect the correctness of program execution when the compiler isincorrect

in its speculation.

Advantages of Static Extraction of ILP: The singular advantage of using the compiler to extract
ILPisthat the compiler can do agloba and much more thorough analysis of the program than is pos-
sible by the hardware. It can even consider the entire program as a single window, and do global
scheduling in this window. Furthermore, extraction of ILP by software allows the hardware to be
simpler. In any case, it is a good idea to use the compiler to extract whatever parallelism it can

extract, and to do whatever scheduling it can to match the parallelism to the hardware model.

Limitations of Static Extraction of ILP: Static extraction of ILP has its limitations. The main
limitation is the extent to which static extraction can be done for non-numeric programs in the midst
of a conglomeration of ambiguous memory dependencies and data-dependent conditional branches.
The inflexibility in moving ambiguous memory operations can pose severe restrictions on static code
motion in non-numeric programs. Realizing this, researchers have proposed schemes that allow
ambiguous references to be statically reordered, with checks made at run time to determine if any
dependencies are violated by the static code motions [31, 108, 132]. Ambiguous references that are
statically reordered are called statically unresolved references. A limitation of this scheme, however,
is that the run-time checks need extra code and in some schemes associative compare of store
addresses with preceding load addresses in the active window. Another issue of concern in static
extraction of ILP is code explosion. An issue, probably of less concern nowadays, is that any extrac-

tion of parallelism done at compile time is architectural, and hence may be tailored to a specific
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architecture or implementation. This is not a major concern, as specific compilers have become an

integral part of any new architecture or implementation.

2.3.3. Extracting ILP by Hardware

Given a program with a particular static ordering, the hardware can change the order and exe-
cute instructions concurrently or even out-of-order in order to extract additional parallelism, so long
as the data dependencies and control dependencies in the program are honored. There is a price paid
in doing this run-time scheduling, however. The price is the complexity it introduces to the
hardware, which could lead to potential increasesin cycle time. For hardware scheduling to be effec-
tive, any increase in cycle time should be offset by the additional parallelism extracted at run time.
When the hardware extracts ILP, the same 3 steps mentioned in section 2.3.2 are employed. How-
ever, instead of doing the 3 steps in sequence, the hardware usually overlaps the steps, and performs

all of them in each clock cycle.

2.3.3.1. Establishing a Window of Instructions

To extract large amounts of ILP at run time, the hardware has to establish a large window of
instructions. It typically does that by fetching a fixed number of instructions every cycle, and collect-
ing these instructions in a hardware window structure. The main hurdles in creating a large dynamic
window are control dependencies, introduced by conditional branches. To overcome these hurdles,
the hardware usually performs speculative fetching of instructions. With speculative fetching, rather
than waiting for the outcome of a conditiona branch to be determined, the branch outcome is
predicted, and operations from the predicted path are entered into the window for execution.
Dynamic prediction techniques have significantly evolved over the years [93,112,133,166].
Although the accuracies of contemporary dynamic branch prediction techniques are fairly high,
averaging 95% for the SPEC '89 non-numeric programs [166], the accuracy of a large window
obtained through n independent branch predictions in a row is only (0.95)" on the average, and is

therefore poor even for moderate values of n. Notice that this problem is an inherent limitation of
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following a single line of control. The new ILP paradigm that we describe in this thesis breaks this

restriction by following multiple flows of control.

2.3.3.2. Determining and Minimizing Dependencies

In parallel to establishing the window, the hardware also determines the different types (flow,
anti-, and output) of register and memory dependencies between the instructions in the window.
Register dependencies are comparatively easy to determine as they require only the comparison of the
source and destination operand specifiers of the operations. Determining memory dependencies is

harder, and is described below.

Dynamic Memory Address Disambiguation: To determine the memory dependenciesin the esta-
blished window, memory references must be disambiguated. Disambiguating two memory references
at run time means determining if the two references point to the same memory location or not. In
processors that perform dynamic extraction of parallelism, dynamic disambiguation involves compar-
ing the addresses of all loads and stores in the active window; existing hardware mechanisms invari-
ably perform this comparison by means of associative searches, which becomes extremely complex
for large windows. Chapter 6 further addresses the issues involved in dynamic disambiguation. Over
the years, different techniques have been proposed for performing dynamic disambiguation
[15, 115, 139]; these are also described in detail in chapter 6. Another important aspect in connection
with dynamic disambiguation is that existing schemes execute memory references after performing
disambiguation. The problem with this approach is that a memory reference has to wait until the
addresses of all the preceding stores become known. |f worst-case assumptions are made about possi-
ble memory hazards and memory references (especialy the loads) are made to wait until the
addresses of all preceding stores are known, much of the code reordering opportunities are inhibited,
and performance may be affected badly. A solution to this problem is to execute memory references
as and when they are ready — before they are properly disambiguated — as dynamically unresolved
references. When a store is executed, a check can be made to determine if any dynamically

unresolved reference has been executed to the same address from later in the sequential instruction
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stream. If any such incorrect reference is found, the processor can recover from the incorrect execu-
tion, possibly with the help of recovery facilities already provided for doing speculative execution of

code.

After determining the register and memory dependencies in the window, the next focus is on
reducing the anti- and output dependencies (storage conflicts) in the window, in order to facilitate
aggressive reordering of instructions. The natural hardware solution to reduce such storage conflicts
is to provide more physical storage, and use some dynamic renaming scheme to map from the limited
architectural storage to the not-so-limited physical storage. An example for this technique is register

renaming, which we shall look at in more detail.

Hardware Register Renaming: Storage conflicts occur very frequently with registers, because they
are limited in number, and serve as the hub for inter-operation communication. The effect of these
storage conflicts becomes very severe if the compiler has attempted to keep as many values in as few
registers as possible, because the execution order assumed by a compiler is different from the one the
hardware attempts to create. A hardware solution to decrease such storage conflicts is to provide
additional physical registers, which are then dynamically allocated by hardware register renaming
techniques [84]. With hardware register renaming, typicaly a free physical register is allocated for
every assignment to aregister in the window, much like the way software register renaming allocates
architectural registers. Severa techniques have been proposed to implement hardware register

renaming [66, 73, 116, 147, 153)].

2.3.3.3. Scheduling Instructions

In parallel to establishing a window and enforcing the register and memory dependencies, the
hardware performs scheduling of ready-to-execute instructions. Instructions that are speculatively
fetched from beyond unresolved branches are executed speculatively, i.e., before determining that
their execution is needed. The hardware support for speculative execution consists of extra buffering

in the processor, which holds the effects of speculatively executed instructions. When a conditional
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branch is resolved, if the earlier prediction was correct, all speculative instructions that are directly
control dependent on the branch are committed. If the prediction was incorrect, then the results of
speculatively executed instructions are discarded, and instructions are fetched and executed from the
correct path. Several dynamic techniques have been proposed to implement speculative execution

coupled with precise state recovery [73, 74,115, 116, 138, 147, 154].

Hardware schedulers often use simplistic heuristics to choose from the instructions that are
ready for execution. This is because any sophistication of the instruction scheduler directly impacts
the hardware complexity. A number of dynamic scheduling techniques have been proposed: CDC
6600's scoreboard [151], Tomasulo’'s agorithm [153], decoupled execution [134], register update
unit (RUU) [147], dispatch stack [43,44], deferred-scheduling, register-renaming instruction shelf
(DRIS) [123], etc. Below, we briefly review each of these schemes; Johnson provides a more detailed

treatment of these schemes [78].

Scoreboard: Scoreboard is a hardware technique for dynamic scheduling, originally used in the
CDC 6600 [151], which issued instructions one at atime. However, the scoreboard technique can be
extended to issue multiple instructions per cycle. The hardware features in the scoreboard technique
are: a buffer associated with each functional unit, and a scoreboard. The buffer is for holding an
instruction that is waiting for operands, and the buffers collectively form the instruction window.
The scoreboard is a centralized control structure that keeps track of the source registers and destina-
tion registers of each instruction in the window, and their dependencies. The scoreboard algorithm
operates as follows. Instructions are fetched and issued as long as the relevant functional units are
available. If theinstruction’s operands are not available, the instruction waits in the buffer associated
with its functional unit. Instruction issue stops when a functional unit is needed by multiple instruc-
tions. The scoreboard enforces the data dependencies between the instructions in the window by con-
trolling the correct routing of data between functional units and registers. When al the source regis-
ters of a pending instruction have valid data, the scoreboard determines this condition, and issues the
command to forward data from the register file to the correct functional unit, and to start the

instruction’s execution. Similarly, when a functional unit finishes execution, the scoreboard issues
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the control signal to route the result from the functional unit to the register file. The limitations of the
scoreboard technique are: (i) instruction issue stops when a functional unit is needed by multiple
instructions (this was a restriction of the scoreboard described in [151], and not an inherent limitation
of the scoreboard technique), (ii) instruction issue stops when there is an output dependency, (iii) the

centralized scoreboard becomes very complex when the window becomes large.

Tomasulo’s Algorithm: Tomasulo’s out-of-order issue algorithm was first presented for the floating
point unit of the IBM 360/91 [15], which also issued instructions one at a time. The hardware
features for carrying out Tomasulo’s algorithm are: a busy bit and a tag field associated with each
register, a set of reservation stations associated with each functional unit, and a common data bus
(CDB). Thebusy hit of aregister isto indicate if the register contains the latest value or not. The tag
field of aregister is to indicate the reservation station from which the register will receive its latest
instance if its busy bit is set. The reservation stations are for holding instructions that are waiting for
operands, and they have fields for storing operands, their tags, and busy bits. The reservation stations
collectively form the instruction window. The CDB connects the outputs of all functional units to all
registers and reservation stations. Tomasulo’'s algorithm operates as follows. When an instruction is
decoded, it is issued to a reservation station associated with its functional unit. The busy bits of its
source registers and their tag fields or value fields (depending on whether the register is busy or not)
are aso forwarded to the reservation station. The tag field of the destination register is updated with
the tag corresponding to the reservation station. By copying the source registers' tags to the reserva-
tion stations and by updating the destination register’s old tag with a new tag, hardware register
renaming is performed. Once at a reservation station, an instruction can get its operands by monitor-
ing the CDB and by comparing the tags of the results appearing in the CDB. Instructions that have
al their operands available are ready to be executed. If multiple instructions are ready at a functional
unit, one of them is selected for execution. Tomasulo's algorithm is very ambitious in terms of code
reordering opportunities because it removes al anti- and output dependencies in the active window.
However, the algorithm can be expensive to implement for large windows because of the associative

comparison hardware for tag matching. Its register renaming scheme also introduces imprecise
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interrupts, because the register file is allowed to be updated out-of-order. Tomasulo’s algorithm does
distribute the dynamic scheduling logic throughout the execution unit; however, the results of all
computation operations have to be distributed throughout the execution unit using the CDB, resulting

in‘*global’” communication.

RUU: The register update unit (RUU) technique proposed by Sohi and Vaapeyam [144, 147], is an
enhancement of Tomasulo’s algorithm, and guarantees precise interrupts. The hardware features for
carrying out this scheme are: two counter fields associated with each register, and a register update
unit. The counter fields of a register are for keeping track of the number of outstanding instances
destined for the register and the latest instance destined for the register. The RUU is a centralized
gueue-like structure that stores the decoded instructions of the window, keeps track of their depen-
dencies, and related information. Instead of having separate reservation stations for each functional
unit, the reservation stations are combined together in the RUU, which helps to improve the utiliza-
tion of reservation stations. The RUU agorithm operates as follows. In every cycle, the RUU per-
forms four distinct tasks in parallel: (i) accepts a decoded instruction from the issue logic, and places
it at the tail, (ii) issues aready instruction (if any) to afunctional unit, (iii) monitors the result bus for
matching tags, and (iv) commits the instruction at the head (by writing its results to the register file) if
it has completed. The RUU holds decoded instructions in the sequential order in which they appear
in the program, and these instructions wait in the RUU until their operands become ready. The
results of completed instructions are not routed directly to the register file; instead they are routed
only to the RUU to allow waiting instructions to pick up their data. Results are forwarded to the

register file in sequential order, as and when instructions are committed from the RUU.

Dispatch Stack The dispatch stack is atechnique proposed by Acostaet al [4,154]. The hardware

features for carrying out this scheme are: two dependency count fields associated with each register,
and adispatch stack. The dependency count fields of aregister are for holding the number of pending
uses of the register (the number of anti-dependencies) and the number of pending updates to the regis-

ter (the number of output dependencies). The dispatch stack is a centralized structure that keeps track
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of the source registers and destination registers of each instruction in the window. The dispatch stack
technique works as follows. When an instruction is decoded, it is forwarded to the dispatch stack,
where the dependency count fields of its source and destination registers are updated by comparing
the register specifiers with those of the instructions aready in the dispatch stack. An instruction is
ready for execution (subject to functional unit availability) when both of its dependency counts are
zero. Asinstructions complete, the dependency counts are decremented based on the source and des-
tination register specifiers of completing instructions. The disadvantages of this scheme are: (i)
storage conflicts are not overcome, and (ii) the centralized dispatch stack with its associated compara-
tors (5iw + 5fw comparators for a dispatch stack of size w in an i-issue machine with f functional

units) becomes very complex when the window becomes large.

DRIS: The deferred-scheduling, register-renaming instruction shelf (DRIS) technique proposed by
Popescu et al [123], is a variant of the RUU technique described earlier, and performs superscalar
issue coupled with speculative execution. The hardware features for carrying out this scheme are:
two counter fields associated with each register, and a register update unit. The DRIS is a central-
ized queue-like structure that stores the decoded instructions of the window, keeps track of their
dependencies, and related information. The DRIS algorithm operates as follows. In every cycle, five
distinct tasks are done in paralé: (i) the issue logic issues multiple instructions to the DRIS after
determining their data dependencies to previous instructions by searching the DRIS, (ii) the scheduler
examines al instructions in the DRIS in parallel, identifying those whose operands are al available,
(iii) the execution units execute the instructions selected by the scheduler, (iv) the instruction results
are written into the appropriate DRIS entries, and (v) among the completed instructions, the oldest
ones that do not have the interrupt bit set are retired. Just like the RUU, the DRIS also holds the
instructions in their sequential order. The DRIS hardware scheduler has been implemented in the

Lightning processor [123], which is a superscalar implementation of the Sparc architecture.

Decoupled Execution: Decoupled architectures exploit the ILP between the memory access opera-

tions and the core computation operations in a program. The hardware features for carrying out
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decoupled execution are: two processors called the access processor and the execute processor, and
architectural queues coupling them. Decoupled execution works as follows: The instruction stream is
split into access and execute instructions either by the compiler or by the hardware. The access pro-
cessor executes the access instructions and buffers the data into the architectural queues. The execute
processor executes the core computation operations. The access processor is alowed to slip ahead of
the execute processor, and to prefetch data from memory ahead of when it is needed by the latter,
thereby decoupling the memory access operations from the core computations. Several decoupled
architectures have been proposed, and some have been built. The noted ones are the MAP-200 [33],
the DAE [136], the PIPE [63], the ZS-1 [139], and the WM architecture [165]. A drawback in decou-
pled architectures is AP-EP code unbalance. When there is unbalance, the sustained instruction issue
rate is low because of poor utilization. Further, if the access and execute processors are single-issue

processors, then the issue rate can never exceed two operations per cycle.

Advantages of Dynamic Extraction of ILP: The major advantage in doing (further) extraction of
ILP at run-time is that the hardware can utilize the information that is available only at run time to
extract the ILP that could not be extracted at compile time. In particular, the hardware can resolve
ambiguous memory dependencies, which cannot be resolved at compile time, and use that informa
tion to make more informed decisions in extracting ILP. The schedule developed at run time is aso

better adapted to run-time uncertainities such as cache misses and memory bank conflicts.

Limitations of Dynamic Extraction of ILP: Although dynamic scheduling with a large central-
ized window has the potential to extract large amounts of ILP, a realistic implementation of a wide-
issue (say a 16-issue) processor with afast clock is not likely to be possible because of its complexity.
A major reason has to do with the hardware required to parse a number of instructions every cycle.
The hardware required to extract independent instructions from a large centralized window and to
enforce data dependencies typically involves wide associative searches, and is non-trivial. While this
hardware is tolerable for 2-issue and 4-issue processors, its complexity increases rapidly as the issue

width is increased. The major issues of concern for wide-issue processors include: (i) the ability to
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create accurate windows of perhaps 100s of instructions, needed to sustain significant levels of ILP,
(i) elaborate mechanisms to enforce dependencies between instructions in the window, (iii) possibly
wide associative searchesin the window for detecting independent instructions, and (iv) possibly cen-

tralized or serial resources for disambiguating memory references at run time.

2.3.4. Exploiting Parallelism

Finally, adequate machine parallelism is needed to execute multiple operations in parallel,
irrespective of whether parallelism is extracted at run time or not. Machine parallelism determines
the number of operations that can be fetched in a cycle and executed concurrently. Needless to say,
the processor should have adequate functional units to perform many computations in parallel.
Another important aspect is the resources to handle communication. |f there are altogether n dynamic
communication arcs, and a maximum of m communication arcs can be executed simultaneously, then
the program execution time involves a minimum of n/m communication steps, ho matter how many
paralel resources are thrown at for computations. If the critical resource in the system has an average

Bc

bandwidth of B, then the sustained issue rate is upper bounded by

operations per cycle, where
cv~cC

U, is the average number of times the critical resource is used by an operation, and C. is the average
number of cycles the resource is used each time. In order to provide adequate bandwidth, all critical

resources should be decentralized.

Key to decentralization of resources is exploiting localities of communication

To decentralize hardware resources, it is not sufficient to physically distribute the hardware.
What is more important is to restrict communication to local areas within the processor as much as

possible. The key to doing thisisto exploit the localities of communication by hardware means.
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Below, we expound the need for some of the important hardware features for exploiting ILP.

Instruction Supply Mechanism: Irrespective of the ILP processing paradigm used, the hardware
has to fetch and decode several operations every cycle — the sustained issue rate can never exceed
the number of operations fetched and decoded per cycle. Decoding many operations in paralel is a
complex task; a good processing paradigm should facilitate decentralization of the instruction supply

mechanism.

Inter-Operation Communication: A major issue that the hardware needs to address has to do with
the communication/synchronization between the multiple operations that are simultaneously active.
Modern processorsinvariably use aload-store architecture, with the register file serving as the hub for
communication between all functional units. To sustain an average issue rate of | operations per
cycle in a load/store architecture with dyadic ALU operations, the register file has to provide a
bandwidth of at least 2 reads and | writes per cycle. The common way of providing this bandwidth
is to use a multi-ported register file. Whereas a few multi-ported register files have been built, for
example the register files for the Cydra 5 [127], the SIMP processor [101], Intd’siWarp [79], and the
XIMD processor [162], centralized, multi-ported register files do not appear to be a good long-term
solution, as its design becomes very complex for large values of 1. Therefore, decentralization of the
inter-operation communication mechanism is essentia for future ILP processors. Idedly, the decen-
tralized mechanism should retain the elegance of the architectural register file, with its easy and fami-

liar compilation model, but at the same time provide high bandwidth with a decentralized realization.

Support for Speculative Execution: When a processor performs speculative execution, the effects
of speculatively executed operations can be allowed to update the machine's architectural state only
when they are guaranteed to commit; otherwise the machine's architectural state will be lost, compli-
cating the recovery procedures in times of incorrect branch prediction. Nevertheless, succeeding
operations (from speculatively executed code) often do require access to the new uncommitted
machine state, and not the architectural state. Thus, the inter-operation communication mechanism

and the data memory system in a speculative execution machine have to provide some means of
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forwarding uncommitted values to subsequent operations, and the architectural state has to be

updated (if need be) in the order given by the sequential semantics of the program.

Data Memory System: Regardless of the ILP processing paradigm used, a low latency and high
bandwidth data memory system is crucia to support the data bandwidth demands of ILP processing.
The data bandwidth demands of ILP processors are much higher than those of single-issue processors
because at least the same number of memory references, and possibly more if speculative execution is

performed, are executed in fewer clock cycles.

Because hardware mechanisms for exploiting ILP are generally designed to support specific
processing paradigms, the details of the mechanisms are intimately tied to technology factors and the
implementation details of the processing paradigm used. We shall not discuss these hardware
mechanisms in this thesis; instead, we move on to a critical examination of the existing ILP process-

ing paradigms.

2.4. A Critique on Existing I L P Processing Paradigms

2.4.1. The Dataflow Paradigm

The dataflow paradigm uses data-driven specification and data-driven execution in an attempt to
exploit the maximum amount of parallelism. Massive parallelism can be exploited if the data-driven
execution mechanism could be implemented cost-effectively with low instruction execution over-
head. The pure dataflow paradigm is very general, and exploits paralelism at the operation level. It
uses an unconventional programming paradigm in the form of a dataflow graph (data-driven
specification) to express the maximum amount of parallelism present in an application. The dataflow
execution engine conceptually considers the entire dataflow graph to be a single window at run time
(data-driven execution). The major advantage of the dataflow paradigm is that its data-driven
specification is the most powerful mechanism for expressing paralelism. A disadvantage of dataflow

machines is that they require specia (dataflow) languages to harness their potential. While
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conceptually imperative languages, such as C, could be executed on a dataflow machine, we are
unaware how this could be done in a performance-competitive manner. Another mgjor disadvantage
is that although the model allows the maximum number of computation operations to be triggered
simultaneously, it ignores the inter-operation communication aspects completely. A large perfor-
mance penalty is incurred due to the **stretching’’ of the communication arcs of the dataflow graph,
which manifests as associative searches through the entire program using matching hardware. The
recent advent of more restricted forms of dataflow architectures [37, 77, 109, 113, 114] bear testimony

to this fact.

The dataflow paradigm has evolved significantly over the years, from the early tagged token
store architectures [39, 158], to the more recent explicit token store machines such as the Monsoon
[113], P-RISC [109], TAM (Threaded Abstract Machine) [37], and *T [110], and other hybrid
machines [24,77]. In the Monsoon architecture, the associative waiting-matching store of these
machines was replaced by an explicitly managed, directly addressed token store. In the P-RISC
architecture, the complex dataflow instructions (each with the capability to do low-level synchroniza-
tion) were split into separate synchronization, arithmetic, and fork/control instructions, eliminating
the necessity of presence bits on the token store. Furthermore, the compiler was permitted to assem-
ble instructions into longer threads, replacing some of the dataflow synchronization with conventional
program counter-based synchronization. The TAM architecture also alowed the compiler to intro-
duce additional instruction sequencing constraints, making explicit the notion of a thread. Thus, we
can see that the dataflow architectures are fast moving towards the conventional architectures, in

which the compilers perform a significant part of instruction scheduling.

2.4.2. The Systolic Paradigm and Other Special Purpose Paradigms

Several specia purpose paradigms have been proposed over the years to exploit localities of
communication in some way or other. The noted one among them is the systolic paradigm [88],
which is excellent in exploiting ILP in numeric applications such as signal processing and computer

vision [16,23]. Some specialized computers even hard-wire FFTs and other important algorithms to



42

give tremendous performance for signa processing applications. The applicability of such special
purpose processing paradigms to non-numeric applications, having complex control and data flow
patterns, is not clear. This is evidenced by the recent introduction of the iWarp machine [23, 117],

where support is provided for both systolic communication and coarse-grain communication.

2.4.3. TheVector Paradigm

The earliest paradigm for ILP processing was the vector paradigm. In fact, much of the com-
piler work to extract parallelism was driven by vector machines. The vector paradigm uses control-
driven specification (with multiple operations per instruction) and control-driven execution. Thus, all
the exploited ILP is extracted at compile-time®. A vectorizing compiler establishes alarge static win-
dow, typically by considering multiple iterations of the inner loopsin aprogram. Independent opera-
tions from subsequent iterations are moved up, and vector instructions are used to express the fact
that operations from later iterations could be executed earlier than they would be initiated in sequen-

tial execution. For instance, the loop

for (i = 0; i < 100; i++)
Ali] = B[i] + 10;

can be expressed by a single vector instruction
A[0:99] = B[0:99] + 10

provided arrays A and B do not overlap in memory. The execution of a vector instruction initiates

the execution of operations from the later iterations earlier than they would be initiated in sequential

! Restricted data-driven execution can occur if the hardware alows vector instructions to start and finish

out-of-order, in which case dynamic extraction of I1LP also takes place.
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execution. Examples for vector machines are CDC Star-100 [150], TI ASC [150], Cray machines
[2,3,130,131], CDC Cyber-205 [1], and Fujitsu VP-200 [99]. Vector machines are a good example
for exploiting localities of communication; the chaining mechanism directly forwards a result from
the producer to the consumer without an intermediate storage [131]. Vector machines perform
remarkably well in executing codes that fit the vector paradigm [157]. Unfortunately, very few non-
numeric programs can be vectorized with existing compiler technology, rendering vector machines as
an inappropriate way of exploiting ILP in such programs. This is especially the case for programs
that use pointers. As mentioned earlier, we do not expect static analysis techniques for pointers, and
consequently the vectorization of programs having pointers, to change dramatically in the next

severa years.

2.4.4. TheVLIW Paradigm

The VLIW paradigm also uses control-driven specification (with multiple operations per
instruction) and control-driven execution. All the exploited ILP is again extracted at compile time.
The compiler takes (a path or subgraph of) the control flow graph (CFG), and extracts ILP from that
by moving data- and control-independent operations up in the CFG. However, instead of using a
compact, vector instruction to specify parallelism, the VLIW paradigm uses a large instruction word
to express the multiple operations to be issued and executed in acycle. Thus, the VLIW paradigm is
more general than the vector paradigm. At run-time, the VLIW hardware executes al operationsin a
VLIW instruction in lock-step. After the completion of each VLIW instruction, the paradigm guaran-
tees that the results of al operations in the instruction are made available to al operations of the sub-
sequent instruction in the next clock cycle. Thus, the VLIW hardware needs to provide a crossbar-
like inter-operation communication mechanism (e.g. multi-ported register file). The pros and cons of
the VLIW approach have been discussed in detail in the literature [29, 34, 49, 53, 54, 56, 125, 146].
With suitable compiler technology, a VLIW machine, typified by the Multiflow Trace series [34] and
the Cydrome Cydra-5 [127], is able to perform well for vectorizable and non-vectorizable numeric

codes [100, 126]. Because no dynamic scheduling is performed, the hardware is somewhat simpler.
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The disadvantages of VLIW include: (i) code compatibility, (ii) inability to extract large amount of
parallelism because of conservative static decisions, (iii) inability to adapt to run time uncertainities,
(iv) sophisticated compiler support, and (v) need for centralized resources such as large, multi-ported

register files, crossbars for connecting the computation units, and wide paths to the issue unit.

Traditional VLIW execution hardware followed a single flow of control. The ability to follow
multiple flows of control is very important if significant levels of ILP are to be sustained for ordinary
codes. Serious thought is being given to expanding the abilities of the VLIW model to allow the exe-
cution of multiple branches per cycle; several proposals have been made [46,83,100,162]. The
XIMD approach alows a VLIW processor to adapt to the varying parallelism in an application, as
well as to execute multiple instruction streams [162]. The processor coupling approach is similar in
spirit to XIMD, but it allows dynamic interleaving of multiple threads to tolerate long memory laten-
cies[83]. IntheIBM VLIW research project [46], the form of a VLIW instruction is expanded to that
of a directed binary tree, with provision to express conditional operations that depend on multiple
condition codes. The effectiveness of these approaches for applications that are not amenable to

static analysis techniques (to extract parallelism) is not clear.

2.4.5. The Superscalar Paradigm

An dternate paradigm that was developed at the same time as the VLIW paradigm (early 80’s)
was the superscalar paradigm [80,101,111,116]. The superscalar paradigm attempts to bring
together the good aspects of control-driven specification and data-driven execution, by doing data-
driven execution within a window of instructions established by control-driven fetching along a sin-
gle flow of control. Parallelism may be extracted at compile time and at run time. To extract paral-
lelism at run time, the hardware traverses the CFG by doing in paralel the following: (i) establish a
path through the CFG, (ii) fetch instructions from the established path into a centralized hardware
window structure, (iii) construct a dataflow graph of the instructions in the window, and (iv) traverse
the constructed dataflow graph. For establishing a path through the CFG, the superscalar processor

typically uses branch prediction. For instance, in the CFG of Figure 2.1(i), the hardware could
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establish path BB1-BB2-BB4 or path BB1-BB3-BB4 based on the prediction made at the branch ter-
minating BB1. If an established path is later found to be incorrect at some node on the path, the
entire path after that node is discarded even though some parts of the discarded path may <till be a
part of the actual path to be taken (e.g., BB4 in Figure 2.1(i)). The fundamental problem is that the
superscalar hardware has no access to the higher-level control flow of the program; al the control
flow information that it has is what is obtained in a step-by-step manner by the decoding of instruc-

tions.

There have been several proposals for superscalar machines in the 1980s
[4,33,87,101, 119, 120, 134, 135, 155, 156, 164]; notable ones include the IBM Cheetah, America and
RIOS projects which culminated in the IBM RS/6000 [66,111], decoupled architectures, which
resulted in the Astronautics ZS-1 [137,139], and HPS [73,116]. Advantages of the superscalar
approach include object code compatibility and the ability to make run-time decisions and adapt to
run-time uncertainities (for example variable memory latencies encountered in cache-based systems),
potentially extracting more paralelism. These advantages have led to the adoption of small-issue
superscalar processors as the paradigm of choice for several modern microprocessors [35, 40, 123].
The major limitations of the superscalar paradigm include: (i) inability to create accurate window
sizes of perhaps 100s of instructions, when following a single line of control, (ii) inability to handle
large windows with small cycle times, (iii) extremely wide instruction cache, and other data
paths/switches, (iv) elaborate mechanisms to forward data from a producer to a consumer, (V) possi-
bly wide associative searches, and (vi) possibly centralized (or seria if not centralized) resources, for

example, resources for disambiguating memory references, amongst others.

2.4.6. The Multiprocessing Paradigm

Although not belonging to the ILP processing world, it is worthwhile to discuss the multipro-
cessing paradigm. In this paradigm, the compiler transforms the CFG of a program into a multiple-
flow CFG, where the multiple flows are usually at a coarse granularity. (Itisalso possible for the pro-

grammer to directly write a parallel program.) Wherever a data dependency exists between the
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multiple control flows, the compiler inserts an explicit synchronization operation. The multiprocess-
ing hardware takes the multiple-flow CFG, and executes the multiple control flows using multiple
processors. Each processor executes the assigned task sequentialy; collectively the multiprocessor

executes severa instructions per cycle, one from each control flow.

2.5. Observations and Conclusions

This chapter provided a review of the state of the art in ILP processing, in terms of both the
hardware and the software issues. Table 2.2 compares the existing ILP paradigms, in terms of what is

done by the software and what is done by the hardware.

Table2.2: Comparison of Existing ILP Paradigms

Dataflow | Vector VLIW Superscalar Multiprocessor
Expressing ILP Critical Not Not Not Not
(Special languages) critical critica critical critical
Extracting ILP o . Not .

tracting No Critica Critical 9. Critical

by software critical
Extracting ILP . Not . Not

Critical . No Critical .
by hardware critical critical
Exploiting ILP Critica Critica Critical Critica Critical
Program spec. Data Control- | Control- | Control- Control-driven
order driven driven driven driven & Data-driven
Program execution | Data Control- | Control- | Control-driven | Control-driven
order driven driven driven & Data-driven | & Data-driven
Parallelism Not Vector Horiz. Not Independent
specification specified | instr. instr. specified tasks

Arriving at a good execution schedule involves many steps, each of which involves taking dif-

ferent decisions. There are different trade-offs in taking these decisions at programming time,
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compile time, and runtime. Although the programmer can give some helpful hints about the parallel-
ism present in an application, it is not advisable to delegate the entire responsibility of parallelism-
finding to the programmer. Although the compiler can take quite a bit of scheduling decisions, quite
often it finds it difficult to give guarantees of independence due to lack of run-time information.
Finally, it is worthwhile to take scheduling decisions (or for that matter, any decisions) at run time
only if the benefits are more than the detrimental effects the decision-making has on the hardware

cycletime.



Chapter 3. The Multiscalar Paradigm

How to execute control- and data-dependent tasks in parallel?

We saw that existing ILP processing paradigms have an over-reliance on compile-time extrac-
tion or run-time extraction of ILP, and fail to exploit the localities of communication present in ordi-
nary programs. In this chapter, we introduce a new processing paradigm — the multiscalar paradigm
— which not only combines the best of both worlds in ILP extraction, but also exploits the localities
of communication present in programs. Because of these and a host of other features, which we will
study in this chapter, we believe that the multiscalar paradigm will become a cornerstone for future
ILP processors. The name multiscalar is derived from the fact that the overall computing engineis a
collection of scalar processors that cooperate in the execution of a sequential program. In the initial
phases of this research, the multiscalar paradigm was called the Expandable Split Window (ESW)
paradigm [58].

This chapter is organized in five sections. The first section describes our view of an idea pro-
cessing paradigm. Naturally, the attributes mentioned in section 3.1 had a significant impact on the
development of the multiscalar paradigm and later became the driving force behind an implementa
tion of the paradigm. Section 3.2 introduces the multiscalar paradigm, and explains its basic idea and
working with the help of two examples. Section 3.3 describes the interesting and novel aspects of the
multiscalar paradigm. Section 3.4 compares and contrasts the multiscalar paradigm with some of the
existing processing paradigms such as the multiprocessor, superscalar, and VLIW paradigms. Sec-
tion 3.5 introduces the multiscalar processor, our implementation of the multiscalar paradigm. Sec-

tion 3.6 summarizes the chapter by drawing attention to the highlights of the multiscalar paradigm.
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3.1. ldeal Processing Paradigm—The Goal

Before embarking on a discussion of the multiscalar paradigm, it is worth our while contemplat-
ing on the desired features that shaped its development. Ideally, these features should take into con-
sideration the hardware and software technological developments that we expect to see in the next
several years. We can categorize the features into those related to the software issues and those
related to the hardware issues. In a sense, they represent the trade-offs we wish to make regarding
what is to be done in software and what is to be done in hardware. First, let us ook at the software
issues. Theseissues can be classified under three attributes, namely practicality, paralelism, and ver-

satility.

(i) Practicality: On the software side, by practicality we mean the ability to execute ordinary pro-
grams on the processor. The paradigm should not require the programmers to write programsin
specific programming languages; instead, programmers should be given the freedom to write
programs in ordinary, imperative languages such as C. The programmers should not be forced to
spend too much effort finding the low-level parallelism in an application. In short, the paradigm

should place no unnecessary burden on the programmers to carry out |LP processing.

(i) Versatility: As far as possible, the high-level language programs should not be tailored for
specific architectures and specific hardware implementations, so that the same high-level
language program can be used for awide variety of architectures and implementations. The pro-
grammer should not have to consider the number or logical connectivity of the processing ele-

ments in the computer system.

(iii) Parallelism: The compiler should extract the maximum amount of parallelism possible at com-
pile time. The compiler could also convey additional information about the program, such as
register dependencies and control flow information, to the hardware. These steps will not only
simplify the hardware, but also alow it to concentrate more on extracting the paralelism that

can be detected only at run time.
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Now let us consider the desired features for the hardware. Interestingly, the desired hardware features

can a'so be classified under the same three attributes, namely parallelism, practicality, and versatility.

(i) Parallelism: The hardware should extract the parallelism that could not be detected at compile

time, and should exploit the maximum amount of parallelism possible. The hardware should be

able to execute multiple flows of control.

(ii) Practicality: Here by practicality we mean realizability of the hardware. That is, the ILP para-

(iii)

digm should have attributes that facilitate commercial realization. A processor based on the
paradigm should be implementable in technology that we expect to see in the next several years,
and the hardware should be regular to facilitate implementation with clock speeds comparable to
the clock speeds of contemporary single-issue processors, resulting in the highest performance

processor of agiven generation.

Versatility: The paradigm should facilitate hardware implementations with no centralized
resources. Decentralization of resources is important to later expand the system (as allowed by
technology improvements in hardware and software). These resources include the hardware for
extracting ILP such as register and memory dependency enforcement and identification of
independent operations, and the hardware for exploiting ILP such as instruction supply mechan-
ism, inter-operation communication, and data memory system. The hardware implementation
should be such that it provides an easy growth path from one generation of processors to the
next, with minimum (hardware and software) effort. An easy hardware growth path implies the

reuse of hardware components, as much as possible, from one generation to the next.

3.2. Multiscalar Paradigm—TheBasic |dea

Realization of the software and hardware features described above has precisely been the driv-

ing force behind the development of the multiscalar paradigm. Bringing all of the above features

together requires bringing together in a new manner the worlds of control-driven execution and data-
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driven execution, and combine the best of both worlds.

The basic idea of the multiscalar paradigm is to split the jobs of ILP extraction and exploitation
amongst multiple processing elements. Each PE can be assigned a reasonably sized task, and paral-
lelism can be exploited by overlapping the execution of multiple tasks. So far, it looks no different
from a multiprocessor. But the difference — a key one indeed — is that the tasks being executed in
parallel in the multiscalar paradigm can have both control and data dependencies between them.
Whereas the multiprocessor takes control-independent portions (preferably data-independent as well)
of the control flow graph (CFG) of a program, and assigns them to different processing elements, the
multiscalar takes a sequential instruction stream, and assigns contiguous portions of it to different
processing elements. The multiple processing elements, or execution units if you will, are connected
together as a circular queue. Thus, the multiscalar paradigm traverses the CFG of a program as fol-
lows: take a subgraph (task) T from the CFG and assign it to the tail execution unit, advance the tail
pointer by one execution unit, do a prediction as to where control is most likely to go after the execu-
tion of T, and assign a subgraph starting at that target to the next execution unit in the next cycle, and
so on until the circular queue is full. The assigned tasks together encompass a contiguous portion of
the dynamic trace. These tasks are executed in paralel, although the paradigm preserves logical
sequentiality among the tasks. The units are connected as a circular queue to obtain asliding or con-
tinuous big window (as opposed to a fixed window), a feature that allows more paralelism to be
exploited [159]. When the execution of the subgraph at the head unit is over (determined by check-

ing when control flows out of the task), the head pointer is advanced by one unit.

A task could be as simple as a basic block or part of a basic block. More complex tasks could
be sequences of basic blocks, entire loops, or even entire function calls. In its most general form, a
task can be any subgraph of the control flow graph of the program being executed. The mativation
behind considering a subgraph as atask is to collapse several nodes of the CFG into a single node, as

shown in Figure 3.1. Traversing the CFG in steps of subgraphs helps to tide over the problem of poor



52

(i) (i)

Figure 3.1: Forming Multiscalar Tasksfrom a CFG
(i) A Collection of Basic Blocks; (ii) A Collection of Tasks

predictability of some CFG nodes, by incorporating those nodes within subgraphs®. Parallelly exe-
cuted tasks can have both control dependencies and data dependencies between them. The execution
model within each task can be a simple, sequential processing paradigm, or more complicated para-

digms such as a small-issue VLIW or superscalar paradigm.

Let us throw more light on multiscalar execution. The multiscalar paradigm executes multiple

tasks in paralel, with distinct execution units. Each of these execution units can be a sequential,

2 A distant, but interesting, analogy in physics is that of high wavelength waves getting less dispersed

(than small wavelength waves) by particles, because they can bend over particles.
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single-issue processor. Collectively, several instructions are executed per cycle, one from each task.
Apart from any static code motions done by the compiler, by simultaneously executing instructions
from multiple tasks, the multiscalar execution moves some instructions “‘up in time'’ within the
overal dynamic window. That is, some instructions from later in the sequential instruction stream
areinitiated earlier in time, thereby exploiting parallelism, and decreasing the overall execution time.
Notice that the compiler did not give any guarantee that these instructions are independent; the
hardware determines the inter-task dependencies (possibly with additional information provided by
the compiler), and determines the independent instructions. If a new task is assigned to a different
execution unit each cycle, collectively the execution units establish a large dynamic window of
instructions. If all active execution units execute instructions in paralel, overall the multiscalar pro-

cessor could be executing multiple instructions per cycle.

3.2.1. Multiscalar Execution Examples

We shall illustrate the details of the working of the multiscalar paradigm with the help of exam-
ples. The examples are not meant to be exclusive but are meant to beillustrative. Let us start with a

simple loop. Later, we shall go into a more complicated example.

Example 3.1: Consider the execution of the ssimple code fragment shown in Figure 3.2. Figures
3.2(i)-(iii) show the C code, its assembly code, and its control flow graph, respectively. The example
is a simple loop with a data-dependent conditional branch in the loop body. The loop adds the
number b to 100 elements of an array A, and sets an element to 1000 if it is greater than 1000. The
CFG consists of three basic blocks BB1-BB3. This example is chosen for its simplicity. Whereas it
does not illustrate some of the complexities of the control flow graphs that are generally encountered

in practice, it does provide a background for discussing these complexities.

On inspection of the assembly code in Figure 3.2(ii), we can see that almost al the instructions

of an iteration are data-dependent on previous instructions of the same iteration, and that there is very



for (i =0; i < 100; i++)

{
Ali] += 10;
if (A[i] > 1000)
A[i] = 1000;
}
(i) Example C Code
RL = -1 s initialize induction variable i
RO = b ; assign loop-invariant b to RO
RL = R1L+1 ;increment i
R2 = MnRL + A ; load Ali]
R = R + R0 ; add b
BLT R2, 1000, B ; branch to Bif Ali] < 1000
R2 = 1000 ; set Ali] to 1000
MeniRL + A] = R2 ; store Ai]
BLT R1, 99, L ; branch to L if i < 99

(if) Assembly Code

(iii) Control Flow Graph

Figure 3.2 Example Code Fragment
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little ILP in asingle iteration of the loop. However, al the iterations are independent (except for the
data dependencies through the loop induction variable i alocated in register R1) because each itera-
tion operates on a different element of the array. Now, let us look at how the multiscalar paradigm
executes this loop. First, the compiler demarcates the code such that the loop body is considered as a
single task, marked S1 in Figure 3.2(iii). This task has two possible targets, L and M. At run time,
the processor expands the loop into multiple dynamic tasks as shown in Figure 3.3, effectively estab-
lishing alarge dynamic window of consecutive iterations. The large dynamic window encompasses a
contiguous portion of the dynamic trace. The multiscalar paradigm executes these multiple tasks in
paralel, with distinct execution units. Collectively, several instructions are executed per cycle, one
from each task. For instance, consider the shaded portion in Figure 3.3, which refers to a particular

time-frame (cycle). Inthat cycle, three instructions are executed from the three tasks.

Execution Unit 1 Execution Unit 2 Execution Unit 3

Task S1 Task S1 Task S1

Ll: Rl]_ = R10+1
— T o

R2, = Men{ Rl +A] L. R, =Rl +1

\L R2; = R2y +ROy 7 R = Men{RL+A | Ly R 2RI+
Time  BLT R2y, 1000, B, | — R2, = R, + RO, 7 Re, = Menf Rl + Al
R2; = 1000 — — — BLT R2,, 1000, B, _ —R3 = R3 +RO,
B,: Men{Rl, +A] = RZ; R2, = 1000 — — — BLT R2;, 1000, B,
BLT Ri;, 99, L, B,: Men{Rl, +A] = RZ, R2, = 1000
BLT R1,, 99, L; By: Men{Rl; +A] = R2,

BLT Rl;, 99, L,

A4

N

Large Dynamic Window

— > Inter-Task Register Dependency
— — — = |nter-Task Potential Memory Dependency
ffffffffff > Inter-Task Control Dependency

Figure 3.3. Multiscalar Execution of Assembly Codein Figure 3.2(ii)
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Given the background experience assumed here, it would be coy not to recognize the reader’s
familiarity with software scheduling techniques such as loop unrolling and software pipelining.
However, it cannot be emphasized too often that the multiscalar paradigm is far more general than
loop unrolling and other similar techniques for redressing the effect of control dependencies. The
structure of a multiscalar task can be as general as a connected subgraph of the control flow graph,
and is far more general than aloop body. Thisis further clarified in Example 3.2. Before that, let us
look into more detail how inter-task control dependencies and data dependencies are handled in the

multiscalar paradigm.

Control Dependencies: We will first see how inter-task control dependencies are overcome. Once
task 1 is dynamically assigned to execution unit 1, a prediction is made by the hardware (based on
static or dynamic techniques) to determine the next task to which control will most likely flow after
the execution of task 1. In this example, it determines that control is most likely to go back to label
L, and so in the next cycle, another instance of the same task, namely task 2, is assigned to the next
execution unit. This processis repeated. We call the type of prediction used by the multiscalar para-
digm as control flow prediction [121]. In the multiscalar paradigm, the execution of al active tasks,
except the first, is speculative in nature. The hardware provides facilities for recovery when it is
determined that an incorrect control flow prediction has been made. It is important to note that
among the two branchesin an iteration of the above loop, the first branch, which has poor predictabil-
ity, has been encompassed within the task so that the control flow prediction need not consider its tar-
gets at al while making the prediction. Only the targets of the second branch, which can be predicted
with good accuracy, have been included in the task’ stargets. Thus the constraints introduced by con-
trol dependencies are overcome by doing speculative execution (along the control paths indicated by
the light dotted arrows in Figure 3.3), but doing predictions at those points in the control flow graph
that are easily predictable. This facilitates the multiscalar hardware in establishing accurate and large

dynamic windows.

Register Data Dependencies: Next we will look at how inter-task register data dependencies are
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handled. These data dependencies are taken care of by forwarding the last update of each register in a
task to the subsequent tasks, preferably as and when the last updates are generated. In Figure 3.3, the
register instances produced in different tasks are shown with different subscripts, for example, R1;,
R1,, and R1;, and the inter-task register data dependencies are marked by solid arrows. As we can
gather from Figure 3.3, the only register data dependencies that are carried across the tasks are the
ones through register R1, which corresponds to the induction variable. Thus, although the instruc-
tions of a task are mostly sequentially dependent, the next task can start execution once the first

instruction of atask has been executed (in this example), and its result forwarded to the next task.

Memory Data Dependencies: Now let us see how potentia inter-task data dependencies through
memory, occurring through loads and stores, are handled. These dependencies are marked by long
dash arrowsin Figure 3.3. In a sequential execution of the program, the load of the second iteration
is performed after the store of the first iteration, and thus any potential data dependency is automati-
cally taken care of. However, in the multiscalar paradigm, because the two iterations are executed in
parallel, it is quite likely that the load of the second iteration may be ready to be executed earlier than
the store of the first iteration. If aload is made to wait until all preceding stores are executed, then
much of the code reordering opportunities are inhibited, and performance may be affected badly. The
multiscalar paradigm cannot afford such a callous wait; so it allows memory references to be exe-
cuted out-of-order, along with specia hardware to check if the dynamic reordering of memory refer-
ences produces any violation of dependencies. For thisrecovery, it is possible to use the same facility
that is provided for recovery in times of incorrect control flow prediction. If the dynamic code
motion rarely results in a violation of dependencies, significantly more parallelism can be exploited.
This is a primary mechanism that we use for breaking the restriction due to ambiguous data depen-

dencies, which cannot be resolved by static memory disambiguation techniques.

Example 3.2: Next we will look at a more complicated example, one that involves complex control
flows. This example also highlights the advantage of encapsulating an entire loop (not just an itera-

tion of aloop) within atask. Encapsulating an inner loop within atask may be advantageous if one
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or more of the following apply: (i) the loop body contains only a few instructions, (i) the loop
iterates only a few times, (iii) the iterations are data-dependent. A realistic implementation of the
multiscalar hardware can be expected to assign only one new task every cycle, and therefore the sus-
tained operation issue rate of the processor is limited by the average size of atask. If the body of an
inner loop contains only a few instructions, then considering each iteration to be a task results in
small tasks, and hence low issue rates. If an inner loop iterates only two or three times and an itera-
tion is considered to be atask, then the control flow prediction accuracy will be very poor. Similarly,
if the iterations are data-dependent, then there is little merit in assigning them to different execution
units at run time. Consider the C code shown in Figure 3.4(i), taken from the xlisp program in the
SPEC "92 benchmark suite. It consists of a doubly nested loop; the inner loop walks down a linked
list, and its iterations are both control and data dependent. However, each activation of the inner loop
is independent of the previous one. If the entire inner loop is encompassed within a single task, it is

possible to execute many activations of the inner loop in parallel.

Now let us consider a multiscalar execution of this example code. The compiler has demar-
cated the CFG into three tasks, S1-S3, as shown in Figure 3.4(ii). The two important things to notice
are: (i) tasks S1 and S2 overlap, and (ii) the entire inner loop is contained within task S2. Tasks S1
and S2 have the same three targets, namely labels L, B, and RETURN. Task S3 has one target,
namely RETURN. Figure 3.5 shows a possible execution in the multiscalar paradigm. First task S1
is allocated to execution unit 1. In the next cycle, among S1's three targets, the most likely one (i.e.,
L) is chosen, and the task starting at label L (i.e., S2) is assigned to execution unit 2. Similarly, in the
third cycle, the most likely target of S2 (label L) is predicted, and task S2 is again assigned to the
next execution unit. Notice that the tasks being executed themselves contain the entire inner loop, as

shown by the long dashed arrowsin Figure 3.5.



for (fp = xlenv; fp;
{

fp

= cdr(fp))

for (ep = car(fp); ep; ep = cdr(ep))

{

if (sym

}

}
return (syn;

Rl = xlenv - 8

L: RL = MnRL + 8] ;
BEQ R1, 0, B
R = MnRL +
BEQ R2, O, L

M R3 = MnmR +
RA = MnR3 +
BNE RO, R4, A
RE = MnmR3 +
RET R5

A R = MR +
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B L

B: R5 = MenRO +
RET R5

0

0
0] ;
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== car(car(ep)))
return (cdr(car(ep)));

(i) C Code

load fp = xlenv or cdr(fp)

branch to Bif fp is zero

| oad ep = car(fp)

branch to L if ep is zero

| oad car (ep)

| oad car(car(ep))

branch to Aif sym# car(car(ep))
| oad cdr(car(ep)) as return val ue
return RS

| oad ep = cdr(ep)

branch back to Mif ep # zero
branch back to L

| oad cdr(sym as return val ue
return RS

(if) Assembly Code
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Inner Loop

RETURN

(iii) Control Flow Graph

Figure 3.4: Example Code from Function Xlygetvaluein Xlisp
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Figure 3.5. Multiscalar Execution of Assembly Codein Figure 3.4(ii)

3.3. Interesting Aspects of the Multiscalar Paradigm

The astute reader would have realized by now that the multiscalar paradigm allows very flexible
dynamic scheduling that could be assisted with software scheduling. The compiler has a big role to
play in bringing to fruit the full capabilities of this paradigm. The compiler decides which parts of
the CFG should be brought together as a task, and performs static scheduling within each task. The
role of the compiler is discussed in great detail in chapter 9. Figure 3.6 gives a clear picture of where

the multiscalar paradigm stands in terms of what is done by software and what is done by hardware.
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Exploit Paralelism with
Decentralized Resources

Figure 3.6: The Multiscalar Paradigm—What is done by Software

and What isdone by Hardware

The multiscalar paradigm is grounded on a good interplay between compile-time extraction of ILP

and run-time extraction of ILP. Below, we describe the interesting aspects of the multiscalar para-

digm.
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3.3.1. Decentralization of Critical Resour ces

The next several chapters describe one possible implementation of the multiscalar paradigm.
Without considering the details of the multiscalar implementation here, we can make one observation
upon the strategy it employs for decentralizing the critical resources. By splitting the large dynamic
window of instructions into smaller tasks (c.f. Figure 3.7), the complex task of searching alarge win-
dow for independent instructions is split into two simpler subtasks: (i) independent searches (if need
be) in smaller tasks, all of which can be donein parallel by separate execution units, and (ii) enforce-
ment of control and data dependencies between the tasks. This allows the dynamic scheduling
hardware to be divided into a two-level hierarchical structure — a distributed top-level unit that
enforces dependencies between the tasks, and several independent lower-level units at the bottom
level, each of which enforces dependencies within atask and identifies the independent instructions in
that task. Each of these lower-level units can be a separate execution unit akin to a simple (possibly
sequential) execution datapath. A direct outgrowth of the decentralization of critical resources is

expandability of the hardware.

3.3.2. Execution of Multiple Flows of Control

The multiscalar paradigm is specially geared to execute multiple flows of control. While decid-
ing the tasks, the multiscalar compiler will, as far as possible, attempt to generate tasks that are
control-independent of each other, so that the multiscalar hardware can follow independent flows of
control. However, most non-numeric programs have such hairy control structures that following mul-
tiple, independent flows of control is almost infeasible. So, our solution is to follow multiple, possi-
bly control-dependent, and possibly data-dependent flows of control, in a speculative manner. Thus,
the multiscalar compiler will, as far as possible, attempt to demarcate tasks at those points where the
compiler may be fairly sure of the next task to be executed when control leaves a task (although it
may not know the exact path that will be taken through each task at run time). Such a division into
tasks will not only allow the overall large window to be accurate, but also facilitate the execution of

(mostly) control-independent code in paralel, thereby allowing multiple flows of control, which is
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needed to exploit significant levels of ILP in non-numeric applications [90]. By encompassing com-

plex control structures within atask, the overall prediction accuracy is significantly improved.

3.3.3. Speculative Execution

The multiscalar paradigm is an epitome for speculative execution; almost all of the execution in
the multiscalar hardware is speculative in nature. At any time, the only task that is guaranteed to be
executed non-speculatively is the sequentially earliest task that is being executed at that time. There
are different kinds of speculative execution taking place across tasks in the multiscalar hardware: (i)
speculative execution of control-dependent code across tasks, and (ii) speculative execution of loads
before stores from preceding tasks, and stores before loads and stores from preceding tasks. The
importance of speculative execution for exploiting parallelism in non-numeric codes was underscored

in [90].

3.3.4. Parallel Execution of Data Dependent Tasks

Another important feature and big advantage of the multiscalar paradigm is that it does not
require the parallelly executed tasks to be data independent either. If inter-task dependencies are
present, either through registers or through memory locations, the hardware automatically enforces
these dependencies. This feature gives significant flexibility to the compiler. It is worthwhile to
point out, however, that although the execution of (data) dependent tasks can be overlapped, the com-
piler can and should as far as possible attempt to pack dependent instructions into a task, so that at
run time the tasks can be executed mostly independent of each other. This will help to reduce run-

time stalls, and improve the performance of the processor.

3.3.5. Exploitation of L ocalities of Communication

The decentralization of critical resources cannot be brought about by merely distributing the
hardware; as far as possible, information should not be flowing all across the hardware. By grouping

data dependent instructions into a task and by making tasks as independent as possible, much of the
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communication in the processor can be localized to within each task execution unit. This allows the

multiscalar hardware to exploit the localities of communication present in a program.

3.3.6. Conveyance of Compile-Time Information to the Hardware

In traditional processing paradigms involving some form of data-driven execution, although the
compiler has access to different types of information such as register dependencies and control flow
in the program, these information are not directly conveyed to the hardware through the program.
The hardware has to painstakingly reconstruct by instruction decoding the information that was avail-
able at compile time. It would be ideal if some of the information available at compile time is con-
veyed to the dynamic scheduling hardware. By grouping a set of instructions as a single unit (task),
the multiscalar compiler conveys to the hardware additiona information that allows the hardware to
make more informed run-time decisions about the flow of program control than it would be possible
if it were to determine the control flow through the decoding of instructions. Similarly, the compiler
can convey information to the hardware by a bitmap the registers that are updated in a task. The
hardware can use this bitmap in a simple manner to determine inter-task register dependencies
(explained in chapter 5). Thus, the hardware need not reconstruct some of the mundane dependency

information that is available at compile time.

3.4. Comparison with Other Processing Paradigms

3.4.1. Multiprocessing Paradigm

The multiscalar paradigm has some striking similarities to the conventional multiprocessing
paradigm. It isimportant to see how the two paradigms differ from each other. In the case of a mul-
tiprocessor, the compiler determines the independence of tasks. At run time, each task is assigned to
a different processor of the multiprocessor, effectively establishing a large dynamic window of

severa tasks. Each processor executes the assigned task sequentialy; collectively the multiprocessor
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executes severa instructions per cycle, one from each task. While no static code motions have been
made in the window, multiprocessor execution moves some instructions “‘up in time'’. That is,
instructions from later in the sequential instruction stream are initiated earlier in time; this motion is

facilitated by guarantees from the compiler that the instructions are independent.

Thus in a multiprocessor, independence of tasks — both data independence and control
independence — is guaranteed by the compiler. Therefore, the multiple tasks are not executed in a
speculative manner. Whenever there is an inter-task data dependency, the compiler inserts explicit
synchronization instructions. The multiscalar paradigm, on the other hand, does not require the
independence of tasks — both data independence and control independence. It overcomes inter-task
control dependencies by speculative execution, and enforces inter-task data dependencies with the
help of fast low-level inter-task synchronization mechanisms. Table 3.1 succinctly shows the similar-

ities and differences between the multiscalar and multiprocessing paradigms (both shared-memory

Table 3.1. Comparison of Multiprocessor and Multiscalar Paradigms

Attributes Multiprocessor Multiscalar
I . Static
Task determination Static (Can be dynamic)
Static guarantee of inter-task , :
control independence Required Not required
Static guarantee of inter-task , ,
data independence Required Not required
Inter-task synchronization Explicit Implicit
Medium for Memory (if shared-memory) Through registers
inter-task communication Messages (if message-passing) | and memory
Register space for PES Distinct Common
Common (if shared-memory)
Memory space for PEs Distinct (if m e-passing) Common
Speculative execution No Yes
Multiple flows of control Yes Yes
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and message-passing multiprocessing).

3.4.2. Superscalar Paradigm

The multiscalar paradigm has several similarities with the superscalar paradigm too. Both use
control-driven specification, and a combination of data-driven execution and control-driven execu-
tion. Figure 3.7 highlights the fundamental differences between the two paradigms. A significant
difference is that the superscalar views the entire dynamic window as a centralized structure, whereas
the multiscalar views the dynamic window as distributed tasks. Therefore, the superscalar paradigm
is unable to exploit communication localities within the dynamic window. This restricts the size of
the window; lesser the window size, lesser the parallelism exploited. Moreover, the superscalar per-
forms only data-driven execution, and no control-driven execution among the instructions in the win-

dow. The overhead of a full-blown data-driven execution also restricts the size of the dynamic

Super scalar Multiscalar
Dynamic Instruction Stream Dynamic Instruction Stream
\
Jg U U U
Dynamic Window _I\I_/IaLél'Egple
Multi-ported Distributed
Register File Register File

Figure3.7: Comparison of Superscalar and Multiscalar Paradigms



68

window. Another mgjor distinction between the superscalar and the multiscalar paradigms is that the
superscalar pursues a single flow of control, whereas the multiscalar pursues multiple flows of con-
trol. Table 3.2 succinctly shows the similarities and differences between the superscalar and multis-

calar paradigms.

Table 3.2. Comparison of Superscalar and Multiscalar Paradigms

Attributes Superscalar Multiscalar
Program specification order || Control-driven | Control-driven
Parallelism specification Not specified (Possibly dependent) tasks
Instruction fetching Control-driven | Control-driven

, . Control-driven
Program execution order Data-driven & Data-driven
Dynamic window Centralized Distributed
Exploiting I_ocqlltles No Yes
of communication
Multiple flows of control No Yes
Static extraction Helpful Helpful

of parallelism

3.4.3. VLIW Paradigm

It is aso interesting to compare the multiscalar paradigm with the VLIW paradigm. In the
VLIW paradigm, independent operations are horizontally grouped into instructions, whereas in the
case of the multiscalar paradigm, mostly dependent operations are vertically grouped into tasks. This
distinction is clearly illustrated in Figures 3.8(i) and (ii), which show 16 operations each for the
VLIW and multiscalar paradigms; the same code is used for both paradigms. After the completion of
each instruction, the paradigm guarantees that the results of all four operations in the instruction are
available to all operations of the next instruction in the next clock cycle. Thus, the VLIW hardware

needs to provide a crossbar-like inter-operation communication mechanism. Now consider the



69

multiscalar execution. When an instruction is completed in a task, the result is made available to
only the same task and possibly to the subsequent task in the next cycle. If adistant task needs the
result, the results will be forwarded one task at atime. Table 3.3 succinctly shows the similarities

and differences between the VLIW and multiscalar paradigms.

3.4.3.1. Adaptability to Run-Time Uncertainities

Let us see how the multiscalar paradigm and the VLIW paradigm compare in terms of adapta-
bility to run-time uncertainities. In the case of the VLIW paradigm, the entire processor stalls when
an unpredicted events such as data cache misses, instruction cache misses, and memory bank conflicts
occur. The delay in the completion of any one of the operations in a horizontal instruction delays the

completion of the entire instruction, because all operations are processed in lock-step. Thus, the

Table 3.3. Comparison of VLIW and Multiscalar Paradigms

Attributes VLIW Multiscalar

Program specification order || Control-driven Control-driven

Parallelism specification

Horizonta Instructions

(Possibly dependent) tasks

Instruction fetching

Control-driven

Control-driven

Program execution order

Control-driven

Control-driven

& Data-driven
iftagi;r alefgi"ﬂ on Critical Helpful
(I?fy;:rr;il(; (iagtrr]acti on No Yes
Multiple flows of control No Yes
Adaptation to run-time Poor Good

Uncertainities
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VLIW performance can degrade significantly when run-time predictability reduces. Figures 3.8(iii)
and (iv) show one possible execution of the operations of Figures 3.8(i) and (ii) in a 4-way VLIW
machine and a 3-unit multiscalar machine. In these two figures, time increases in the downward
direction. Notice that in Figure 3.8(iv), unit 1 executes task 4 after it finishes the execution of task 1.
The 4 independent operations in each VLIW instruction are executed in lock-step. In Figure 3.8(iii),
when the load in VLIW instruction 2 encounters a cache miss or a memory bank conflict, the entire

VLIW processor stalls, whereas the same incident in the multiscalar paradigm causes only execution

VLIW Multiscalar
Task 1 2 3 4
Instr 1
2 LOAD LOAD
3
4 LOAD LOAD
0] (i)
Task 1
1 2 3
2 LOAD
LOAD
STALL
4 STALL
Time 3 LOAD
4 LOAD STALL
STALL
Unit 1 Unit 2 Unit 3
(iii) (iv)

Figure3.8: Stallsin VLIW and Multiscalar Paradigms dueto Run-Time Uncertainities
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unit 2 to stall. Thus, we can see that the multiscalar processor is better adapted to run-time uncertain-
ities than the VLIW paradigm, because it does not stall the entire processor when untoward run-time

incidents occur.

3.5. TheMultiscalar Processor

In developing the conceptual basis for the multiscalar paradigm, we had purposely attempted to
factor out implementation issues. Perhaps now is the time to start addressing the implementation
issues, and throw more light on how the different aspects of the paradigm can be implemented. We
like to emphasi ze that the multiscalar processor described in the ensuing chapters of thisthesisis only
one possible implementation of the multiscalar paradigm. Throughout the design of this implementa-
tion we have emphasized two points — decentralization (which facilitates expandability) and realiza-
bility. Several novel techniques are used to decentralize the resources, without which the potential of
the multiscalar paradigm could not have been exploited. The techniques used for decentraizing dif-
ferent parts of the system are different, because the way these parts work and fit into the system are

also different.

From the early stage of the design itself, we were very much concerned with the realizability of
the hardware. The core part of the implementation is a circular queue of identical execution units,
each of which is equivalent to a typical datapath found in modern processors. And what could be
more convenient than replicating a sequential processor — something we know how to design well
— and connecting several of them together as a circular queue? Figure 3.9 illustrates how multiple

execution units can be connected together to form a multiscalar processor.

The fundamentals of the multiscalar processor’s working are best understood as follows. The
execution unit at the tail of the queue is assigned a task (explained in chapter 4); it executes the task,
fetching, decoding, and executing the instructions in the task, one by one, just as a traditional sequen-
tial processor would. A global control unit determines (predicts) which task will be executed next,

and assigns it to the next execution unit in the next cycle. The active execution units, the ones from
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Figure 3.9: Block Diagram of an 8-Unit Multiscalar Processor
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the head to the tail, together constitute the large dynamic window of instructions, and the units con-
tain tasks, in the sequential order in which the tasks appear in the dynamic instruction stream. When
control flows out of the task in the execution unit at the head, the head pointer is moved forward to

the next execution unit.

The multiscalar processor consists of several building blocks, as shown in Figure 3.9. Almost
al the major functions in the multiscalar processor are broken down into two parts — one for carry-
ing out the intra-unit part of the function and the other for carrying out the inter-unit part. The intra-
unit part is easily decentralized because it is distributed throughout the processor. The inter-unit part
may or may not be decentralized depending on whether the communication it handles is localized or
global in nature. For instance, the inter-unit register communication is easily decentralized (c.f. sec-

tion 5.3) because much of the register communication in the multiscalar processor is localized [59].

The building blocks of the multiscalar processor are described in great detail in the following
three chapters. Chapter 4 describes some of the major parts such as the execution units, the control
mechanism, and the instruction supply mechanism. The inter-operation communication mechanism

is described in chapter 5, and the memory system is described in chapter 6.

3.6. Summary

We have proposed a new processing paradigm for exploiting ILP, caled the multiscalar para-
digm. The basic idea of the paradigm isto consider a block of instructions as a single unit (task), and
exploit ILP by executing many such tasks in paralel. The parallelly executed tasks need not be be
independent, and can have both control dependencies and data dependencies between them. Each
task can be as general as any connected subgraph of the control flow graph of the program being exe-
cuted. The multiscalar paradigm is the fruit born from the fusion of static scheduling and dynamic
scheduling; it uses control-driven specification, and a combination of data-driven and control-driven
execution. In this regard, it shares a number of properties with the superscalar paradigm and the res-

tricted dataflow paradigm. The essence of data-driven execution is captured by simple data
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forwarding schemes for both register and memory values. The fundamental properties of control-
driven specification that we retained includes a sequentia instruction stream, which relies on inter-
instruction communication through a set of registers and memory locations. The result is a simple
paradigm that accepts sequential code, but behaves as afairly restricted dataflow machine. The split-
ting of the dynamic window into tasks allows the decentralization of the hardware resources, and the
exploitation of localities of communication. For this reason, we believe that the multiscalar processor

is conceptually completely different from the previous ILP processors of whatever generation.

We have also started describing a processor implementation of the multiscalar paradigm. In our
view, the beauty of the multiscalar processor lies in its realizability, not to mention its novelty.
Essentially, we have taken several sequential processors, connected them together, and provided
some additiona hardware support mechanisms. As we will see in the next three chapters, it draws
heavily on the recent devel opments in microprocessor technology, yet goes far beyond the centralized
window-based superscalar processors in exploiting irregular ILP. It has no centralized resource
bottlenecks that we are aware of. Thisis very important, because many existing execution models are
plagued by the need for centralized resources. Almost all the parts of our implementation are found
in conventional serial processors, the only exception is the Address Resolution Buffer (ARB)
described in chapter 6; yet these parts have been arranged in such a way as to extract and exploit
much more parallelism than was thought to be realistically possible before. Another feature of the
multiscalar processor is its expandability. When advances in technology allow more transistors to be
put on a chip, the multiscalar implementation can be easily expanded by adding more execution units;

there is no need to redesign the implementation/architecture.



Chapter 4.| | Control and Execution Units

How to connect multiple processors together in a tightly synchronized manner?

The previous chapter introduced the multiscalar processor and began discussing its overall
working. The central idea, as we saw, is to connect several execution units as a circular queue, and
assign atask to a separate execution unit. This chapter discusses some of the major parts of the mul-
tiscalar processor such as the execution units, the control mechanism, and the instruction supply

mechanism.

Chapter 4 is organized into four sections as follows. Section 4.1 describes the execution unit.
Section 4.2 describes the distributed control mechanism. Section 4.3 describes the distributed

instruction supply mechanism, and section 4.4 presents the summary.

4.1. Execution Unit

The multiscalar processor consists of several identical execution units, as described in chapter 3.
Each execution unit is responsible for carrying out the execution of the task assigned to it. Figure 4.1
gives the block diagram of an execution unit. It consists of a control unit (local CU), an instruction
cache (local icache), an issue and execution (IE) unit, a register file (local RF), a forwarding queue
(FQ), and a memory disambiguation unit (local ARB). The local CU is used for sequencing the con-
trol through a task. and is similar to the control unit of an ordinary processor. The IE unit is
described in this section. The RF is used to carry out the inter-operation communication, and is
described in section 5.3. The FQ is used to forward register values produced in an execution unit to
the subsequent execution units, and is described in section 5.3. The local ARB is used to do memory

disambiguation within an unit, and is described in section 6.4.5. Notice the remarkable similarity
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Figure4.1: Block Diagram of an Execution Unit

between an execution unit and an ordinary, execution datapath; the only singular feature in a multis-
calar execution unit is the forwarding queue connecting an execution unit to the successor execution

unit.

IE Unit: Each execution unit has asits heart an Issue and Execution (IE) unit, which fetches instruc-

tions from the local instruction cache, and pumps them to its functional units after resolving their data
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dependencies. The IE unit is comparable to the Instruction Issue and Execution Unit of a conven-
tional processor, and has its own set of functional units. In any given cycle, up to afixed number of
ready-to-execute instructions begin execution in the I1E units of each of the active units. It is possible
to have an arbitrary execution model within an IE unit; the type of execution model used within an IE
unit depends on the type of parallelism one expects to exploit within a task, given that the compiler

can attempt to pack dependent instructions within atask (c.f. chapter 9).

4.2. Control Mechanism

The control mechanism is divided into two parts: intra-task control and inter-task control. The
intra-task control is carried out by local control units in the execution units, and the inter-task control
is carried out by aglobal control unit. Figure 4.2 illustrates this. The global control unit manages the
head and tail pointers of the circular queue of execution units. It also performs the job of assigning
tasks and deassigning tasks to the units. After assigning a task to the tail execution unit, the global
control unit predicts (based on static hints or dynamic history) the next task to be executed. Every
cycle, anew task is assigned to the execution unit at the tail, and the tail pointer advanced by one exe-
cution unit, unless the circular unit queueisfull. When al the instructions in the execution unit at the
head have completed execution, the control unit deassigns (commits) that task, and moves forward

the head pointer to the next execution unit.

It isimportant to note that all that the global control unit does when it assigns a task to an exe-
cution unit is to tell the unit to execute the task starting at a particular PC (program counter) value; it
is up to the execution unit to fetch the required instructions, decode them and execute them (most
likely in serial order) until control flows out of the task (c.f. section 4.2.3). The global control unit
does not perform instruction decoding. (A major purpose of ‘‘decoding’’ instructions in a dynami-
cally scheduled ILP processor is to establish register dependencies between instructions. We shall
see in section 5.3.2 how the multiscalar processor enforces the register dependencies without decod-

ing the instructions.) Because the global control unit’s chore is relatively straightforward, it does not
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Figure4.2: Distributed Control Mechanism for an 8-Unit Multiscalar Processor

become a potential bottleneck. Control units with instruction decoders that feed centralized windows

are amajor impediment to performance in superscalar processors, as shown in [140].

4.2.1. Task Prediction

After atask is assigned to an execution unit, the global control unit needs to predict the next
task to be executed. A task may have multiple targets, and the global control unit has to make an
intelligent prediction (based on static hints or run-time history), and choose one target. A highly
accurate prediction mechanism is very important, as the construction of a large window of tasks
requires many task predictionsin arow; by the time the predictor reaches execution unit n, the chance
of that unit getting assigned the correct task is only p", where p is the average task prediction accu-
racy. Thus even an average task prediction accuracy of 90% is a far cry from what is required.
Achieving a reasonably good task prediction accuracy may not be as difficult as achieving a good

branch prediction accuracy, if many of the unpredictable branches in the program have been
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encapsulated within the multiscalar tasks.

4.2.1.1. Static Task Prediction

There are several ways of doing task prediction. One option is for the compiler to do a static
prediction and convey it to the hardware along with the task specification. With this scheme, it is
possible to let the local control units perform all the functions carried out by the global control unit,
including the assigning of tasks to the execution units. That is, each local control unit can, depending
on the task assigned to its execution unit, make a prediction about the task to be executed on the sub-
sequent execution unit, and inform that unit. The managing of the head and tail pointers can also be
done by the local control units. The advantage of this scheme is that the global control unit can be
completely distributed among the local control units to obtain a truly distributed control processor.
This distribution would be difficult with dynamic prediction (discussed next), as the dynamic task
predictor needs to have a global picture regarding the tasks allocated to all execution units to have a
reasonable prediction accuracy. The feasibility of static prediction (in terms of the obtainable task
prediction accuracy) needs further study.

4.2.1.2. Dynamic Task Prediction

Dynamic task prediction can use techniques similar to those used for dynamic branch predic-
tion. In particular, it is possible to keep a condensed history of previous task outcomes, and base
decisions on the history. The type of condensation used can vary — for instance, a set of counters to
keep track the number of times each target of atask was previously taken, or atwo-level scheme with
a register keeping track of the last several outcomes, and a set of counters keeping track of the
number of times each target was taken for different patterns of previous outcomes [166]. For branch
predictions, the later scheme has been shown to be very effective, giving branch prediction accuracies

to the tune of 95% for non-numeric programs.

Another issue to be addressed in dynamic task prediction is the issue of basing prediction deci-

sions on obsolete history. Irrespective of the type of history information stored, the control unit will
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often need to make several task predictions in a row, without being able to update the task history
table in between, because the intervening outcomes may have not been determined. Because of bas-
ing the prediction on obsolete history information, the prediction accuracy might decrease when
severa predictions are made in arow. This problem can be overcome by speculatively updating the
history information as and when a task prediction is made. If a prediction is later found to be
incorrect, the speculative updates to the history tables can be undone. |f the average prediction accu-
racies are very high, the speculative updates are amost always correct. If using a more recent history
is better than using an obsolete history to make prediction decisions, then using speculatively updated
information is better than using obsolete information to make prediction decisions in the multiscalar

processor. Let us see why thisisindeed the case.

Let the task history at some stage of execution be H,. Let aprediction P, be made to execute a
task T, in execution unit E;. The new history obtained by speculatively updating H; with P4 is
given by

Hy = f(Hy, Py)

where f is the history update function. Assume that the next prediction, P,, is made on H, rather
than on H4. Let us analyze the effect of this decision. If P4 is correct, then H, is not only correct
but also more recent than H{, and therefore P, is more likely to be correct than if it were based on
H .. If, on the other hand, P4 isincorrect, then the multiscalar processor discards both T, and T, any
way (c.f. section 4.2.2). Thus, basing the decision of P, on H, does not do any harm, provided a

more recent history does not give a poorer prediction accuracy than an obsolete history.

Return Addresses: When atask contains return instruction(s), its targets may not be the same in dif-
ferent executions of the task. Although a history-based prediction mechanism predicts the targets
fairly accurately for tasks whose boundaries are defined by branches, this mechanism cannot be used
for predicting the target of procedure returns. For effectively predicting the return addresses, the glo-
bal control unit uses a stack-like mechanism similar to the one discussed in [81]. When the predictor

predicts a procedure call as the next task to be executed, the return address is pushed onto the stack-
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like mechanism. When the predictor predicts a procedure return as the next task to be executed, the
return address is popped from the stack. The stack mechanism is updated as and when actual out-

comes are known.

4.2.2. Recovery Dueto Incorrect Task Prediction

When the task prediction done for allocating a task to execution unit i is found to be incorrect,
recovery actions are initiated. Recovery involves discarding all the computations being carried out in
the active execution units including and beyond i. The control unit moves the tail pointer to point to
execution unit i, which had the incorrect task assigned. The speculative state information in the exe-
cution units stepped over by the tail pointer are aso discarded. Chapters 5 and 6 describe how
exactly the speculative register values and speculative memory values are stored in the multiscalar
processor, and discarded at times of recovery. We will see the advantage of storing state information

at task boundaries, which facilitate fast recovery actions.

Notice that when atask prediction is found to be incorrect, the work going on in all subsequent
active execution units is discarded, and tasks are again alocated starting from the execution unit
which was executing the incorrect task. Thereisa possibility that some of the discarded tasks may be
reassigned to the same units later; however, determining this information and to do appropriate
recovery is difficult. The decision to discard all subsequent tasks was made in favor of smple and

fast recovery.

4.2.3. Task Completion

The local control unit determines when the execution of the task in its execution unit is com-
plete, and informs the global control unit of this event. Because a task could be an arbitrary con-
nected subgraph of a program’s CFG, it can have complex control flows within it, and there may be
exits out of the task from the middle of the task. The execution of atask can be said to be complete
when control flows out of the task. Detection of this condition is intimately tied to the manner in

which tasks are specified by the compiler to the hardware. For instance, if the compiler specifies a



82

task by providing the task’s entry point and list of targets, then each time a branch or a jump instruc-
tion is executed, the local control unit can check if control flows to one of the targets in which case
the execution of the task is over. Execution of a function call instruction or areturn instruction can

also indicate the completion of the task, if atask does not extend over multiple functions.

When the global control unit is notified that the execution unit at the head has completed the
execution of the task assigned to it, the global control unit advances the head pointer by one execu-
tion unit. Sections 5.2.3.4 and 6.4.4 describe further actions taken by the register file mechanism and

the data memory mechanism to commit speculative values to the architectural state of the machine.

4.2.4. Handling Interrupts

When a program is being executed, two types of externa interrupts can occur: higher priority
interrupts and lower priority interrupts. Depending on the priority of the interrupt, the action taken is
also different. If the interrupt is of higher priority than that of the current program being executed,
then al the active tasks are relinquished (using the recovery action described above), and control is
immediately handed over to the interrupt handler. The first task from the interrupt handler then runs
at the head unit, the second task at the successor unit, and so on. When the interrupt servicing is over,
control again returns to the original program. The task that was being executed at the head when the

interrupt arrived is reassigned and re-executed from its beginning.

If the interrupt is of lower priority, the active tasks are not relinquished; only the control is
passed to the interrupt handler. The first task from the interrupt handler then runs at the tail unit
(when it becomes free), the second task at the successor unit, and so on, in parallel to the already exe-

cuting tasks of the original program.

4.2.5. Handling Page Faults

Special careis needed in handling a page fault, as the page fault is an internal event, having a

bearing to a particular PC value within a multiscalar task. This has implications while designing a
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protocol for handling page faults in the multiscalar processor, because the processor hasto treat it asa
precise interrupt. If not handled properly, livelock can occur. Consider that a page fault occurred in
execution unit i. If the protocol isto sguash al units from i onwards and up to the tail, then livelock
will occur if there are m memory accesses in unit i, al of them are to different pages, and the main
memory has < m pages. Generally, main memory will have far more pages than the number of pages
accessed by the memory referencesin atask, and the occurrence of alivelock may only be a theoreti-
cal possibility. Livelocks are more likely to occur if all units are squashed before running the page

handler.

In order to avoid livelock, the protocol should squash all the instructions and tasks beyond the
faulting memory reference, and no other instructions and tasks. After evicting these instructions and
tasks, the page handler can be run in unit i’ s successor unit. Once the page handler has completed, it
should re-execute the faulting memory reference and complete the execution of the task that contains

the faulting reference.

4.3. Instruction Supply Mechanism

The execution of multiple tasks in parallel will bear fruit only if instructions are supplied to the
execution units at an adequate rate. Supplying multiple execution units in parallel with instructions
from different tasks can be difficult with an ordinary centralized instruction cache. The multiscalar
processor therefore uses a two-level instruction cache. The local instruction caches in the execution
units correspond to the first level (the level closest to the execution units) of the cache hierarchy.
Thus, the local instruction caches are distributed throughout the processor, (as shown in Figure 4.3 for
an n-unit multiscalar processor). The local instruction caches are backed up by a global instruction

cache.

During the execution of a task, the IE unit of the execution unit accesses instructions from its
local instruction cache. If aregquest misses in the local cache, the request is forwarded to the global
instruction cache. If the request misses in the global cache, it is forwarded to main memory. If the

task is available in the globa cache, it is supplied to the requesting local cache. A fixed number of
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Figure 4.3: Distributed Instruction Supply Mechanism for an 8-Unit Multiscalar Processor

instructions are transferred per cycle until the entire task is transferred — a form of intelligent
instruction prefetch. If the transferred task is the body of aloop, the local caches of the subsequent
units can also grab a copy of the task in parallel, much like the snarfing (read broadcast) scheme pro-

posed for multiprocessor caches [64].

Notice that severa |E units can simultaneously be fetching instructions from their correspond-
ing loca instruction caches, and several local caches can simultaneously be receiving atask (if the

task is the body of aloop) from the global cache, in any given cycle. Further, if a miss occursin any
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of the instruction caches, the execution units that are already in execution need not stall, and can con-
tinue with their execution. This illustrates the decentralization concept that we shall see throughout

this thesis.

4.4. Summary

This chapter described the execution units, the control mechanism, and the instruction supply
mechanism of the multiscalar processor. The execution units are identical, and each execution unit is
remarkably similar to an ordinary, datapath. An execution unit contains a control unit, an instruction
cache, an issue and execution (IE) unit, aregister file, and a memory disambiguation unit. The main
block in the execution unit is the | E unit, which performs the fetching, decoding, and execution of the

instructions in the task assigned to the execution unit.

The control mechanism consists of a global control unit and several local control units, one per
execution unit. Although the global control unit can be termed the multiscalar processor’s brain,
much of the control functions related to task execution are carried out on alocal basis by the local
control units, thereby decentralizing most of the control decisions in the processor. For instance, all
that the global control unit does when it assigns a task to an execution unit is to tell the unit to start
the execution of the task beginning at a particular PC. It is up to the execution unit to fetch and exe-
cute the instructions of the task until control flows out of the task, and then convey this information to

the control unit.

The instruction supply mechanism is also decentralized. Each execution unit has a local
instruction cache from which its IE unit can fetch instructions. The loca instruction caches are

backed up by acommon global instruction cache.



Chapter 5. Register File

How to exploit communication localities to decentralize the register file?

This chapter describes a decentralized register file for carrying out the inter-instruction com-
munication in the multiscalar processor. The central idea of the decentralized register file scheme is
to have multiple versions of the architectural register file so asto provide a hardware platform to store
the speculative register values produced in the execution units (recall that much of the execution in
the multiscalar processor is speculative in nature). The multiple versions also allow precise state to
be maintained at inter-unit boundaries, which facilitates easy recovery actions in times of incorrect
task prediction. Having multiple versions also has the benevolent side-effect that the number of read
ports and write ports required of each register file is much less than that required with a single cen-

tralized register file.

The outline of this chapter is as follows. Section 5.1 describes the requirements of the multis-
cdar inter-instruction communication mechanism, and motivates the need to decentralize it. Section
5.2 presents the basic idea of the multi-version register file, and section 5.3 presents its detailed work-
ing. Section 5.4 describes the novel features of the multi-version register file, and section 5.5 sum-

marizes the chapter.

5.1. Inter-Instruction Communication in the Multiscalar Processor

Most programs following a control-driven specification specify inter-instruction communication
by means of an architectural register file. Each time a datum is written into a register, a new register
instance is created. Succeeding reads to the register use the latest register instance, as given by the

sequential semantics of the program. Thus, when an instruction | performs a read access for register

86
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R, the value obtained should be the latest instance of R produced before | in a sequential execution of
the program. If the latest instance has not been produced when the access is made (this can happen in
pipelined processors and dynamically scheduled processors), then naturally instruction | waits. In the
multiscalar processor, the latest instance of R may be produced either in the same task to which |
belongs or in a preceding task whose execution is carried out in a different execution unit. In the
former case, the register read access by instruction | has to obtain the latest instance of R produced in
the same unit (intra-unit communication), and in the latter case, the read access has to obtain the last
possible instance of R produced in a different unit (inter-unit communication). Thus, there are con-
ceptually two types of inter-instruction communication occurring in the multiscalar processor. The
former relates to the communication between a producer operation in a dynamic task and consumer
operations in the same dynamic task. The latter relates to the communication between a producer

operation in one dynamic task and consumer operationsin logically succeeding dynamic tasks.

The requirements of the multiscalar inter-instruction communication mechanism can be
grouped under two attributes: (i) high bandwidth and (ii) support for speculative execution. These

two attributes are described in detail below.

5.1.1. High Bandwidth

The first issue that the inter-instruction communication mechanism of the multiscalar processor
should address is the bandwidth that it should provide. Because a number of execution units, each
containing many instructions, are simultaneously active, the inter-instruction communication
mechanism must provide a high bandwidth. Although techniques such as split register files (separate
integer and floating point register files) can provide some additional bandwidth, the inter-instruction
communication bandwidth requirement of the multiscalar processor is much higher. Similarly, tech-
niques such as multiple architectural register files, proposed for the TRACE /300 VLIW processor
[34] are inappropriate for the multiscalar processor, which has the notion of a single architectural
register file. Therefore, we need to provide a decentralized realization of a single architectural regis-

ter file. The main criteria to be considered in coming up with a good decentralized scheme is that it
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should tie well with the distributed, speculative execution nature of the multiscalar model.

5.1.2. Support for Speculative Execution

Much of the execution in the multiscalar execution units is speculative in nature; at any given
time, only the task executed in the head unit is guaranteed to commit. To carry out speculative exe-
cution, the results of speculatively executed operations must not update the non-speculative state of
the machine. Thus, there should be a hardware platform for storing the speculative register values
generated in the execution units. Going from the head unit towards the tail unit, there is an extra
level of speculation being carried out at each unit, necessitating a separate physical storage to store
the speculative state of each unit. Although techniques such as shadow register files [141, 142] pro-
vide a separate shadow register file per unresolved branch to support multiple levels of speculative
execution in control-driven execution processors, they require a complex interconnect between the
functiona units and the register files, because a register read operation must have access to al physi-
cal register files. This runs counter to the multiscalar philosophy of decentralization of critical

resources.

5.2. Multi-Version Register File—Basic |dea

Having discussed the important requirements of the multiscalar register communication
mechanism, let us now turn our attention to meeting these requirements. To decentralize the register
file, and to support multiple levels of speculation, we use separate hardware to carry out intra-task
and inter-task communication (true to the multiscalar paradigm’s general methodology of decentrali-

zation of critical resources).

The hardware structure that we use for carrying out register communication in the multiscalar
processor is caled amulti-version register file. The basic idea behind the multi-version register fileis
to provide each execution unit with a different version of the architectural register file. Thus, each

execution unit has a separate local register file, as shown in Figure 5.1. The local register files serve
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as a hardware platform for storing the speculative register values produced in the execution units, and
are the working files used by the functional units in the IE units. Let us see how the multi-version

register file handles intra-task communication and inter-task communication.

5.2.1. Intra-Task Register Communication

All intra-task register communication occurring in an execution unit is carried out by means of
a current file present in the unit’'s local register file. Thus, each execution unit has its own current
file. When an instruction produces a new register instance, the value is written to the current file in
its unit. Subsequent reads from the same task to that register take the latest instance from the current
file. When atask is being executed in a unit, the current file stores the latest register instances pro-
duced during the execution of the task, and is similar in that respect to the architectural register filein

a conventional processor. When no task is being executed in a unit, its current file has no valid

Inter-Task Communication Intra-Task Communication

Figure5.1: Multi-Version Register Filefor an 8-Unit Multiscalar Processor
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entries. Because each unit has a separate current file, the intra-task register communication occurring

in different units can al be carried out in parall€l.

5.2.2. Inter-Task Register Communication

Next, let us see how inter-task register communication is carried out in the multiscalar proces-
sor. In a distributed environment, where multiple versions of a datum can be present (in multiple
register files), there are 3 options for carrying out global communication. They are: (i) distributed
writes and localized reads, (ii) localized writes and distributed reads, and (iii) distributed writes and
distributed reads. In the first option, write operations update all the relevant non-local register files,
and read operations proceed only to the local register file. In the second option, write operations
update only the local register file, and read operations pick the correct values from among the non-
local register files. Thethird option is a combination of the first two, in that both the writes and reads
are performed over multiple register files. The second option has been used in the context register

matrix scheme of Cydra5[127] and in the shadow register files of Torch [141, 142].

In the case of inter-task register communication, the first option has the advantage (over the
other two) that an instruction requiring a register value need monitor only the local register file to
determine if the latest instance is available, whereas in the other two options, the instruction has to
keep monitoring the non-local register files. Therefore, we use the first option in the multiscalar pro-
cessor. Our philosophy isthat aregister read operation should not proceed to the other unitsin search
of the (latest) instance it needs, but that the latest instance should be made available to all the units.
The way this is achieved is by forwarding from a task (to the subsequent tasks) the last possible
instances of registers produced in that task, as and when the instances are determined to be the last
possible instances. As per the sequential semantics of the program, only the last possible instancesin

atask will be required by subsequent tasks, if at al required.

The forwarding of register values is carried out with the help of a unidirectional ring-type for-
warding network, which forwards values from one execution unit to the successor unit only, as shown

in Figure 5.1. The advantage of this type of forwarding is that it does not require an expensive
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crossbar-like connection from every execution unit to the local register file of every other unit (as

with the context register matrix scheme of Cydra5).

When the latest register instances from the previous tasks arrive at an execution unit, instead of
storing these values in the current file, they are stored in a separate file called the previous file. Thus
the previous file is the hardware platform for storing the latest instances of the registers produced in
the preceding tasks. The only reason for using separate register files for intra-task communication

and inter-task communication isto ease recovery actions at times of incorrect task predictions.

Next we shall consider the last possible instances produced by subsequent tasks (in the subse-
quent units) of the active window. If these values are allowed to propagate beyond the tail unit and
then onto the head unit and into the active window, they will defile the previous files of the active
execution units with incorrect values. This not only will result in incorrect execution, but also will
make it impossible to recover in times of incorrect task prediction. If, on the other hand, the values
are stopped before the head unit, then each time a finished task is deallocated (committed), register
values have to be copied to the head unit’s previous file from the previous unit. The rate with which
the register values are copied will decide the rate with which new tasks can be initiated. To avoid the
significant overhead of continually copying register instances across (adjacent) execution units, a
separate file, called the subsequent file, is used as a hardware platform for storing the register
instances produced in the succeeding units of the active window. Thus, the subsequent file of an
active execution unit maintains the register instances that are potentially required for the execution of

the task allocated to the unit in the next round.

It isimportant to note that it is not a necessity to have three register files per execution unit. In
particular, we saw that the subsequent file is primarily for performance. Similarly, the previous file
can be merged with the current file of the same unit. However, recovery actions (in times of incorrect
task prediction) become more complicated. Thus, the previous file is for fast recovery (i.e., going
back into the past), whereas the subsequent file is for fast progress (i.e., going forward into the

future).
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5.2.3. Example

The basic idea of the multi-version register file is best illustrated by a simple example. Let us
use the same assembly code of Example 3.1, which is reproduced in Figure 5.2(i). Register RO is
allocated for the loop-invariant value b, R1 is allocated for the loop induction variable i , and R2 is
alocated for A[i]. Assume that the compiler has demarcated the pre-loop portion into a task (SO)
and the loop body into another task (S1); at run time, multiple iterations of the loop become multiple
dynamic tasks, as shown in Figure 5.2(ii). In the figure, the register instances produced by different
tasks are shown with different subscripts, for example, R1y, R1;, and R1,. For each dynamic task,
R1 is defined in the previous task and R2 is defined within the task. RO is an invariant for al

dynamic tasks derived from the loop.

We shall see how different register instances are created and accessed when the tasks are exe-
cuted. For ease of understanding, we will assume that serial execution is performed within each exe-
cution unit. First, consider the execution of task SO, in execution unit 0 (c.f. first column in Figure
5.2(ii)). The first instruction creates a new instance for register RO, namely R0Oq, and this instance is
written to the current file (present in the local register file) of unit 0. Because this instance is register
RO's last possible instance produced in that task, the value is also forwarded to unit 1. When RQ,
arrives at unit 1 in the next cycle, the value is written to the previous file (present in the local register
file) of unit 1. Because unit 1 does not produce any new instance for RO, it forwards R0Op to unit 2.
Thus, all execution units get the latest instance of RO, namely RQp, and store it in their respective

local register files.

Next, consider the execution of the second instruction in task SO, which creates a new instance
for register R1, namely R1,. The new instance is written into the current file of unit O as before. Itis
also forwarded to unit 1. When R1, arrives at unit 1 in the next cycle, it is stored in the previous file

as before, but not forwarded to unit 2, as a new instance of R1 will be created in unit 1.
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RL = -1 ; initialize induction variable i
RO = b ; assign loop-invariant b to RO
RL = RL+1 . increment i

R2 MenfRL + A] ; load Ali]

R3 = R + R0 ; add b

BLT R3, 1000, B ; branch to Bif Ali] < 1000

R3 = 1000 ; set Ali] to 1000

MenfRL + A] = R3 store Ali]

BLT R1, 99, L

: branch to L if i

(i) Assembly Code

Execution Unit 1

< 99

Execution Unit 2

Task SO Task S1 Task S1
Rl, = -1
R0 =b | L R 2R+l
Jf e Rl, =Rl; +1

Time

=Ro*:
R2, = an{ Rll +A] LZ:
R2; = R2; +R0g

BLT R2,, 1000, B,

R2, = 1000
Bl: '\/En{ Rll +A] = F\’Zl
BLT R1,, 99, L, B,:

R2, = Men R1, +A]
R2, = R2, +R0,
BLT R2,, 1000, B,
R2, = 1000
Meni{Rl, +A] = R2,
BLT RL,, 99, L,

N

Y

Large Dynamic Window

— > Inter-Task Register Communication

(i) Multiscalar Execution

Figure5.2: Example Codelllustrating the Basic Idea of Multi-Version Register File

Now, let us see what happens in paralel in unit 1, which is executing the second task (c.f. mid-

dle column of Figure 5.2(ii)). The execution of the first instruction generates a read access® for regis-
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ter R1. The correct instance needed in this case is R1g, which is generated by the previous task, in
execution unit 0. It is possible that R1y may not yet have arrived in unit 1, in which case a busy bit
associated with R1 in unit 1's previous file will indicate that the correct instance has not yet arrived.
If R1, is available in the previous file, then the busy bit will be reset, and the correct value can be
read from the previous file. When this instruction produces a new instance of R1, namely R1,, the
new instance is stored in unit 1's current file. (It is important to note that the new instance does not
overwrite the old instance obtained from the previous execution unit; this is for ease of recovery
when atask prediction is found to be incorrect). The state information associated with register R1 in
the current file is updated to reflect the fact that the latest instance for R1 (as far as unit 1 is con-
cerned) is the one produced in unit 1. Because this instance is the last possible instance for R1 in this

task, it is also forwarded to unit 3 and the subsequent units.

Next, consider the execution of the second instruction of the second task. The register read
access performed by this instruction is for instance R1,, which is produced in the same task itself.
The state information associated with register R1 in unit 1's local register file will indicate that the
latest instance for R1 is R1,, available in its previous file, and therefore the previous file supplies

RL,.

5.3. Multi-Version Register File—Detailed Working

Figure 5.3 shows the block diagram of alocal register file along with the forwarding queue con-
necting two adjacent local register files. (This figure is intended to show only the functionality and
not the implementation specifics) As mentioned earlier, the local register file supports three

instances and their associated state information for each architectural register. These instances are

3 All register read accesses proceed only to the local register file of the unit that generates the register ac-
cess, and each local register file is guaranteed to receive every architectura register’s latest instance that logi-

cally precedes the task being executed in its unit.
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Figure5.3: Block Diagram of a L ocal Register File

called previous instance, current instance, and subsequent instance. The state information associated
with each insta