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Abstract

This thesis describes work done in two areas of compilation support for supersca-
lar processors; register allocation and instruction scheduling. Chapter 1 describes
an approach to register allocation for superscalar processors that supports
dynamic and speculative out-of-order execution of instructions and guarantees
precise interrupts without expensive hardware for managing register usage and
maintaining an in-order processor state. The approach is called extended register
allocation, and is based on a graph-coloring paradigm for storage allocation first
introduced by Chaitin in [2].

Chapter 2 presents a novel approach to performing aggressive instruction sched-
uling in the context of the superscalar IBM RS/6000 processor architecture[4, 5].
The approach seeks to enhance the instruction-level parallelism visible to the
processor by speculatively moving instructions across conditional branches at
compile-time, and taking appropriate measures to preserve correct program
semantics. Results are presented which indicate that speedups of up to 6% are
achievable on the existing RS/6000 implementation, while performance gains of
up to 54% are possible with simple extensions to the current implementation in
conjunction with the aggressive instruction scheduler that has been implemented.

Chapter 3 explores the interaction of the register allocation and instruction sched-
uling [35, 42], and makes an attempt at developing a better understanding of the
underlying interdependencies between the two techniques. A novel framework
for integrating the two techniques, based on the ideas presented and the concept
of coagulation [41,40] is also presented.
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CHAPTER 1 Register Allocation for
Superscalar Processors

This chapter describes an approach to register allocation for superscalar processors that supports

dynamic and speculative out-of-order execution of instructions and guarantees precise interrupts. It

does so while eliminating the need for dynamic techniques for register renaming, preservation of an in-

order processor state, and nullifying the effects of speculatively executed instructions.

Johnson [1] suggests that significant performance improvement can be gained from superscalar pro-

cessor implementations only if they support out-of-order and speculative issue and execution of

instructions. Out-of-order execution hardware extracts additional performance from sequential code by

decoupling instruction issuing and instruction execution within a processor; essentially, it enables early

execution of independent instructions and deferred execution of data-dependent instructions. Specula-

tive execution attempts to predict the outcome of conditional branches, and issues instructions from the

predicted path before the branch condition has been resolved. Unfortunately, both of these techniques

complicate the implementation of precise interrupts and result in storage conflicts (anti- and output

dependences) arising from register reuse. Currently, these problems are addressed with complex hard-

ware that keeps track of an in-order processor state, copies operands to reservations stations, allocates

register storage dynamically to avoid storage conflicts, and nullifies the effects of instructions fetched

down a mispredicted path. As an alternative, an intelligent register allocation scheme is suggested that

avoids these hardware mechanisms without sacrificing precise interrupts or the high performance

obtained through out-of-order and speculative execution.

The remainder of tiffs chapter is structured as follows: Section 1.1 introduces definitions and concepts

related to the various aspects of extended register allocation; Section 1.2 describes its application to

out-of-order execution and precise interrupt support; Section 1.3 suggests a practical implementation

of extended register allocation; while Section 1.4 extends its application to speculative execution.
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Concepts and Definitions

I.I Concepts and Definitions

In order to communicate effectively about extended register allocation and its application to out-of-

order execution, speculative execution, and support for precise interrupts, the following terms are

introduced and defined:

¯ sequenti~d execution model

¯ out-of-order execution
¯ speculative execution
¯ state preservation

¯ exception condition
¯ precise vs. imprecise exceptions

1.1.1 Definitions

Sequential Execution Model. The sequential execution model inherent in most instruction set architec-

tures requires that any implementation of that architecture maintain orprovide a means for recovering

architectural state as if the instructions in an instruction stream were being executed sequentially with-

out any overlap.

Out-of-order execution. This term describes any implementation that deviates from the sequential exe-

cution model by allowing instructions within a sequential stream to execute in a dynamically deter-

mined order based on data and structural dependencies.

Speculative execution. This term describes any implementation that deviates from the sequential exe-

cution model by allowing instructions that reside beyond a conditional branch to begin execution

before the branch is resolved.

State Preservation. This term refers to the process of maintaining or recovering the proper architec-

tural state required by the sequential execution model when a control flow interruption such as an

exception occurs.

Exception Condition. Exception conditions are defined as unusual or unexpected circumstances in the

operation of a processor that usually demand some kind of remedial processing to either ensure the

correctness of computation or to notify the user of an error condition. Exception conditions are
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Concepts and Definitions

resolved by interrupting the execution of the thread of control that caused the exception at an instruc-

tion boundary, calling an exception handler, and possibly resuming execution at the same instruction

boundary.

Precise Exception. This term is introduced to differentiate those exceptions that conform to the sequen-

tial execution model from those that don’t. In other words, precise exceptions are those that support the

architectural illusion that instructions are executed sequentially, while imprecise exceptions are those

that fail to do so.

1.1.2 Difficulties with the Sequential Execution Model

Supporting the sequential execution model in pipelined, multiple-issue implementations that support

out-of-order and speculative execution is extremely difficult, as instructions that occur later in the

instruction stream are allowed to complete before earlier ones, and may destroy architectural state

required by the sequential execution model. This model is useful, and necessary in almost any comput-

ing system, because it enables a thread of control to be interrupted and later restarted at any instruction

boundary.

The introduction of out-of-order completion of instructions in an instruction strea~n, which occurs in

both single- and multiple-issue machines, causes great difficulties for the state preservation. If instruc-

tions are issued to different functional units with divergent result latencies, the potential exists for

instructions to complete out of order. Once this occurs, instructions that occur later may destroy archi-

tectural state needed by earlier instructions that have yet to complete. If processing is not interrupted

by an exception condition, this is not a problem. However, if it is, the question of attempting to recon-

struct the state at the instruction boundary of the exception-causing instruction becomes extremely dif-

ficult. Hence, hardware mechanisms are introduced to preserve the architectural state or to journal

changes to it in a way that enables backing out of those changes.

The same difficulty exists with speculative issuing of instructions; not only must their effects on the

architectural state be nullified if execution is interrupted by an exception, but this must also be done if

a branch is mispredicted.

Compilation Support for Superscalar Processors 3



Application to Out-of-order Execution

1.2 Application to Out-of-order Execution

The fundamental difficulty of avoiding storage conflicts and implementing precise exceptions in pipe-

lined and multiple-issue processors involves ensuring that a sequential execution model processor state

exists or can be successfully reconstructed at any point in time. This problem is especially difficult in

multiple-issue machines that allow out-of-order completion of instructions, and hence alter processor

state in a manner that conflicts with the sequential execution model.

The problem is compounded by modem compilers that employ aggressive register allocation methods

which seek to maximize the reuse of processor registers as storage locations. Since these register allo-

cators operate according to the sequential execution model, they assume that any instruction that fol-

lows the last use of a register in a sequential instruction stream is free to overwrite the register with a

new value. When out-of-order execution of instructions is allowed, however, the processor is no longer

constrained by the sequential execution model, and the problem of preserving or reconstructing

sequential processor state becomes extremely difficult.

Currently, this problem is addressed with complex hardware that keeps track of an in-order processor

state by keeping multiple copies of register contents and allocating register storage dynamically to

avoid conflicts. As an alternative, an intelligent register allocation scheme is suggested that avoids

these hardware mechanisms without sacrificing support for precise exceptions. This approach involves

modifying the register allocation phase of the compilation process to account for out-of-order execu-

tion of instructions.

1.2.1 Chaitin’s Heuristic for Register Allocation

In many modem compilers, register allocation is performed via Chaitin’s heuristic [2] on a program

variable interference graph. In Chaitin’s interference graph, each node represents a program variable

within the scope that register allocation is being performed. Edges between nodes in the graph simply

mean that those two variables have overlapping liveness periods; that is, both variables exist simulta-

neously at some point during the execution of the program. The graph is then colored using Chaitin’s
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heuristic such that each node in the graph receives a color distinct from all of its neighbors. Naturally,

the heuristic attempts to minimize the number of colors used, but no guarantee of minimality is pro-

vided. The coloring obtained is then used to map each variable to a processor register.

The shortcoming of Chaitin’s scheme stems from the way the interference graph is constructed. To

ensure correctness, the interference graph must represent overlapping liveness periods in the time

domain. As long as the sequential execution model is adhered to, there exists a direct mapping from the

instruction sequence domain to the time domain; that is, we know that an instruction occurring earlier

in the instruction stream will also execute earlier in the time domain. This mapping no longer exists,

however, once out-of-order and speculative execution are allowed. For this reason, the following

extension to Chaitin’s scheme is suggested.

1.2.2 Extended Register Allocation Scheme

In the extended register allocation scheme, the standard interference graph is modified to account for

potentially extended liveness periods for each variable. The liveness period of a variable is extended

beyond its last use in the instruction stream to account for potential out-of-order execution of subse-

quent instruction within a specific processor implementation. Register allocation performed on this

graph eliminates the occurrence of write-after-read (WAR) and write-after-write (WAW) dependences

and guarantees precise interrupts without additional hardware for preserving an in-order processor

state. Of course, hardware mechanisms will still be needed to maintain an in-order processor state for

instructions with implicit side-effects, such as overwriting special purpose registers that cannot be

renmned using this technique.

Define S as the strength of ordering of instruction execution within a processor (S=0 for a standard sca-

lar processor that adheres to the sequential execution model). S is a static value defined for a given pro-

cessor implementation and reflects the degree to which instructions in an execution stream can be

reordered by the issuing hardware within the processor. The following affect it:

¯ size of the lookahead instruction window
¯ number of reservation stations (in a Tomasulo-type setup [3])
¯ result and issue latencies of the available functional units
¯ branch prediction strategy, or lack of such
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Application to Out-of-order Execution

A worst-case bound for S can be defined as follows:

where F is the set of all functional units, RS(f) the number of reservations stations for a functional unit

f, RL(f) the set of result latencies of functional unit f, RL the set of result latencies, AlL(n) the set 

average issue latencies for any size n permutation of functional units, mad IWS is the size of the

instruction window. The term on the left reflects the number of issuing cycles available before the last

use instruction must execute, while the term on the right reflects the maximal issue rate for the proces-

sor.

The worst case is derived from a situation in which the instruction issue rate before the last use u of a

variable x is minimal and the instruction issue rate after it is maximal. In other words, u is at the end of

a RAW dependence chain that contains an instruction of maximum result latency for each reservation

station. Once all the instructions preceding u have executed and u can finally begin execution, S subse-

quent and independent instructions with minimum result latency may already have executed (the issue

rate for these instructions is limited by the instruction window size or the number of functional units,

whichever is lesser). In this case, the worst-case value of S will guarantee that none of the subsequent

instructions will overwrite x before its last use at u.

Clearly, the above global worst-case value is not feasible for augmenting the liveness periods of vari-

ables in the interference graph. For example, consider a processor with 4 functional units:

¯ one load/store unit with max{RL} = min{RL} = 2

¯ one FP divide unit with max{RL} = 10 and min{RL} = 1
¯ one FP multiply/add unit and one integer unit, both with max{RL} = 2 and min{RL} = 1)
¯ an instruction window size of 2
¯ 2 reservation stations for each functional unit

The value of S for such a processor would be 60. The number of interference edges introduced by such

a large S would increase register pressure beyond a reasonable amount, and the resultant register allo-

cation would be very inefficient.
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Application to Out-of-order Execution

Fortunately, tighter bounds for S can be established. In particular, S can be defined for each data type

used by the processor, as long as the register sets and operations for each data type are independent

(e.g. separate FP and integer register sets). This will reduce the magnitude of S by a considerable

amount.

Once S has been determined for a given processor, the interference graph for the program must be

modified to account for the extended liveness periods of each variable. An edge must be added from

each variable x to the variables defined by the S instructions following the last use u of x, subject to the

following considerations:

¯ If the variable defined is of a different data type and is stored in an independent register file, no edge needs to
be added.

¯ If the processor stalls to resolve a branch instruction, the stall cycles multiplied by the maximal issue rate can
be counted towards S on both branch paths.

¯ If the processor predicts either br~mch path (taken or not taken), the branch delay cycles can be counted only
towards the non-predicted path.

¯ If branch prediction is based on dynamic values (e.g. a branch target buffer), the branch delay cycles cannot
be counted towards either path.

The usefulness of the proposed approach must be measured against the increased register pressure that

it creates. Since many additional interferences are added to the interference graph, an increase in the

number of colors needed to color the graph is to be expected. Consequently, either the compiler must

spill more variables from registers to memory to decrease register pressure, or the processor must pro-

vide more architected registers. Considering the hardware eliminated by removing the need for com-

plex mechanisms for keeping track of in-order processor state, some hardware resources should

become available for this purpose.

Although increasing register file size may be a viable approach to reducing register pressure, it can be

argued that as processors attempt to exploit instruction-level parallelism by adding more and more

functional units and permitting a greater degree of out-of-order execution, the S parameter will

increase to the point where applying extended register allocation will become intractable. Perhaps a

better alternative would be to limit S somehow by constraining the degree to which instructions can

execute out-of-order. The following section explores this idea further.
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1.3 Practical Extended Register Allocation

Three of the most aggressive multiple-issue microprocessors introduced to date--the IBM RS/6000 [4,

5], the Intel i80960CA [6], and the DEC Alpha AXP [7J--have all abandoned the idea of implementing

precise floating-point exceptions (precise in the traditional sense). Two of them, the IBM and Intel pro-

cessors, implement sequential-execution modes that severely degrade floating point performance but

enable precise exceptions to be implemented. All the processors, however, implement synchronization

instructions that can be used to dra~n the floating point pipeline and guarantee that all potentially

exception-causing instructions have completed successfully. The intended use of these instructions is

to provide languages such as Aria a mechanism to prevent separate blocks of code that have divergent

exception handling routines from overlapping during execution. We propose a method for combining

these synchronization primitives and the extended register allocation described earlier in a practical

implementation that would guarantee precise semantic interrupts without either the severe perfor-

mance degradation caused by the sequential execution mode of these processors or the dramatic

increase in register pressure mentioned earlier. A section in [7] alludes to an approach similar to what

we are proposing; we are not aware of any implementation of such an approach, however.

The method we are proposing consists of limiting the magnitude of the S parameter described in Sec-

tion 1.2.2 by judiciously placing synchronization points in the instruction stream to impose restrictions

on the degree to which instructions may execute out of order. For example, by placing synchronization

instructions at fixed intervals in the instruction stream, we need only to extend the liveness periods of

variables to the next synchronization instruction. Since the synchronization instruction guarantees that

~1 instructions preceding it complete execution before any of the instructions following it can alter

architectural state, we have restored the notion of a one-to-one mapping from the instruction stream

domain to the time domain, albeit at a coarser level of precision. Hence, we only need to consider the

effects of instructions overlapping within the bounds of synchronization, rather than within the bounds

of the instruction issuing mechanisms of the processor implementation. Since the magnitude of S is

now directly controllable by the compiler, it can be adjusted to account for register pressure consider-

ations. In other words, code segments with a great deal of register pressure (many simultaneously live

variables) would have a shorter interval between synchronization points, while code with low register
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