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Abstract

This dissertation examines how the compiler can successfully use a large nu

of internal processor storage locations. Register allocation, the assignment of data ite

registers, is known to be one of the most important compiler optimizations for high-sp

computers because registers are the fastest storage devices in the computer system

ever, register allocation has been limited in scope because of aliasing in the memor

tem as well as artificial limits on what data is considered as candidates for registers.

break this limitation, compiler and microarchitecture support is needed.

We propose the modification of register access semantics to include indirect ac

of data. We call this optimization the Smart Register File. The smart register file allows

relaxation of overly-conservative assumptions in the compiler by having the hardware

vide direct support for aliased data items in processor registers. An attendant advant

that it reduces the number of load and store operations executed by the processor. 

approach is one of many techniques we group under the heading of “smart short-ter

memory.”
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Chapter 1

Introduction

The performance of the memory hierarchy has become the most critical eleme

the performance of desktop, workstation and server computer systems. This is prim

due to the growing gap between memory and processor speed. Memory latency has

decreasing by 7% per year while processor frequency has been increasing at a rate o

per year since 1986 [56]. This growing gap results in pipelines that are idle for as muc

half of all cycles and CPIs no better than 1.5 on a two-issue superscalar processor [

Designers have found that using on-chip cache memory is one way to combat the me

problem. Putting caches on chip is possible because integration levels have been in

ing according to Moore’s law [58]. The result is processor chips with 128KB or more

on-chip L1 and L2 cache [66].

Another reason that memory performance is critical to computer speed is tha

about 35% of instructions in the typical instruction stream are memory operations [5

This is true for both CISC and RISC architectures. Thus with only one port to memo

three instructions per cycle is about the most an architect could expect to execute.

This “memory problem” forms the motivation for this research. There has bee

much research on it already, some of which will be described in Chapter 2. This wor

focuses on the highest level in the memory hierarchy, the register file, and compiler 

rithms to manage it effectively. The compiler has information about data access patt

and aliasing relationships that can direct optimizations to improve performance. In th

case of the register file, it can do this in several ways:

1. Allow the use of more processor registers.

2. Reduce the number of load and store operations.

3. Specify prefetching information to hide memory latency.
1
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4. Schedule loads above potential dependencies to further hide latency.

The compiler already allocates some data to registers but has little direct con

over lower levels of the memory hierarchy. Consider the memory hierarchy for a typi

high-performance desktop or server system today: 1) A small register file with many

and write ports (say 12R, 4W) which is only directly addressable by the compiler; 2)

L1 data cache, which has one or a very few ports but which is addressed by an arbi

computed address; 3) A similarly configured L2 cache with even fewer ports; 4) A si

ported main memory addressed by an arbitrary computed address.

In such a configuration, the gap between the access semantics of registers a

those of L1 data cache is quite wide, both in number of ports and the flexibility of addr

ing. This thesis proposal considers the “Smart Register File” (SRF) which is a registe

which trades flexibility in access semantics for number of ports and access time. Th

registers are “smart” because they are co-managed by the hardware and the compi

More generally, a “Smart Short Term Memory” is any on-chip memory structu

which is co-managed by the compiler and hardware. Typically, data resides for a sh

time in a short-term memory. As such, the short term memory is not the “home” loca

for the data [9]. An example of a short term memory is a compiler-managed zero-pa

which is referenced by base+index addressing mode and which has two ports. Such

memory structure is a compromise between the direct-only addressing of a register 

and the arbitrarily computed address of L1 data cache. It is in the memory hierarchy

can be co-managed by the hardware but data can be assigned to the zero-page by th

piler. This particular example allows two of the benefits we enumerated above. First

compiler can eliminate load and store instructions if there are specialized instruction

the ISA for accessing the zero-page. Second, the compiler can do some prefetching

the zero-page if it so desires. Another example is a hardware-managed L1 data cach

prefetch hints supplied by the compiler. It is “smart” because it attempts to combine 

intelligence from the hardware (local dynamic or runtime knowledge) and from the c

piler (global static knowledge) and apply it to the problem of memory latency.

For the remainder of this proposal, we discuss one possible design for a short

memory which we have not seen in the literature. We call this design the Smart Reg
2
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File, or SRF for short. This is just one example of a smart short-term memory; other e

ples and their variants will be examined in this research.

1.1 Smart Register File

The aim of this research is to develop ways to increase microprocessor perfo

mance by enabling more data to be stored in the registers. Specifically, we will dem

strate that a key problem is the aliasing problem, which we propose to solve with a

combination of compiler and hardware innovations. A related aim is to allow the use

larger numbers of registers in future processors. The results presented in this thesis

posal will address these two issues and show the potential performance increases.

The crux of our proposed solution is to employ some additional hardware ass

ated with each register in the processor so that aliasing can be detected as the prog

executing. By providing direct support in hardware for aliased data items in processo

isters, overly-conservative compiler assumptions can be relaxed and a better allocat

data to registers can be obtained. The next subsection introduces the alias problem

how it restricts register allocation. The following subsections outline the benefits of t

SRF; it will be described in detail in Chapter 3.

1.1.1 The Alias Problem

An alias is a condition where a datum is referenced through more than one n

The alias problem can be explained either from a hardware or compiler perspective. I

hardware, it is also called the memory disambiguation problem. The hardware would

to execute a load instruction as early as possible in order to allow dependent instructio

start. However, if there is a pending store already in the pipeline whose address is n

known, the hardware must assume the worst–that the unknown address is the same

address being requested by the load. Thus the load must wait for the store to finish 

tion. The memory disambiguation hardware enforces the program ordering on mem

operations. The load and store are said to containambiguousmemory references until the

addresses are resolved.
3
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In the compiler, alias analysis and most aggressive optimizations are concern

with this problem. The compiler can be endued with more knowledge about the alias

tionships because it can examine the whole program, even across module boundari

determine if two addresses can refer to the same data. In first order alias analysis, the

piler can determine whether a variable can ever be aliased by whether its address is

taken. If not, then the variable cannot be referred to through more than its own name

an alias cannot occur. However, the compiler cannot determine statically the values 

computed addresses. Thus it often cannot be sure whether an alias could occur or no

must also assume the worst–that the computed addresses can refer to the same loc

The result is that the compiler must be conservative. It does this by leaving va

ables in memory and referring to them through load and store instructions. If it were

copy the value of a variable into a register and then the value of that variable was cha

through a second name, the copy would be inconsistent with the actual value in mem

These extra load and store instructions are not always necessary, though, because th

ing condition might not happen all the time. It is these extra operations that we would

to remove.

1.1.2 Using More Registers

Studies have shown that the number of high-speed registers that can be effec

used is limited to a few dozen [4, 62]. The average programmer does not keep track

more than a few variables in a function, and the number of temporaries used by the 

piler is typically small.

int x;
int *p;
p = &x;
...
x = 1;
*p = *p + 2;
...
print x, *p

Figure 1.1. Code demonstrating the alias problem. The variable x cannot be allocated to a reg-
ister because it’s address is taken and it is potentially modified through the pointer p (The ellipses
are unspecified code which could contain arbitrary control flow.) The load of *p for the addition
cannot be executed before the initialize of x because it might get an out-of-date value.
4
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For certain classes of benchmarks, aggressive loop unrolling, software pipelin

(and modulo variable expansion), unroll-and-jam, and inter-procedural optimizations

as inlining can significantly increase the number of registers required. Even the tradit

optimizations such as copy propagation, common subexpression elimination, induct

variable elimination, and code hoisting increase register pressure by adding tempor

scalar values and extending scalar lifetimes.

Furthermore, whole classes of variables are ignored in most register allocatio

studies. Global variables are not usually allocated to registers, even though they ma

able to reside in a register for their entire lifetime. There are significant numbers of gl

variables that fall into this category, as will be shown later in this proposal. Structure

array elements are also not usually placed into processor registers.

In processors that support multiple instruction issue (both superscalar and VL

EPIC styles) the availability of large numbers of registers is particularly important. W

only a few registers, program performance can be limited by spill instructions inserte

the compiler to deal with the small number of registers. These additional instructions

nullify the benefit of multiple issue as the extra issue slots are used for the data move

operations instead of operations directly related to the algorithm.

Even without allocating globals or applying compiler transformations, we sugg

that existing register sets can be used more efficiently by allowing aliased variables 

appear in registers. At present, compilers must be overly-conservative in the presen

potential aliases, resulting in a sub-optimal translation of the source program into mac

code. The SRF allows the compiler to relax these assumptions and refer to aliased 

through a register name.

1.1.3 Eliminating load and store instructions

As a side-effect of having more registers and allowing aliased variables to ap

in registers, SRFs reduce the number of load and store instructions necessary to mo

these variables between memory and the register file. This elimination of memory o

tions has several benefits. First, it reduces the amount of instruction fetch and decod

needs to be performed by the processor. Second, it reduces the pressure on memo

and store ports, freeing them for more critical memory operations and allowing the h
5



/n/rodan/l/users/postiffm/papers/proposal/Chapter1.fm May 28, 1999 8:03 am

ore

h

exist-

gnals

d soon.

 in

ich

xcep-

at the

t

rk.

evi-

arbi-

t of

r point

erein

nsfor-

egis-

lly in
ware to exploit more parallelism. The trade-off is that the microarchitecture must be m

complex so it can track aliased operations and maintain data consistency.

1.1.4 Prefetching to hide memory latency

The SRF that will be examined in this proposal allows the hardware to prefetc

data when data addresses are placed into the register file. This is simple extension on

ing instruction set architectures. Essentially, the load-effective-address instruction si

a prefetch of the data at that address, under the assumption that it will be reference

1.1.5 Scheduling loads above potential dependencies

In addition to prefetching, the SRF allows load instructions to be transformed

load-address instructions and moved above control flow and even data flow upon wh

the load is potentially dependent. It can do this safely, without generating spurious e

tions, because the data uses are left in their home blocks and exceptions are checked

time of use rather than the time of preload. This also has the effect of prefetching bu

allows the prefetches to be scheduled farther from their use.

1.2 Foundational Assumptions

This section enumerates two assumptions that form the foundation of this wo

First, we assume that binary compatibility is not of primary importance, unlike most pr

ous work. Strict backward binary compatibility means that the architecture cannot be

trarily changed to accommodate new microarchitectural techniques. With the adven

binary-to-binary translation technology such as FX32! [55], this constraint can be

removed so the compiler, architecture, and system designer is free to select a bette

in the design space than previously allowed. Still, many of the techniques proposed h

can be applied directly to existing architectures with little modification.

Second, we assume that the compiler is capable of complex analyses and tra

mations. Work in the early- to mid-1980s assumed it was too expensive to do global r

ter allocation because of compiler runtime or software bugs [17, 35]. We are not as

concerned with compiler runtime as with the runtime of the generated code, especia
6
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light of trends in processor speed and memory size that are evident in today’s proce

We do not leave the job completely up to the compiler, though, as is the case in sev

VLIW architectures. We believe the best trade-off is somewhere in the middle, where

strengths are taken from both the compiler and hardware. This philosophy may mea

some duplication of effort as some things may be done by hardware that were also do

the software.

1.3 Proposal Outline

The remainder of this proposal is organized as follows. Chapter 2 describes p

ous research related to SRFs. Chapter 3 describes our first SRF design and demon

the potential utility of it as well as relating it to some of the previous work. Chapter 4

describes some of the infrastructure that we have implemented for this research, an

Chapter 5 lists the proposed future work.

Note to the reader: This proposal is probably longer than average. I have incl

some material which will be used directly in my dissertation. This is particularly the c

with Chapter 4 (on the MIRV compiler). Chapters 1 and 3 explain the meat of the no

work in this proposal.
7
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Chapter 2

Background and Related Work

This section on background work briefly outlines the various areas of research

are related to the smart register file (SRF). We start by discussing the basic trade-of

between the use of registers and cache memory. We then look at basic register alloc

and spilling and show how it fails to allocate variables to registers under conditions w

aliases are present. Alias analysis, a compilation step which is necessary for correc

mization, is examined next. The optimization called register promotion is then descr

it uses the results of alias analysis and tries to alleviate the aliasing problem somewha

moves scalars from memory into registers in regions where the compiler is sure ther

no potential aliasing relationships. We then briefly compare work in compiler-based 

trol and data speculation to this research. The chapter ends with some summary rem

2.1 Registers, Caches and Memory

A fundamental trade-off in computer architecture is the structure of registers 

cache memory in the processor. This trade-off will be examined in this section.

The benefits of registers are primarily short access time and short instruction

encoding. Registers are accessed with direct addresses which simplifies value looku

Since there are generally few register locations (compared to memory locations), the

ter address can be encoded in a few bits. However, registers complicate code gener

because machine calling conventions typically require some registers to be saved a

function call boundaries. This is an important consideration since function calls occu

quently [75]. There are many other trade-offs in the design of a register architecture

processor. Table 2.1 catalogs them.
9
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Cache memory structures have also been studied extensively, at least back to

with the slave memories described by Wilkes [71]. Since our focus is on the register

caches will not be considered here in any further detail. An excellent early survey is 

This proposal is concerned primarily with the problem that registers cannot

generally contain aliased data. Because of the many positive aspects of registers, it

desireable that aliased scalar variables (and even non-scalars) should be referred to

through register names. Caches and main memory can contain such aliased data b

the hardware maintains consistency among the copies at the various levels. The mov

of data from memory address space to the register file has in the past meant that

consistency could not be maintained simply because address information was not

associated with the register data. Registers are meant for extremely fast access and

Registers Cache

– storage size 1-128 registers (4B-512B) + storage size 256B-64KB typical

+ fast access (few and direct index) – slower access (large, computed add
tags, memory management and protection
checks necessary)

+ fewer address bits (less instruction band-
width because of denser code)

– more address bits

+ lower memory traffic (fewer ld/st insts,
cache and memory accesses, and power)

+ ld/st insts (expand the code again)

– more ld/st for synchronization at alias + no synchronization

– more ld/st at fcall boundary + no fcall boundary saves

– more ld/st at context switch boundary – data can be automatically kicked out
context switch boundary

+ multiple ports less expensive because
few entries

– more costly to multi-port because of
many entries

+ easy dependence check for hazards – hard dependence check

– aliases (computed addrs) and stale data + no need for aliases or stale data

– cannot take address of variable resident
in (the C ’&’ operator)

+ can take address of variable resident in

– limited addressing modes (direct) + any addressing mode (computed)

– word-sized data only (ISA dependent) + any-sized data

– must have compiler to manage + dumb compiler will do

Table 2.1. Comparison of registers and cache.
10
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hardware to keep this consistency must not be allowed to slow them down too much.

proposal is concerned with this very tradeoff.

The remainder of this chapter surveys some of the work related to the SRF. T

keys to understanding all of this previous research is that it attempts do one or both o

following:

1. Reduce the number of memory operations

2. Reduce the apparent latency of memory operations

Both are essential to microprocessor performance because of the growing ga

between processor and memory speed [56].

2.2 Register File Design

Research into the trade-offs between register files and caches has resulted in a

variety of engineering solutions since the earliest days of computer architecture. Hard

registers (also called scratchpads) have been used since the early 1960s [38]. Table

gives a selected overview of this history. We will comment on a few of the machines lis

in the table where they are relevant.

The CDC 6600 series machines had a total of 24 registers. Loads to 7 of the 

address registers had interesting side effects. A load into register A[1,2,3,4,5] result

the data at that address being automatically loaded into data register X[1,2,3,4,5], re

tively. Similarly, loading an address into A6 or A7 resulted in a store from X6 or X7 to th

address. This allowed efficient encoding of vector operations because the load and 

operations did not need to be explicitly specified. The Cray-1 later made this vector 

mization explicit in its vector registers and instructions [64].

The Cray-1 [42] has a set of primary registers and a set of secondary or back

ground registers. There are fewer primary registers, which allows them to be fast, w

the secondary registers are slower but many in number. Long-lived values are stored

secondary register files and promoted to the primary register files when used. The C

contains a total of 656 address and data registers (including the vector registers but

counting the control registers).
11
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Date, Refs Machine Description

1961 [51] Burroughs B5000 Stack-based computer. Registers hold t
top two values on the stack. Eliminates
some data movement introduced by stack

1961 [41, 42] Ferranti ATLAS 128 24-bit registers for data or address
computation; 1 accumulator register

1962 [43] ETL Mk-6 Still looking for info on this one...

1964 [42, 64] CDC 6600 8 18-bit index regs, 8 18-bit address reg
and 8 60-bit floating point regs. Side
effects of loading an address into an
address register are described in the text.

1964 [77] IBM System/360 16 32-bit integer regs, 16 64-bit floating
point regs.

1966 [42] TI Advanced Scientific
Computer (ASC)

16 base regs, 16 arithmetic, 8 index, 8 vec
tor-parameter regs, all 32-bits

1970 [42, 79] PDP-11 8 16-bit integer regs (PC and SP
included), 6 64-bit floating point regs.
Extended to 16 integer regs in 1972.

1977 [42] Cray-1 8 24-bit addr (A) regs, 64 24-bit addr-save
(B) regs, 8 64-bit scalar (S) regs, 64 64-bit
scalar-save regs (T), 8 vector (V) regs. A
vector is 64 64-bits regs.

1978 [42, 80] VAX 16 32-bit regs for integer or floating point.
(PC, SP, FP, and AP regs included).

1978 [42] Intel 80x86, IA-32 8 integer, 8-entry floating point stack (16
bits, extended to 32-bits later)

1987 [76] Sparc 8 globals, 16-register window with 8 ins
and 8 locals, as well as access to 8 outs
which are the next window’s ins, all 32-
bits. Number of windows from 3 to 32. 32
64-bit floating point regs.

1987 [64] AM29000 256 registers, all completely general pur-
pose. 64 global, 128 “stack cache”, 64
reserved.

1992 [81, 82] Alpha AXP 32 integer, 32 floating point, 64-bits each

1998 [47] IA-64 128 integer, 64 predicate, 128 floating
point registers, some with rotating seman-
tics for software pipelining.

Table 2.2. A partial history of hardware registers.
12
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The hierarchical register file, which is very similar to the Cray-1 organization, 

proposed in [73]. The authors present the classic argument that a large fast memory

can be simulated by a small fast store and a large slow store (in their case, 1024 regis

The results show speedups of 2X over a machine with only 8 registers. The trade-of

noted include higher instruction bandwidth and storage, larger context switch times,

increased compiler complexity. The instruction bandwidth and storage requirement i

reduced by including an indirect access mode where a short specifier can be used t

cate the source value “comes from the instruction which is N instructions before the

rent instruction.”

2.2.1 Large Architected Register Files

Sites presented perhaps the first in-depth discussion of the advantages of be

able to support large numbers of registers, in his paper “How to use 1000 registers” [9

also noted the limitation caused by aliasing and coined the termshort-term memory to

denote a high-speed register set under compiler control. Besides cataloging some o

design issues related to short term memory systems, it was noted that it is often not

ble to maintain data values in registers due to aliasing problems. If such values are p

in registers, they must be written and read from main memory as necessary to main

coherence. Even though a machine may have 1000’s of registers, it is likely that mo

them will be left unused by conventional compilers (in 1979).

2.2.2 No Architected Register File

Work done in the 1980s at Bell Laboratories took a different approach by sug

ing the complete removal of registers from the compiler-visible architecture. The wo

was embodied in the “C-machine” and its “stack cache”, the “CRISP”, and later the “H

bit” [31, 32, 33, 34, 35]. Instead of programmer-visible registers, the architecture has

“stack cache” which is a special purpose data cache for program stack locations; as

it caches references to local scalar, array, and structure variables in the function link

stack. The goal of this cache was to eliminate register allocation from the compiler a

reduce the amount of data movement at function call boundaries. This allows the us
13
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large number of hardware registers without needing compiler allocation and without

requiring every implementation of the ISA to have the same number of registers. Init

proposals were for 1024 registers in this cache, but the first reported implementation

64 entries [34].

The essential features of the stack cache that distinguish it from a normal dat

cache are as follows: 1) it has no tags; 2) it caches a contiguous range of memory, i

top of the program stack; and 3) the range being cached is delimited by high and low

address registers. Alias checking is enabled by comparing any computed address w

high and low ranges of the stack cache; if the address falls within the limits of the high

low bounds, the data is in the stack cache. If not, memory is accessed (there is no o

internal data cache in the processor). In this way, data objects can be allocated to the

cache without fear of aliasing. Special handling is needed when the stack cache is o

flowed, but this is rarely the case. The authors found that a large percentage of data

addresses can be computed early in the pipeline because they are simple base+offs

culations where the base is the stack (or frame) pointer. The stack pointer remains co

for the life of the function (except when calling out to children functions).

The stack cache was designed to incorporate the best features of both registe

cache memory. It was direct mapped and had no tag comparison, so it was fast. The

instruction encoding only required a short stack offset from the current stack frame, m

like the short direct register specifier of a conventional architecture. The stack cache c

hold strings, structures, and other odd-sized data. Finally, the compiler could take th

address of a variable in the stack cache.

It is important to note that the C-machine research assumes that compilation

expensive and that compilers are hard to write correctly. Therefore, simplifying the c

piler was the motivation for the decision to eliminate register allocation in favor of the

more straightforward stack allocation of local variables. The single-pass compilers in

1980s were not able to determine if a variable could be placed in a register because

aliasing. The requirement of simple compilers is no longer widely held, as evidenced

the large number of optimizing compilers for register-based architectures. In fact, lat

versions of the CRISP compiler used an optimization similar to register allocation to p

variables into the stack space in order to reduce stack cache misses. The other prim
14
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assumption in the CRISP work is that function calls are frequent and that overhead 

function linkage mechanism is very important to overall performance. This is still true

today ([74, 75]) so an important criterion of a register-architecture is how it handles f

tion calls.

2.2.3 Register Windows

The Sparc architecture’s register windows [76] are a hybrid register/memory a

tecture intended to optimize function calls. It is a cross between the C-machine’s sta

cache and a conventional single-level register file. Each subroutine gets a new wind

registers, with some overlap between adjacent register windows for the passing of fun

arguments. Because the windowed register file is large and many ports are required

implement parallel instruction dispatch, Sun researchers proposed the register cach

scoreboard [48, 49]. The register cache takes advantage of the locality of register refe

and the fact that register file bandwidth is not utilized efficiently for large multiported fil

This is another fundamental trade-off between registers and memory. Sun and other

report that about 50% of data values are provided by the bypass network [48, 49, 50

there is an average of less than one read and 3/4 writes per instruction. The Sun wor

noticed that a small number of the architected registers are heavily used (stack and

pointer, outgoing arguments, etc.). Because of these factors, the register file cache 

quite small and still capture a large portion of the register references. Fully associative

ister caches of size 20 to 32 were found to have miss rates of less than a few percent

can provide a significant savings in cycle time and power consumption compared to

140-register file in the SPARC architecture (for an implementation with 8 windows [7

Other architectures that could benefit from a register cache include the IA-64 and

AM29000 because they have a large number of architected registers. It is unclear fro

previous work what the compiler could do to more evenly utilize the register file.

There is other work that attempts to reduce the implementation cost of large 

ter files. One is a technique called “virtual-physical registers” which is described in [4

Here the goal is to allocate physical registers as late as possible so that their live rang

terms of processor cycles) are reduced. This is based on the observation that the ac

lifetime of a value begins at the end of instruction execution rather than when the ins
15
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tion is decoded. The difference could be a large number of cycles. Tags, called virtu

physical registers, are used to specify instruction dependencies, but these have no s

associated with them. The actual physical register storage is not allocated until instru

writeback. This has the effect of either 1) increasing the perceived instruction window

or 2) allowing the window to be reduced in size without negatively affecting performan

The second option is interesting because it allows the processor to implement a sm

number of physical registers. The only difficulty is that sometimes the processor ma

out of physical registers and the instruction cannot be written back. In this case, the

instruction is re-executed.

2.3 Register Allocation and Spilling

The problem of allocating scalar variables to registers, called theregister alloca-

tion problem, is usually reduced to a graph coloring problem [12, 13, 14, 85], where a

optimal solution is well-known to be NP-complete. Other research has cast the proble

set of constraints passed to an integer programming solver [22, 23], or bin packing [

We focus on graph coloring in this work because it is the most common technique for

mizing compilers. This section outlines some previous work in expanding the registe

of an architecture so that the compiler can do more effective allocation and spilling.

Mahlke et. al. examined the trade-off between architected register file size an

multiple instruction issue per cycle [4]. They found that aggressive optimizations suc

loop unrolling, and induction variable expansion are effective for machines with large

moderate, and even small register files, but that for small register files, the benefits ar

ited because of the excessive spill code introduced. Additional instruction issue slots

ameliorate this by effectively hiding spill code. This work noticed little speedup or red

tion in memory traffic for register files larger than about 24 allocatable registers (ofte

fewer registers were required). We hypothesize that because of a conventional applic

binary interface [88] and traditional alias management the compiler was not able to 

advantage of any more registers.

Register Connection is an approach used by the IMPACT research group wh

adds registers to the architecture. It does so in a way that is very careful to maintain
16
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Connect instructions map the logical register set onto a larger set of physical registe

instead of actually moving data between the logical and physical registers. This is si

to register renaming [83, 84] but is under compiler control so that register allocation 

code optimization and scheduling can take advantage of the larger set of registers a

able. This technique is helpful for instruction sets with very few registers (8-16) but d

not help much after 32 registers (where not much spill code is generated). The conne

instructions were carefully designed to minimize execution delay and code size.

The compiler-controlled memory [8] combines hardware and software modific

tions to attempt to reduce the cost of spill code. The hardware mechanism proposed

small compiler-controlled memory (CCM) that is used as a secondary register file for

code. The compiler allocates spill locations in the CCM either by a post-pass allocator

runs after a standard graph-coloring allocator, or by an integrated allocator that runs

the spill code insertion part of the Chaitin-Briggs register allocator. A number of rout

in SPEC95, SPEC89, and various numerical algorithms were found to require signifi

spill code, but rarely were more than 250 additional storage locations required to hous

spilled variables. Potential performance improvements were on the order of 10-15%

did not include effects from larger traditional caches, write buffers, victim caches, or

prefetching. These results show the potential benefit of providing a large number of 

tected registers–not only simplifying the compilation process in the common case, but

reducing spill code and memory traffic.

2.4 Alias analysis

Compiler alias analysis is yet another field related to the SRF. Alias analysis 

important because it enables optimizations such as common sub-expression elimina

loop-invariant code motion, instruction scheduling and register allocation to be appli

correctly to the program. While alias analysis is used to determine potential data de

dencies for all of these optimizations, we view it as taking two distinct roles. The first i

register allocation, where it determines whether a variable can beallocatedto a register or

not. The second is in code transformation, where it determines whether a codetransforma-
17
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tion is legal. While both kinds of decisions are necessary for correctness (the overrid

concern), the first is a data layout decision and the second is a code-layout decision.

analysis is used to ensure correctness of an optimization but if it is conservative it lim

the scope and potential of applied optimizations. In other words, alias analysis is ne

sary, butaggressive alias analysis is needed to allow good optimization.

In deciding how the code-layout can be changed, the compiler is deciding whe

it is semantically correct to move code out of loops, to eliminate redundant computati

or to otherwise re-arrange the code.

When the compiler addresses the data-layout problem, it must trade off the s

of the allocated memory against the functionality of it. In the case of an on-chip, dire

addressed register file, the speed is very high but its functionality is low because da

accessed by statically specified indexes. Furthermore, the conventional register file 

not have built-in checking for aliases between data in a register and data in memory

The remainder of this section is organized into subsections describing the va

previous research. These could also be divided into software, hardware, and combin

hardware/software solutions.

2.4.1 Background on Alias Analysis

A location in a computer's memory is referred to by a numerical address whic

computed during the execution of any instruction that accesses that particular locati

Memory aliasing occurs when a storage location is referenced by two or more names

can happen in languages like C that have pointers. Data at a memory location can b

porarily kept in a register only if we can assure that all instructions that might refer to

memory location can be made to refer to the register instead. Because instructions 

pute the address of the data they refer to at their time of execution, it is often impossib

tell before execution (i.e. at compile time) which instructions refer to a particular mem

location; thus we run the danger of substituting two or more registers for what appea

be different memory locations, when we should have substituted only a single regist

this occurs, copies of the same data will be placed in two or more registers, leaving 

the possibility that the copies can be changed separately. Thus data that was mean
18
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this is wrong.

The allocation of data to registers is done by a compiler–the program that tra

lates a programming language like C into basic machine instructions. The compiler 

lyzes a program before it executes and thus cannot detect if address aliasing does o

when the program runs. To avoid possible errors the compiler must make conservat

assumptions about the values of addresses, and, as a consequence, must be conse

about what data can be kept in registers. This in turn means that whole classes of da

not be placed in registers, at least for part of their lifetime.

Aliasing through memory is problematic because modification of a value thro

the use of one name will change the value examined through another name when b

names refer to the same location in memory, (e.g., a[i] and a[j] may refer to the same

tion). If the compiler can determine with certainty that the names refer to disjoint loc

tions, it is possible to allocate each name to a machine register where the value will re

Similarly, if the compiler can be certain that both names always refer to the same loca

it is possible to replace uses of both names with a single register name and allocate

location to a machine register.

Unfortunately, making such determinations is difficult. The use of pointers or

accessing of arrays with different index variables creates new names. Furthermore, 

pointer or index can be modified programmatically, thus changing the names at runt

Such locations cannot be easily placed in registers because a traditional machine re

has only one name.

Such values can be allocated to registers within regions of the program wher

compiler can determine the exact set of names that refer to the location. In fact, this

necessity in a load-store architecture, because the memory value must be placed in a

ter before use. However, such allocations are short-lived, because a modification of 

memory value through another name will not be reflected by a change in the value i

register. Thus, the value must be updated by re-loading the value from memory. Likew

any modification of the value through the register name must be written out to memo

case the value is accessed through an alias.
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Languages with stronger typing than C allow the compiler to make more assu

tions during alias analysis because only those names which have the same type as th

able can refer to the variable.

2.4.2 Modern Processor Memory Disambiguation

The conventional disambiguation hardware in a microprocessor (see for exam

[10]) is not open to the compiler. This forces the compiler into the very conservative m

described in the last section, which requires loads and stores around the references

aliased data. Furthermore, loads cannot be moved past branches or stores on which

may (or may not) depend.

2.4.3 Static Analysis

The fact that aliasing information is not provided by the hardware to the comp

code forces most compilers to do static alias analysis to prove correctness of optimi

tions. Examples can be found in [16, 18, 28, 29, 87]. These references represent a ra

complexity in the analysis phase; compile time is an important consideration in such

yses because they are so complex.

As far as register allocation is concerned, the simplest approach is to note wh

variables are potentially aliased and then simply not allocate them to registers. For c

motion, simple heuristics can be employed to determine whether a load has a poten

dependence on a previous store.

When the aliasing relationship between two instructions is not known, they can

moved relative to each other conditionally by the software. This is done by runtime m

ory disambiguation [65], where explicit comparison instructions are used to route the

to the best execution path. If two addresses do not match, then the better code schedu

be selected. In the case they do match, the original, less aggressive code schedule m

provided.
20
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2.4.4 Register Promotion

In function-level1 register allocation, a variable is typically marked as ’allocatabl

or ’not allocatable’ depending on whether it can be resident in a register for its entire

time or not. In a conventional compiler and processor, a variable cannot be placed p

nently into a register if there is more than one name used to access that variable. For

language, if the address of the variable is taken the variable is said to be aliased and c

be placed in a register. Global variables are also typically marked ’unallocatable’ bec

register allocation algorithms are designed to run at the function level instead of the 

gram level. Those variables which cannot be permanently allocated to registers are 

memory and require a load before each use and a store after each definition.

Register promotion [27, 24, 25, 26] allows aliased variables to be placed into re

ters in code ranges where aliasing cannot occur. The variable ispromoted to a register by

loading it from memory at the beginning of the range. At the end of the range, the vari

is demoted back to memory so that subsequent definitions and uses through other na

are correctly maintained. It is apparent that this optimization increases register pres

because more values are maintained in registers during the non-aliased regions. The

and stores are removed from these regions.

Several variants have been examined which use different code regions as the

unit of promotion. [24] considered loops as the basic range for promotion; [25] used

trary program intervals as the promotion regions; and [26] did not consider explicit p

gram regions but instead used a variant of partial redundancy elimination to remove

unnecessary loads and stores. All of the previous work shows substantial reductions

number of dynamic load instructions executed and varying reduction in the number 

stores eliminated.

The promotion loads and demotion stores can be placed in infrequently exec

paths in the control flow graph; this is shown to require more static loads and stores

results in fewer dynamic loads and stores. Register pressure was shown to increase

to 25% in the most common cases [25].

1. “Function level” register allocation is typically called “global” register allocation. We use the
former to avoid overloading the term “global.”
21
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Explicit load/store instructions are needed for register promotion, and the comp

must demote a value to memory whenever there is a potential aliasing relationship.

2.4.5 CRegs

The Short-Term Memories described by Sites are the inspiration for CRegs [5

7]. CRegs solves the aliasing problem much the same way as the Smart Short-Term

ory of this proposal. Registers have associated address tags which are checked aga

loads and stores to keep the registers and memory consistent. However, because th

piler may assign aliased variables to different registers, memory contents potentially

many duplicates in the CReg set. On a store, the associative lookup must find all cop

the data in the CReg array and update them accordingly. CRegs reduces the numbe

memory operations by eliminating redundant loads and stores from the program. Th

loads and stores were introduced in the conventional architecture because of aliasin

2.4.6 EPIC

Work done at Illinois on the Impact EPIC architecture [46] is concerned with

scheduling load instructions ahead of control dependencies and aliased stores. Allo

loads to move past stores in the instruction schedule has a large impact on performa

because otherwise the scheduling is very constrained. In previous work, the same

researchers proposed the memory conflict buffer (MCB), which associates addresse

registers and tracks later writes to the addresses [63]. In this way, a load can be sche

above a store and the hardware will report when an aliasing condition actually occur

Explicit check instructions which access the MCB state are required to determine if 

aliased memory operation occurred between the check and the earlier, hoisted load

instruction (called achecked load), at which time recovery code can be initiated. The

recovery code and check instructions increase both the static and dynamic instructio

counts, but the speedups reported are significant for benchmarks limited by memory

guities. The later research [46] is concerned with generating efficient recovery code.

If a checked load instruction is followed by instructions which use the loaded va

speculatively, exception information can be propagated through the uses so that one
22
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can happen at the end of a long string of code. This reduces the number of check o

tions.

The Merced implementation of IA-64 utilizes a hardware structure very simila

the memory conflict buffer call the Advanced Load Address Table (ALAT). It allows t

IA-64 compiler to advance load instructions and associated uses beyond branches a

stores [47]. To propagate exception information through a string of instructions, a NaT

is employed. There is one per architected register. When the NaT bit is set on a reg

(say because of a page fault), all subsequent instructions which use that register esse

become NOPs and set their output register’s NaT bit.

2.4.7 Memory Renaming

Tyson and Austin proposed memory renaming which allow loads to execute e

in out-of-order processors [10]. This optimization is done entirely in hardware with n

modification to the binary. This is achieved by tracking the loads and stores that frequ

communicate with each other. Once a stable relationship has developed between a 

and a store, the load’s data can be accurately predicted to be coming from the store

associated with. This allows memory to be bypassed entirely in the critical path–the

address and the data are both predicted at once by the producer-consumer relation

between the load and store. A value file contains the data shared between the load 

store. The key to early (speculative) resolution of the load is that the load and store 

are used as the index of the value in the value file.

The prediction must be checked by performing the actual load, but this is off t

critical execution path. The authors found that some of the load-store pairing comes

aliased data and global data, which they assume cannot be allocated to registers.

2.4.8 Other

Other work has focused on early generation of load addresses, prediction of 

addresses, or prediction of load values in order to speed up program execution. Non

these techniques assumed compiler involvement and thus worked with conventiona

binary programs.
23
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2.5 Summary

This chapter has outlined a number of areas of research that are related to S

Short Term Memories. Because the SRF relies on both hardware and software suppo

previous work is a large body of computer architecture research. The previous work ca

divided into three major categories: 1) that which deals with register file design; 2) th

which deals with register allocation; and 3) that which deals with memory alias analy

and optimization in the face of aliasing. All of these are important foundational work 

the SRF designs considered in the rest of this proposal.
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Chapter 3

Preliminary Studies

This chapter details work that has been done to lay the foundation for the dis

tion. First we examine one architecture for a "Smart Register File," or SRF for short. T

we present some initial experimental results. These show that the SRF potentially c

have a significant impact on performance because about 10% of local variables and

higher percentages of global variables cannot be allocated to registers for their full life

because of aliasing. Static and dynamic analyses are shown to verify this result.

This work allows registers to be added to the architecture and used more effe

tively when those optimizations do not use up all the registers–namely in the situatio

when there is aliased data.

3.1 The Smart Register File

The goal of the Smart Register File (SRF) is to allow aliased data to be speci

through a short register name during the region where aliasing occurs. As we have d

cussed in the previous chapter, the register promotion optimization can be used to all

aliased values to registers in regions where they are not aliased. But this optimization

requires loads and stores to surround such regions so that the value resides in memo

ing the regions of aliasing. In the region where the value is aliased, it must still be acce

by explicit load and store instructions.

The SRF is conceptually a register file separate from the general purpose reg

file. Each SRF register contains an address. When the SRF register is specified as 

instruction operand, the hardware does a load from the address contained in the SRF

to get the data (on a data read) or a store to write the result (on a data write). Therefor

SRF is a register file with an implicit level of indirection which is executed transparen
25
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by the hardware. Many architectures have special-purpose address registers and m

CISC architectures can access data indirectly like the SRF. The Motorola 68000 and

IA32 architectures are examples [60, 61] where operands can be specified indirectly

CDC 6600 even automatically loaded or stored a data register based on a change in

contents of an address register.

By putting the addresses of aliased data items into the SRF (instead of the da

themselves), it is possible for the hardware to keep those data items in a data cache

index it by the SRF contents. The data cache is part of the memory hierarchy. In this

we are attempting to utilize the benefits of both registers and caches. The SRF and 

cache together form a Smart Short-Term Memory because the compiler manages a

tion of addresses into the SRF and the hardware takes care of data value maintena

the data cache. In effect, the compiler is sharing alias information with the hardware

increase overall performance.

The cache can be managed as a traditional cache where the hardware stores

back to a lower level in the memory system only if it is dirty. The hardware does mem

dependence checking in the same way it does in a conventional microprocessor des

[67, 68].

The remainder of this section discusses in more detail how the SRF functions

particular, it explains how the SRF may help processor performance in the presence

aliased variables.

3.1.1 Smart Register File Implementation

The SRF can be implemented in two ways. The first way is a register file whic

separate from the general purpose register file. The most significant bit of the regist

specifier can be used to distinguish which register file is being requested. An 8-bit reg

specifier can therefore provide access to 128 general purpose registers and 128 ind

registers. Because of this split design, special instructions are required to move data

between the SRF and the GPRF or to source data from both register files in a single

instruction. This is because in the most common programming languages, data and

addresses are interchangeable, such that a data value produced as the result of an 

metic operation is used later as the base address of some memory operation. The in
26
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tion opcode would be required to specify which register file the sources come from a

which register file the destination goes to. Data that are later used as addresses woul

to be moved from the GPRF to the SRF.

The preferred implementation is as part of the existing general purpose regis

file. The most significant bit in the register specifier in this case indicates which indir

tion level the hardware should use to access the data (0=data is in the register, 1=dat

memory at the address specified in the register). An 8-bit register specifier in this sc

provides access to 128 registers, any of which can be used in normal mode or indire

mode. This unified configuration does not require special instructions to move data

between registers, as SRF entries and GPRF entries are mixed in a single register fil

register can be used in either direct or indirect mode at any time.

Throughout the rest of this chapter, we will assume a configuration like the sec

one. A diagram is shown in Figure 3.1. R2 is being used indirectly as indicated by the

in the indirection field of the instruction. For the add instruction depicted, the second

source’s value is in R3 but the first source’s value is accessed indirectly through R2.

result of adding 5 + R3 is placed directly into register R1.

3.1.2 An Example

This example is taken from the CRegs work [5]. Figure 3.2(a) shows a small 

function which demonstrates the problem with aliasing. At compile-time it is not know

Figure 3.1. A diagram of the smart register file, cache, and instruction format. The add
instruction shown is formatted as a RISC instruction, with an additional bit per register specifier.
This indirection bit tells whether the register is used directly (0) or indirectly (1).

Data Cache

Register File

100 5
R2: Addr = 100

ADD 0 / R1 1 / R2 0 / R3

Address Value
27
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whether i equals j or k. In a conventional architecture, a[j] and [k] need to be reloade

after the store of a[i] because the store to a[i] may have changed the value of either a

a[k] (or both if i equals j equals k). These extra load instructions are shown in boldfa

type in Figure 3.2(b). The compiler does not know at compile time the values of i, j, o

so it must include these load instructions. The two extra load instructions can be elim

nated by using the SRF, as shown in Figure 3.2(c).

Notice that there are three fewer instructions in the SRF sequence. First, ther

no explicit store instructions. The second load of a[j] and of a[k] have been eliminate

These instructions have been replaced with simple lea instructions which load the ad

of the data into their respective indirect registers. Then the multiply and add operatio

can access their values indirectly and no loads and stores are explicity specified.

If i equals k, the hardware will conceptually forward the store of a[i] to later us

of the data at that address, no matter which register is used to specify it. The hardware

actually do forwarding directly or through the data cache.

C Code Conventional Assembly SRF Processor
void foo(int i,j,k)
{
  a[i] = a[j] * a[k];

  a[k] = a[j] + a[k];

}

ld raj,0(ra,rj,4)
ld rak,0(ra,rk,4)
mul rt,raj,rak
st 0(ra,ri,4),rt
; reload a[j], a[k]
ld raj,0(ra,rj,4)
ld rak,0(ra,rk,4)
add rt,raj,rak
st 0(ra,rk,4),rt

lea raj, 0(ra,rj,4)
lea rak, 0(ra,rk,4)
lea rai, 0(ra,ri,4)
mul *rai,*raj,*rak

add *rak,*raj,*rak

(a) (b) (c)

Figure 3.2. Code demonstrating the SRF ISA. The destination appears on the left. The notation
’ra’ indicates the register which contains the base address of array a. ’rai’ signifies the register
which contains either the value of a[i] (in the conventional assembly column) or its address (in the
SRF column. The target machine supports base+scaled index+offset address mode, like the x86 .
28
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3.1.3 Smart Register File Design Considerations

The SRF has some of the benefits of both the register file and the cache (see

2.1). Namely, it allows instructions to be encoded using small register specifiers, eve

though these specifiers map to long addresses through the SRF entry. It eliminates 

need for loads and stores whose purpose is to synchronize data between the registe

and memory address spaces, thus reducing the number of instructions fetched and 

cuted. A small data cache ensures that the memory can be efficienty multiported.

But when we say "elimination of loads," what do we mean? An operand spec

with a ’*’ tells the hardware that it can find the data in the L0 cache. While this is impli

and not specified in the instruction stream, it is still a load operation from the perspe

of the hardware. So it appears that we have not gained any benefit except shrinking

size of the instruction stream. It should be noted, however, that this is a significant be

Fewer instructions mean fewer cache misses [89]. Register allocation and traditiona

mizations such as loop-invariant code motion speed up program execution by elimin

loads/stores and moving code out of loops. Fewer instructions also means fewer fetc

decode cycles.

A more clever implementation can keep the value with the SRF entry instead o

the cache, and eliminate even the implicit load from the cache. This is illustrated in Fig

3.3 where R1 is the "owner" of address 100 and thus the value can be maintained wit

register file in a structure we call the SRF data file. This condition is indicated by the "

ister/cache ownership field" (R/C) being set to R to indicate register ownership. Both

cache and the data file have a copy of this field. For the cache, the R/C field serves 

valid bit for the owner register number. If R is set, then the register owner field is also

If C is set, then the cache owns the value and the register owner field is not applicable

SRF data file uses the R/C field to determine when the value field is valid. If R is set,

the value is valid because the SRF owns the address of that value. If C is set, then the

must be obtained from the cache (or memory hierarchy).

Further stores through *R1 (notice the star) can write their value directly into 

data file. This is feasible because a given data value is not aliased in certain regions
29
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program (recall register promotion). The cache does not need to be accessed as long

"owns" the memory location. The data written can be trickled back to the cache at th

hardware’s convenience or at serialization points.

If there is an alias for the data item, then the cache becomes the owner for it 

the processor reverts back to implicit loads and stores on every access. Figure 3.3 sh

case where both R30 and R31 contain address 200. The data is owned by and stored

cache and the R/C field is set to C in the ownership fields. Stores through *R30 and *

are routed to the cache because the cache owns the data.

The only remaining problem is how to maintain the ownership relationship. An

aliasing condition occurs when one SRF entry contains an address and another one

to the same address. The data value that was associated with the first entry needs t

moved back to the cache so it can be "shared" with the new SRF entry. When an addr

written into an SRF entry, the cache is queried to see whether another entry has the

address. If not, then the data value can be associated with the SRF entry directly, an

cache is told that the register file owns the data (R) and which register is the owner. O

wise, the original register owner is divested of its ownership of the value and both SR

entries must access the data indirectly through the cache. In this case, the data at th

address is owned by the cache and is marked C in both cache and SRF data file.

One shortcoming of the SRF with data file mechanism is that once an aliasing

dition is encountered, the cache always owns the value. We are currently examining

to solve this problem.

Figure 3.3. Eliminating load and store operations with the SRF data file.

Data Cache

Register File
100 –

R1: Addr = 100

Address ValueOwner

R1

200 7–

R30: Addr = 200

R31: Addr = 200

5

SRF Data
File

R

C

C

–

–

ValueOwner

R
C
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This design avoids the associative searches which have been present in prev

designs. Whether this is implementable with reasonable cost and whether it is necess

speed up the operation of the SRF-based processor are matters for experimentation

The assumption is that aliasing actually happens infrequently. The compiler is

allowed to omit the loads and stores in the common, unaliased case. The hardware 

ages the data in the infrequent case that an aliasing condition does occur. An optimiz

to this approach is to have the compiler indicate the frequency of aliasing between t

variables and let the hardware decide if and when to enregister the value. If aliasing

quent for a certain address, the hardware could decide to leave the value in the cac

the time.

Optimizing to keep an aliased value in the register file has demonstrated a pr

lem: when we mix the semantics of memory and registers too closely, it is difficult to k

values consistent in both address spaces. This is precisely the problem that earlier C

work attempted to overcome [5, 6]. In that work, the compiler was required to alloca

aliased items to a subset of the registers. The hardware had to do an asociative writ

update whenever a value was written into the register file. The associative search in C

is unwieldy and probably not practically implementable, particularly in a multi-ported r

ister file at clock rates acceptable to the market. By the ownership relationship for the

at a particular address, we can replace the associative search with a direct lookup in

data cache tag store. Only in the case when this tag indicates that there is an aliasin

dition do we need to inform the owning SRF entry to "un-own" the value and submit 

data cache management. This can be done directly without an associative search b

the cache already knows which register owns the value–it can go to the register dire

and inform it of the aliasing condition.

Finally we consider the problem of SRF entries that point to bytes and halfwo

and overlapping data. The instruction which initializes the SRF entry (say, an LEA) c

also mark the register as pointing to byte-sized data. Then when the hardware uses

SRF entry indirectly in a later instruction, it can format the incoming (loaded) or outgo

(stored) data properly. Two extra state bits are required at each register to implemen

(00=byte, 01=16-bit, 10=32-bit, 11=64-bit). The extra bits at each register do not pos

great problem. The Intel IA64 architecture already provides for a 65th bit on each reg
31
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that specifies whether an exception has occurred during the production of the value

register (the bit is called the Not-a-Thing bit or NaT bit [47]). The tag store in the cac

may need valid bits for each byte of data. Overlapping data structures such as C unio

a problem for this mechanism and are thus far handled as in the conventional comp

architecture. We leave these things for future work.

3.1.4 Smart Register File Benefits

We have already mentioned in the last section that the SRF implicit indirectio

level is similar to the addressing modes in CISC architectures. CISC ISAs allow mem

operands to be used without explicit load and store instructions. The SRF proposes t

this access semantic back to a RISC architecture, in essence to close the gap betw

direct-only access to registers and the completely flexible addressing of the first leve

the memory hierarchy. This has several potential benefits, some of which this sectio

lines.

3.1.4.1 Elimination of Loads and Stores

The SRF allows the compiler to eliminate load and store instructions necessar

alias synchronization; these operations are required in a conventional RISC instruct

set architecture. In a conventional ISA, whenever the compiler is not sure whether a

value can be modified by a store, it must insert a load after the store to update the va

the register. When the SRF is used, the aliased value can be used through the SRF

hardware has to "load" the data from the L0 cache, but the load does not need to be

fied in the instruction stream–it is implicit. This is shown in the example given in Figu

3.2. As we discussed above, the SRF with data file can even eliminate the implicit lo

and stores.

3.1.4.2 Prefetch

A load into an SRF entry (a "load effective address" operation) effectively signa

load (or prefetch) of the data at that address. If the data is already present in cache 

some other entry in the SRF contains the same address, then we have avoided a da
32
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in the presence of an alias. Data which the compiler deems important can be prefetc

simply by issuing a load effective address operation early in the instruction stream.

3.1.4.3 Miscellaneous Benefits

Members of complex data types such as structures or arrays can be kept in S

registers. Structures and arrays are often aliased because of pointers to them or ind

into them. Therefore the conventional compiler cannot easily put critical data fields o

records or arrays into registers. The SRF allows these values to be kept in registers

3.1.4.4 Hardware Management

The hardware can decide when to execute store operations because it can tr

when data is dirty. If a data item is not modified, no store operation is necessary. Th

data value in the data cache that is aliased with a later load need not be stored to m

before the load occurs. We call this the elimination of dirty stores. This was also dem

strated in Figure 3.2 by the elimation of the two store instructions.

3.1.4.5 Reduction in Memory and Register Port Pressure

The SRF ISA allows a reduction in use of register and memory ports. As show

Figure 3.4, if the variable x is resident in memory, then incrementing it can be imple-

mented more cheaply by the SRF processor than the conventional RISC because n

porary register is required. If we ignore the lea operation required to load the address

(suppose that this instruction is amortized over many increments of x), then the SRF

cessor saves two register writes. If the data file and ownership status bits are added

SRF, the implicit load and store operations can also be eliminated.1

The SRF ISA may also allow a reduction in the number of address computati

because addresses of data are stored in the SRF entries. This is similar to the comm

subexpression elimination optimization when applied to addresses. As shown in the e

ple of Figure 3.2, the conventional processor executes six address computations. Th

executes three and stores them in registers for future use. This frees integer units for

1. Though somewhat contrived, this example serves to illustrate the point. Obviously, a good com
piler will allocate the local x to a register. We could make x a global or a structure field instead
33
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more relevant to the algorithm. While CSE can eliminate address computations, the

ventional processor requires registers to store the addresses as well as registers to s

values when they are loaded from memory. The SRF only requires one compiler-vis

register for both.

3.1.4.6 Speculative Code Motion

The SRF allows loads to be statically scheduled above branches upon which

may depend. The indirect register may be loaded with a NULL pointer, for instance, 

the hardware will not signal the exception until the instruction which uses the register

rectly. This is called control speculation in the literature [46, 47]. An example is shown

Figure 3.5. The load inside the if statement has been scheduled above the compariso

changed to anlea . All uses of val inside the if are also translated to uses through an i

rect register. Since the uses only appear inside the home block of the load, we guar

that no exceptions are generated that would not have been generated by the origina

assembly. A quiet load (deferred exception) or prefetch [76] would have a similar res

except that two instructions would be specified–the prefetch and another load at the

location. In the SRF architecture, no explicit check instructions are required since th

hardware can carry the exception information with the register value and only signal

exception when the value is used. Furthermore, thelea instruction need not have a specia

opcode indicating a speculative mode. Checks are not required because no fixup is

required in the case of an exception. (If an exception happens, it happens at the poi

C Code Conventional Assembly SRF Processor
/*
 * local x in memory
 */
int x;
x = x + 1;

/*
  1 mem read,
  1 mem write
  2 reg writes,
  2 reg reads,
*/
ld rt, [x]
add rt, rt, 1
st [x], rt

/*
  1 mem read (maybe),
  1 mem write (maybe),
  1 reg write,
  2 reg reads
*/
lea rx, [x]
add *rx, *rx, 1

(a) (b) (c)

Figure 3.4. SRF reduction of register and memory port pressure. The SRF code contains one
less register write than the conventional code.
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use, which has not been moved from the original code; in this case, the exception w

program exception and the program will halt.)

With a check instruction, as in EPIC [47], uses of the loaded value can also b

moved above the branch and the check can be placed in the home block of the load

uses so that only one check is needed; in this case, the hardware simply forwards th

exception information through the data dependencies. Chapter 2 describes this in m

detail.

With the appropriate hardware and software, this can be extended to allow da

speculation. Data speculation allows the scheduling of loads above potentially depe

stores. Check instructions are also required for data speculation because an incorrec

ulation requires fixup of some sort. The hardware verifies that this was legal, and if n

the software provides a fixup routine. The fixup routine can either be out-of-line code

which the processor branches to [63] or inline with the assistance of predication to en

only certain portions to execute in the fixup mode [46].

3.1.4.7 Summary of Benefits

The advantages of the SRF fall into three categories. First, the SRF allows th

removal of load and store instructions which reduce the number of instructions exec

by the processor. The second advantage is that it allows more registers to be used. R

allocation is an important optimization which is often limited in scope because of alias

among variables; the SRF allows aliased variables to be placed in registers. Third, the

allows some speculative motion of loads above branches and aliased store instructi

The effect is a prefetch operation, which reduces perceived memory latency.

Figure 3.5. An example showing how the SRF allows control speculation.

C Code Conventional Assembly SRF Processor

if (ptr != NULL) {
  val = ptr->data;
  ... use val ...
}

   cmp rptr, 0x0
   beq L1
   ld rval, +16(rptr)
   ... use rval ...
L1:...

   lea rval, +16(rptr)
   cmp rptr, 0x0
   beq L1
   ... use rval ...
L1:...

(a) (b) (c)
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3.1.5 Smart Register File Design Space

The SRF instruction set architecture presented above allows any register to be

in either direct mode, as in a conventional processor, or indirect mode. The compile

makes the decision at compile time which registers are directly specified and which 

not. It may use a single register in both ways in certain types of code. Obviously if no

isters are used in indirect mode, the machine is reduced to a conventional architectu

When reduced in this fashion, we can reclaim the indirection bit to double the numb

specifiable registers.

The other end of the spectrum is to only allow indirect access through the regis

Such a processor would have only SRFs. Here again we could reclaim the indirectio

in the register specifier to double the number of registers that can be specified. This

tecture requires that we perform an "address allocation" step in the compiler to com

the addresses into the number of available registers. This is analogous to the registe

cation step in current compilers. We do not pursue this design because the SRF pro

presented allows both traditional and indirect accesses to registers. The compiler ca

determine where it falls along the spectrum (from all direct registers to all indirect re

ters) based on profiling or other information. This is, of course, at the cost of the ind

tion bit in the register specifier.

3.2 Applying the SRF to Existing Instruction Set Architectures

Because of the extra indirection specification necessary for the registers, the

architecture is not trivially compatible with existing RISC instruction set architectures

However, there are are least two options that still allow the proposed technique to be

in commercial computers:

1. Partial recoding of an existing ISA. The indirection specification can be m

in some instructions but not allowed in others. For example, there may be

available bits in the three-operand instruction encoding (in the function fie

for example).

2. Full recoding of an existing ISA. The ISA could be recoded to a larger ins

tion format (say 48 or 64 bits) and binary translation techniques could be 
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to translate from the old ISA to the new. Binary translation is becoming a w

established technique that allows designers to break old design constrain

while allowing old code to run correctly [55].

Note that many CISC architectures already have the SRF-like semantics. The

IA32 architecture can specify memory operands as part of most operations. The mo

basic way to do this is indirectly through a base register. This is specified in assembly

parentheses around the value, as in (eax). Our SRF notation would say *eax. The SR

sented here only allows this base-register indirect address mode instead of the full co

ment of address modes (base+scaled index+offset) allowed in the IA32 ISA.

3.3 Comparison with Previous Work

The SRF is similar to a lot of the previous work which we have discussed in t

previous chapter. The most notable difference is the number of different ideas that it

attempts to bring together. For example, CRegs removes load and store instructions

IA64 allows loads to be rescheduled above stores. The SRF allows both.

Memory renaming [10] attempts to connect a load with the store producing its d

value in order to short-circuit the path through the memory system. That work showed

memory renaming is particularly effective for aliased data as well as global and heap

The SRF allows the compiler to put more of these kinds of data into registers and co

pletely eliminates the load and store instructions necessary in the conventional arch

ture.

The SRF can work without register promotion if a simple compiler is desired, o

concert with promotion if there are large ranges where it would be beneficial to use 

lar through a normal, direct register.

3.4 Initial Experiments

The first experiments are designed to determine the potential of the SRF des

All experiments are run on the SPEC95 integer benchmarks [69] with the MIRV comp

on an IA32 processor. Recall that the IA32 has 8 general purpose registers, 6 of whic

available for user variables.
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3.4.1 Register Pressure

The first question is to determine how many variables are actually allocated to

isters and what is the register pressure in each function. The data in the second colu

Table 3.1 shows the maximum number of live variables in the SPEC95 integer benc

marks. The data was gathered immediately before register allocation in the MIRV ba

end. The number cited is the largest number of simultaneously live integer scalar valu

any function in the benchmark; most other functions in the benchmarks have much l

register pressure. The conclusion is that 10 to 20 registers is enough for local variab

This agrees with several previous papers in the literature. Note that no compiler opti

tions are turned on except for global copy propagation, constant folding, and strengt

reduction. With optimizations such as loop unrolling, function inlining, and software p

lining these numbers would be higher.

The third column of Table 3.1 cites the number of local variables that were no

allocatable because of aliasing problems (in the functions which had the highest reg

pressure). They are marked unallocatable for their entire lifetime because of the pot

for alising. These variables require synchronizing loads and stores whenever they a

erenced, or at least loads and stores for promotion/demotion. It is interesting to note t

addition to the maximum live local variables, there is often another 10% of variables

are not allocatable to registers for their entire lifetime. The SRF can handle these vari

and eliminate all the loads and stores associated with them.

The vortex benchmark is notable because it has a function (C_MapRefToDb)

which has 35 variables live at one location in the program and 8 additional variables

are not allocatable. It has 49 local variables and 10 incoming parameters. It passes so

its local variables by address to other functions. This is a common cause for aliasing

variable.

3.4.2 Global Variables

We see that there is not much need for more than 32 registers given the tradi

way of doing register allocation. However, for these benchmarks, there are a signific

number of global variables, as shown in Table 3.2. Accesses to these globals are re
38
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ble for a large number of loads and stores in the programs, and thus we conclude tha

cating globals to registers is very important. Allocation of global variables is the first w

to make use of a large number of processor registers. We can envision utilizing a re

file of 128 entries where 50 or more registers are devoted to global variables. We do

yet have lifetime range data for these global variables but future experiments will de

mine if this is a worthwhile idea. Work by Wall [70] indicates that allocating globals to

registers is an important optimization.

The last column in Table 3.2 shows the percentage of global variables that ca

be placed into a register for their entire lifetime. This percentage is computed by link

together the benchmark at the MIRV IR level and processing the MIRV IR with a filte

Benchmark Maximum Live
Locals

Unallocatable Local
Variables

compress 11 1

gcc 41 5

go 21 2

ijpeg 31 0

li 9 5

m88ksim 15 0

perl 20 0

vortex 35 8

Table 3.1. Maximum live local variables and unallocatable local variables.

Benchmark Global
Variables Allocatable Not Allocatable % Not

Allocatable

compress 29 28 1 3%

gcc 1019 923 96 9%

go 83 71 12 14%

ijpeg 32 31 1 3%

li 79 79 0 0%

m88ksim 107 105 2 2%

perl 211 205 6 3%

vortex 604 389 215 36%

Table 3.2. Global variables statistics in SPECint95.
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that determines whether the global variable’s address is ever taken. If it is, then we sa

variable cannot go into a register (even though it may be able to be enregistered for

of its lifetime). The integer benchmarks fall into two categories. For the majority of th

benchmarks, most global variables are allocatable for their entire lifetime. Two interes

cases arego andvortex, where there is a high percentage of globals that are aliased. I

both benchmarks, most of the variables in question are passed by address to some fu

which changes the global’s value. The number of call sites where this happens is us

fairly small for any given variable. In vortex, a heavily used variable calledTheoryis mod-

ified through a pointer in memory management code. It appears that this use throug

pointer is for initialization only (so register promotion could promote the global to a re

ter). The SRF allows these globals to be enregistered, providing even further benefi

a large register file.

The data shown above does not quantify the importance of the variables exam

It is possible that the globals are not used very frequently. The aliased globals may be

less important, in which case the SRF would not provide much performance benefit.

order to determine if this is the case, we have run experiments to determine the frequ

of use of global variables in the program.

The results of the first experiment is shown in the 16 graphs of Figure 3.6 at t

end of this chapter. It shows histograms for static usage counts of global variables in

gram. The static usage count of a variable is an estimate of dynamic usage frequen

determined by the following formula:

(Eq. 1)

That is, a reference to a variable within a function is given weight 1 (20). A use

within a loop is given weight 2loop nest level. This is a simplified version of a standard com

piler formula for computing a weighted usage count without having to profile the progr

[16]. It is used to indicate a variable’s relative importance for the sake of register allo

tion or other optimizations. The formula is using the heuristic that a variable used in a

will probably be used by several iterations of the loop and is more important than a v

able not used in a loop.

static frequency count 2
loop nest level

all uses and definitions
∑=
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The static frequency count histograms show the static frequency count informa

for each of the SPECINT95 benchmarks. For each benchmark, there are two graph

one on the left shows the frequency count information for the global variables that a

allocatable to registers. The graph on the right shows the frequency count informatio

the global variables that cannot go into registers. For example, for compress95 (Figur

upper left), there are 6 global variables which have a static frequency count of 2 or l

globals have a frequency count of 3 or 4. 1 variable has a frequency count between

and 1000. The graph for compress95’s unallocatable variables shows that 1 unalloc

global variable has a count of 9 or 10. The sum of the heights of the bars in both graph

compresss95 is equal to the number of global scalar variables in the benchmark.

Since the data presented in Figure 3.6 is only static, we cannot draw broad c

sions from it. However, it does show that for most benchmarks, the static frequency co

do not rise above 30 to 40. The notable exception is go, where there are 17 globals 

have frequency counts above 100. Four additional globals which are heavily used ar

allocated to registers. This indicates the importance of both allocating globals to reg

and also allocating aliased globals to registers. In the case of go, the globals are glo

configuration parameters which are assigned and compared against in many places

benchmark.

The second experiment is analogous except the benchmark is executed and 

variables annotated with a dynamic frequency count, so the data is much more mea

ful. Counters are used to keep track of the execution frequency of the block stateme

the program; these are then used to compute how many times a given global variab

accessed (see Chapter 4). This data is more accurate than the static frequency cou

mate. The graphs are shown in Figure 3.7. The bins are chosen to be the same as i

static frequency count case, even though some variables are used more than 1 milli

times.

The dynamic frequency graphs for globals show that most of the time only a 

percent of the unallocatable variables are actually used very much (compress95, ijp

li95, m88ksim and perl). The notable exceptions are go and vortex, where the freque

used unallocatable global variables are a significant proportion of all the frequently u

globals (roughly 25% and 50%). These high usage counts indicate that for go and v
41
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performance could be improved (perhaps significantly) if these globals were allocate

SRF registers, which do not require load and store operations.

It is also interesting to compare the static and dynamic data and see if they a

agreement. The dynamic frequency graphs in Figure 3.7 show that the dynamic usa

somewhat bimodal, at least for the bin configuration that we have selected. Many vari

are either used very little or are used many times. The static graphs in Figure 3.6 do

show this quality. Instead, variables are bunched toward the left side of the graphs in m

cases, indicating that the typical global variable is only used in a handful (a couple o

dozen or less) locations in the program source.

This section has provided information about the global variables in the SPECin

programs and shown that allocation of global variables to registers could have a ver

nificant impact on performance because there are so many globals. For certain clas

benchmarks, global variables are aliased a lot and could benefit from the SRF desig

sented earlier in the chapter. The next section does a similar analysis for local varia

3.4.3 Local Variables

Table 3.3 shows how many local variables appear in the static representation o

SPEC programs and of those how many can be allocated to registers for their entire

time. The data show that for go, li, m88ksim, and vortex, a significant percentage of 

ables have their address taken and cannot be allocated to a register for their entire life

The SRF processor could allocate these variables to indirect registers. Of course, so

those variables could be placed into registers for part of their lifetime using the regis

promotion optimization mentioned earlier. The following are the reasons why so man

local variables are used by address:

1. In go, there are many calls to list manipulation functions which take a poin

to an index into the list and potentially modify it

2. In li, the first parameter (a pointer to a list node) of many functions is passe

another function called xlarg. It is passed by address and modified.

3. In m88ksim, there are many calls to a function rdwr() which reads or writes

simulator memory; it takes a pointer to a value which is either read from (o
42
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memory write) or written to (on a memory read). Error messages and statis

printing are also a major source of addresses being taken.

4. In vortex, there are many call sites to TmFetchCoreDB where a pointer to

pointer is passed; the pointer is modified.

Of the remaining benchmarks (compress, gcc, ijpeg, and perl), only 2 to 4% o

variables are not allocatable to registers.

The data in the Table 3.3 does not show what happens when aliased data is

included in the allocation because we do not yet have a simulator capable of execut

code for the SRF-based processor. It also does not consider local or global complex

types like structures and arrays, whose individual elements can be allocated to SRF

entries.

Static and dynamic frequency counts for all local variables in SPECINT95 are

shown in Figure 3.8 and Figure 3.9, respectively. Similar conclusions can be drawn 

local variables that were drawn for global variables. The benchmarks go and vortex sh

significant number of heavily used local variables are potentially aliased. These two 

joined by li95. Li had no aliased global variables to speak of, but we see that it there a

least 40 aliased variables which are used heavily compared with the 300 or so unali

variables.

The dynamic frequency graphs show the same kind of bimodal distribution th

was noted earlier regarding the frequency counts of global variables. This information

Benchmark Local Variables Allocatable Not Allocatable % Not
Allocatable

compress 116 114 2 2%

gcc 19811? 19057? 754? 4%?

go 3608 3503 105 3%

ijpeg 3175 3155 20 1%

li 1806 1516 290 16%

m88ksim 1658 1562 96 6%

perl 2512 2476 36 1%

vortex 11970 10660 1310 11%

Table 3.3. Local variable statistics in SPECint95.
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be used to guide register allocation decisions to keep the most important variables in

ters.

3.5 Summary

This chapter has introduced the smart register file and discussed several pote

advantages to this structure over current microprocessor architecture. These benefits

mainly from eliminating explicit load and store operations as well as allowing prefetch

and code scheduling flexibility. The SRF allows more classes of values to be allocat

registers.

The second half of the chapter shows some experimental evidence that there

significant amounts of data in the aliased and global classes which the SRF attempt

enregister. The benchmarks which seem to be most amenable to SRF optimization a

vortex, and li. These benchmarks generally have high percentages (more than 10%

variables that cannot be allocated to registers using conventional means. Future wor

quantify this further.
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Figure 3.6. Static global variable frequency counts for SPECint95.
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Figure 3.6 (cont). Static global variable frequency counts for SPECint95.
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Figure 3.7. Dynamic global variable frequency counts for SPECint95.
47



/n/rodan/l/users/postiffm/papers/proposal/Chapter3.fm May 28, 1999 8:03 am
0

0.5

1

1.5

2

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

m88ksim.freqData.dynamic.global.unalloc

0

10

20

30

40

50

60

70

80

90

100

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

perl.freqData.dynamic.global.alloc

0

0.5

1

1.5

2

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

perl.freqData.dynamic.global.unalloc

0

20

40

60

80

100

120

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

vortex.freqData.dynamic.global.alloc

0

10

20

30

40

50

60

70

80

90

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

vortex.freqData.dynamic.global.unalloc

Figure 3.7 (cont). Dynamic global variable frequency counts for SPECint95.
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Figure 3.8. Static local variable frequency counts for SPECint95.
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Figure 3.8 (cont). Static local variable frequency counts for SPECint95.
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Figure 3.9. Dynamic local variable frequency counts for SPECint95.
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Figure 3.9 (cont). Dynamic local variable frequency counts for SPECint95.

0

100

200

300

400

500

600

700

800

900

1000

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

li95.freqData.dynamic.local.alloc

0

20

40

60

80

100

120

140

160

180

200

0-2 3-4 5-6 7-8 9-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-9091-100 101+ 1001+

N
um

be
r 

of
 V

ar
ia

bl
es

Frequency Count Bin

li95.freqData.dynamic.local.unalloc
52



/n/rodan/l/users/postiffm/papers/proposal/Chapter4.fm May 28, 1999 8:03 am

r file

lter

tel

d to

rep-

ssen-

d,

llows

ophis-

om-

nd

’s

s to

m.

hich
Chapter 4

Engineering

This chapter discusses the tools that we have developed for the smart registe

research, namely the MIRV experimental C compiler, its associated block profiling fi

and the graph-coloring register allocator.

4.1 The MIRV Experimental C Compiler

The MIRV Compiler [52] is a C language compiler currently targeted to the In

IA32 architecture (80386, 80486, Pentium, and Pentium II). It is also being retargete

the SimpleScalar and ARM architectures. MIRV is based on a high-level intermediate

resentation (IR) which allows very high-level transformations to the program code, e

tially at source code level. This form is similar to that used in SUIF [78]. When printe

the tree is emitted in a prefix linear form, where the context of the prefix operators a

efficient code generation in a single pass. The structured tree also allows for more s

ticated code generation and register allocation, which will be described below. The c

piler currently compiles the SPEC95 integer benchmarks, the game called DOOM, a

many other benchmarks and regression tests.

The MIRV IR was originally designed for program distribution, similar to JAVA

but currently it serves as the IR for a conventional optimizing compiler. The MIRV IR

operators are described in Table 4.1. Note that the term “MIRV” is overloaded: it refer

the compiler or the IR, depending on the context.

The remainder of this section will describe how MIRV compiles a typical progra

Some parts of the compiler are particularly relevant to the present work and will be

described in more detail than the other parts. Section 4.2 details a middle-end filter w
53
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tion

nt

. The

rans-

e

enables MIRV to do block-level profiling for path frequency and data use analysis. Sec

4.3 describes the register allocation step of the compiler.

4.1.1 The Overall Flow

A diagram of flow of MIRV compilation is show in Figure 4.1. The ovals represe

files and the arrows are the compiler steps to transform the source into an executable

steps are described in each of the following subsections.

4.1.2 The Front End

The MIRV compiler currently has one frontend which translates ANSI C into

MIRV IR. C source is parsed by the Edison Design Group C/C++ frontend [54] and t

formed into MIRV. This MIRV can be written to a file or operated on in memory by th

optimization filters.

Class Operator

Arithmetic add, div, mod, mul, neg, pow, sub, sqrt

Bitwise and, cpl (complement), or, rol, ror, shl, shr, xor

Boolean cand, cor, eq, le, lt, ne, not, ge, gt

Casting cast

Control flow destAfter, destBefore, funcCall, gotoDest, if, ifElse, return

Looping doWhile, while

Assignment assign

Object reference cref - specifies a constant value
vref - specifies a variable object
deref - specifies a reference through pointer
aref, airef - array access through direct object or pointer
vfref vfiref - field access through direct object or pointer

Object size sizeOf

Table 4.1. The MIRV IR operators.
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4.1.3 Optimization Filters (The Middle End)

The “middle end” of the MIRV compiler consists of many “filters” which collec

information about the code and optimize it. The filters are designed with a modular i

face so that they are easy to write.

The filters currently implemented in MIRV are show in Table 4.2. The second

umn indicates whether the filter is for transformation (T), analysis (A), or instrumenta

(I). The block profile filter will be described in more detail in Section 4.2.

4.1.4 The MIRV Linker

An important feature of the MIRV compiler is the MIRV linker. This program

reads several MIRV files and links them together into a single large MIRV file. The link

files, which are usually a whole program (minus standard libraries) can then be optim

together.

Figure 4.1. The MIRV compilation process.
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Filter Description

CSE T Traditional common-subexpression elimination.

LICM T Traditional loop-invariant code motion.

Arithmetic simplification T Simplifies computations like x + 0 to x.

Array to pointer T Convert array references to explicit pointer arithme

Block Profile I Add a counter array and counter increment stateme
in each block statement in the program.

Call graph A Gathers function call information and creates call
graph.

Cleaner T Flattens nested block statements.

Constant fold T Evaluates expressions whose operands are consta

Constant propagate T Propagate constants through assignments to late

Copy propagate T Propagates variable through a copy to later uses.

Dead code removal T Delete dead code from MIRV tree.

Definition-use A Traditional reaching definition analysis. Marks the
definitions that reach a use.

Frequency count A Mark each variable with a count indicating how
many times it is used or defined in the program. This
can be done statically by estimating loop trip count o
dynamically if the block profiler has been used to
instrument the program.

Function inline T Inline a function at a given call site.

Label removal T Recognize structured gotos and replaced with con-
tinue/break.

Live variable A Traditional live variable analysis. Determines which
variables are live at each point in the program.

Loop inversion T Change while loops to an if followed by a do-while.

Loop unroll T Traditional loop unrolling for loops with constant
bounds.

Read-Only Data A Determine which scalar and array data is only used
a use context.

Reassociation T Puts expressions into sum-of-product, left associat
constants-in-front form.

Statistics A Counts nodes and variables in the MIRV tree.

Strength reduction T Convert complex operations into simple ones (mul
ply to shift, divide to shift, mod to mask).

Table 4.2. The MIRV analysis and transformation filters.
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Currently the only inter-procedural optimization which MIRV implements is fun

tion inlining. The linker allows the inliner to view the whole program at once, build th

call graph, and decide which functions to inline based on their characteristics (how m

call sites are they called from, whether they are leaf functions, etc.)

4.1.5 MIRV simulation

Another program that operates on linked MIRV programs is the MIRV simulat

[53]. This program simulates a MIRV program and can annotate the MIRV IR with in

mation about path frequency, branch prediction accuracy, data reference patterns, a

host of other information. It implements system calls with stubs.

4.1.6 The Back End

The MIRV backend is the portion of the compiler responsible for translating MIR

IR into assembly code for a specific target architecture. Currently, the only target is t

Intel IA32 architecture, but ports to SimpleScalar and ARM are being planned. It acc

plishes this task in five major phases. Each function in the input MIRV is processed 

rately by the backend according to the following phase order (the backend does no 

procedural optimizations):

1. Convert MIRV into the Medium Level IR (MLIR). The MLIR is a quad repre

sentation of the function which assumes an infinite number of symbolic re

ters. Each quad contains an operator, a destination, and two source opera1.

This MLIR is structured around a basic block representation. The control fl

instructions refer to labels which are names for basic blocks.

Web splitting T Splits a given variable into several variables, one fo
each web.

1. There are some exceptions. The MLIR instruction called “block copy” takes three sources. Mul
tiply-accumulate is another example that takes three sources.

Filter Description

Table 4.2. The MIRV analysis and transformation filters.
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2. Simplify the MLIR. This task, calledlowering, simplifies each quad to the

point that it can be executed directly on the target architecture. The resultin

is called the Low Level IR (LLIR). An important part of this step is the han

dling of machine-dependencies such as instructions which require specific

isters. Instructions are inserted into the IR which copy the symbolic registe

or from a machine register. The later coalescing phase of the register allo

attempts to remove as many of these copies as possible by directly alloca

the symbolic register into the particular machine register. If no such alloca

can be made, the copy remains in the code. In this way, sources and dest

tions of odd instructions on the x86 such as block copy (esi/edi), divide an

modulo (eax/edx), shift (ecx) and return values (eax) are allocated to the pr

registers.

3. Register Allocation. Map the infinite symbolic register set into the limited r

ister set of the target architecture. This will be described in detail in Sectio

4.3.

4. Instruction Scheduling. Rearrange the instructions in each basic block to

increase overlap in instruction execution.

5. Assembly Emission. Print out the final assembly code.

More sophisticated phase orders have been discussed in the literature; these

tively run scheduling and register allocation or combine scheduling and register alloca

into one pass but MIRV does not implement them. Besides the optimizations related

register allocation, strength reduction and constant folding are the only optimizations

the backend. Other low-level (traditional) optimizations are being planned.

4.2 The Block Profile Filter

The block profiling filter reads a linked MIRV program and produces one whic

when run, will produce a data file containing a counter for each block statement in the

gram. The value of the counters equals the number of times that the block statemen

reached during the execution of the program.
58



/n/rodan/l/users/postiffm/papers/proposal/Chapter4.fm May 28, 1999 8:03 am

u-

state-

d the

ts.

s. In

n the

 and

t of

ister

ause

ode.

ere the

m-

ister
Block profiling is actually done with a combination of two filters. The first instr

ments the program by adding the code to increment the counter values at each block

ment. An array of counters is dynamically allocated before the program run begins an

array is dumped to disk immediately at the exit of the program.

After running the program on a training data set, the counter values are thenback

annotated into the original program source as attributes on the MIRV block statemen

These attributes can then be used by filters for a number of analyses or optimization

our case, we use the counts to determine how many times a variable is referenced i

program. For example, if a variable is referenced in two blocks whose counts are 10

15, then the variable is given a frequency count of 25. This dynamic frequency coun

the variable can be used to determine the importance of the variable in terms of reg

allocation.

The count data produced by the block profiler is not completely accurate bec

block statements do not always correspond to basic blocks in the program’s object c

Thus, there are a few cases such as unstructured code and early exits from loops wh

block counting will not produce completely accurate results.

4.3 Register Allocation and Spilling

The MIRV register allocator performs the following steps. Explanations are si

plified for the sake of brevity and we assume the reader has some familiarity with reg

allocation terminology [12, 13, 14].

1. Build the control flow graph (predecessor and successor information)

MIRV code Assembly

Figure 4.2. Operation of the MIRV backend.

MIRV MLIR MIRV LLIR

3. Register Allocation

4. Instruction Scheduling

2. “Lowering”1. Parser
5. Assembly
Emission
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2. Perform variable definition/use analysis and iterative live variable analysis

3. Build the interference graph. The MIRV register allocator is modeled after

standard Chaitin/Briggs register allocator [12, 13, 14]. The allocator assig

the symbolic registers to machine registers. Since in general there are mo

symbolic registers than machine registers, the allocator algorithm perform

packing algorithm which in this case is cast as a graph coloring problem. 

nodes of the graph represent machine and symbolic registers and the edge

resent interferences between the nodes. The interferences indicate when

values cannot be assigned to the same register. This is determined by exa

ing the live variable analysis results and determining what variables are si

taneously live.

4. Coalesce nodes of interference graph. Coalescing has several important 

tures: it removes unnecessary copy instructions; it precolors certain symb

registers; it allows easy handling of idiosyncratic register assignments for 

cial instructions and for the calling convention; and it allows the compiler t

Figure 4.3. Operation of the MIRV register allocator.

MIRV LLIR

LV Analysis Build IF Graph Coalesce

Spill CostsColorSpill Code

Done

done
coalescing

5. not done
coalescing

done coloring

8. not done coloring

CFG Build1.

2.

3.
4.

6.7.

9.
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seamlessly handle two-operand architectures such as the x86. Coalescin

be described in more detail in the next subsection.

5. Repeat steps 2 through 4 until no more coalescing can be performed.

6. Compute spill cost of each node. Variables which are used more frequently

determined by a static count) are given higher spill costs. The spill cost de

mines which variables are selected first for spilling during the insertion of s

code.

7. Attempt to color graph. As in [14] our allocator speculatively assumes tha

nodes can be colored and only when a node is proved not to be colorable

spilled. Assign a color to every node that can be safely colored.

8. If the graph is not colorable, insert spill code. All registers which were not

assigned a color by step 7 are spilled. Spilling will be described in a later 

section.

9. Repeat steps 2 through 8 until the interference graph is colorable.

4.3.1 Coalescing

Register coalescing combines nodes of the interference graph before colorin

attempted. It attempts to transform copy instructions of the form assign sX -> sY and

cate symbolic registers sX and sY to the same register. It can do this if sX and sY do

interfere (their live ranges do not overlap). If so, the assignment can be removed, an

references to sX are changed to refer to sY. We say that sX has been coalesced with s

the result register is sY. This results in the elimination of the sX node from the interfere

graph which simplifies the later graph coloring step. This optimization is really globa

copy propagation, since it removes a copy instruction and propagates the result regis

all other use and definition sites. It is very effective since it runs late in compilation.

Which of sX or sY we choose to keep as the result register is only a matter o

implementation, except when one of the sX or sY is a machine register. Then the coal

must keep the machine register because a machine register cannot be removed from

interference graph. This is useful, as was mentioned before, because it allows the e

IR lowering phase of the backend to insert fixup code which contains machine regis

specifiers. This fixup code is executed without regard for how many copy instruction
61
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inserted or where they are inserted. The fixup code simply ensures that if a specific re

assignment is required by the architecture, a copy instruction is inserted whose sourc

symbolic register and whose destination is a machine register (or vice versa). Coale

also assists in handling two-operand architectures such as the Intel IA32, as will be

explained below.

The example in Figure 4.4 demonstrates why these features of coalescing ar

ful. In the C code, a left shift operation is requested. The IR equivalent is shown in (b)

the IA32 architecture, the shift amount must be placed into the %ecx machine regist

the lowering phase inserts a copy of sB into %ecx (c). It also inserts a copy of sA to 

because the IA32 only allows two operand instructions (a = b + c must be implemente

two instructions: a = b and a += c)1. In the example, two coalescing operations occur

between steps (c) and (d). The first coalescing operation occurs because sB is copi

%ecx and those two registers do not interfere (b). So sB is coalesced into %ecx, effec

pre-allocating sB before the graph coloring even runs. The second coalescing opera

occurs because sA and sD are known not to interfere (from (a)). The lowering phase

insert as many copies as it needs to put the code into a form that is acceptable to the

architecture, and the register coalescer removes (propagates) as many of those copi

can by pre-allocating symbolic registers into other symbolic or machine registers.

The pre-allocation feature of coalescing is particularly useful to handle specifi

register assignments of the machine architecture. But the IA32 architecture also req

that operate instructions such as addition take only two operands – one source and a

1. This explanation is simplified, as will be shown later in this chapter.

C Code IR Lowered IR Machine Code
a = 1;
b = 13;
...
d = a << b;
<a and d don’t
interfere after
this>

assign 1 -> sA
assign 13 -> sB
...
sD <- sA << sB
<sB doesn’t
interfere with
%ecx>

assign 1 -> sA
assign 13 -> sB
...
assign sB -> %ecx
assign sA -> sD
sD <<= %ecx

movl 1,%eax

...
movl 13,%ecx

shll %ecx,%eax

(a) (b) (c) (d)

Figure 4.4. An example demonstrating the utility of register coalescing.
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nation which doubles as a source. In other words, a = b + c is not valid for the IA32, b

= a + b is valid. The naive solution to this problem is shown in Figure 4.5. Here, the th

operate format a = b + c has to be broken down into two simpler instructions – a = b a

= a + c.This is the technique used in [14]. We call this process “inserting the two-oper

fixup instructions.”

There are two problems with the solution shown in Figure 4.5. As far as we kn

neither problem has been described in the literature, perhaps because experiments

always run on a RISC (3-operand) architecture and not verified on the (2-operand) I

The first is shown in Figure 4.6. In this case, a = b - a, thesimple transformation described

above overwrites the value of a, which is needed as the second source of the compu

In general, this kind of sequence requires three instructions and a temporary variable

correct, as shown in Figure 4.6(d)1.

The second problem with the solution used in Figure 4.5 is more subtle beca

generates suboptimal (but correctly functioning) code. The two-operand simplificatio

1. There are some cases which could be specialized by using negate or some other clever seque
of instructions; our compiler chooses the straightforward approach shown in the figure.

C Code IR Two-operand
Lowered IR

a = b + c sA = sB + sC sA = sB
sA = sA + sC

(a) (b) (c)

Figure 4.5. Coalescing for a two-operand architecture.

C Code IR Incorrect Two-
operand Lowered IR

Correct Two-
operand Lowered IR

a = b - a sA = sB - sA sA = sB
sA = sA - sA

sT = sB
sT = sT - sA
sA = sT

(a) (b) (c) (d)

Figure 4.6. Failure of the simple-minded coalescing algorithm. For a two-operand architec-
ture, the algorithm does not work. The value of sA has been overwritten in (c). The correct code is
shown in (d).
63



/n/rodan/l/users/postiffm/papers/proposal/Chapter4.fm May 28, 1999 8:03 am

rand

e coa-

e it

a-

ng

d

id

e

be

an be

nds

 to

the

 less

at a

nd

e IR

d so

ible in

ee to

case,
was performed in the IR lowering phase. However, the best place to do the two-ope

modification is in the coalescer and not in the IR lowering phase. This is because th

lescer has information regarding interference of registers. This is convenient becaus

allows the selective insertion of two-operand fixup instructions. In MIRV’s implement

tion of this more sophisticated approach to coalescing, the backend uses the followi

steps to determine if it can coalesce the operands of an instruction:

1. For a copy instruction of the form a = b, coalesce a and b if possible. The

remainder of the algorithm is checking for two-operand optimizations.

2. If the machine requires two operand instructions, check the destination an

first source operand. If they can be coalesced, do so. In this case, we avo

inserting any fixup code for the two-operand machine.

3. Again, for a two-operand instructions, if step 2 did not work, examine thos

instructions which are commutative. Check dest and source2. If they can 

coalesced, do so and swap source1 and source2.

4. If both steps 2 and 3 did not coalesce the operands, then no coalescing c

performed, either because the operator is not commutative, or both opera

are simultaneously live with the destination. Only in this case do we need

insert the two-operand fixup instructions.

If two-operand fixup instructions are inserted too early (in the lowering phase),

opportunity to swap operands later and coalesce them is lost forever. This produces

than optimal code. This is demonstrated in Figure 4.7. Since the coalescer knows th

and c are not simultaneously live, it can swap their positions in the add instruction a

allocate them to the same register and avoid any two-operand fixup instructions. Th

lowering phase cannot know this since it has not computed liveness information, an

must insert the two-operand fixup. Since a and b do interfere, no coalescing is poss

Figure 4.7(c).

4.3.2 Spilling

During graph coloring, a node may be encountered which we cannot guarant

receive a color because it has more neighbors than colors (registers) available. In this
64
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we may need to generate spill code. There are three major phases to the insertion o

code.

Before coloring begins, the spill cost of each node in the graph is computed.

Machine registers receive an infinite spill cost (machine registers cannot be spilled i

algorithm). Symbolic registers receive a cost which is based on their static usage co

This count is called the “frequency count” and is weighted by loop nesting level so th

uses in loops receive higher usage count. Compiler-generated temporaries are give

slightly higher spill cost because they typically have very short live ranges and spillin

them would hurt performance and not significantly impact the colorability of the inter

ence graph.

During coloring, if we find that we cannot remove any nodes from the graph wh

have degree less than or equal to the number of colors (registers) available, we sele

spill candidate. The symbolic register selected for spilling has the lowest spillCost / de

ratio. This is a common heuristic for selecting a spill candidate [14] which tries to sele

spill candidate with low spill cost (to reduce impact on execution time) and one which

remove a lot of edges from the graph (to make the remaining nodes easier to color).

the spill candidate is selected, it is speculatively assumed to be colorable and the col

algorithm continues. Only after color assignment finishes and we have determined t

fact no color was assigned to a spill candidate do we actually insert spill code for it. 

non-speculative version of this algorithm would, upon selecting a spill candidate, imm

ately spill it.

C Code IR Two-operand fixup
in lowering stage

Two-operand fixup
in coalesce stage

a = b + c
<a and c do not
 interfere, a
 and b do>

sA = sB + sC sA = sB
sA = sA + sC

sC = sB + sC
<sA has been
 allocated to
 sC’s register>

(a) (b) (c) (d)

Figure 4.7. Early insertion of two-operand fixup code. Knowing the register interference infor-
mation allows more effective coalescing. Since variables a and b interfere, the early coalescing
algorithm gives up and inserts a copy instruction, as shown in (c). However, since variables a and
c do not interfere, a can take up residence in c’s register after the addition operation. The final step
in (d) is to swap the sB and sC operands of the addition (not shown).
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After we determine that there were some nodes that were not colored, we ins

spill code for those nodes. This consists of walking the list of registers, and for each

that did not receive a color, we insert a load before each use of that symbolic register

store after each definition of it. A later peephole pass can eliminate redundant loads

stores. The loads and stores effectively chop up the live range of the variable into m

small pieces. When the next interference graph is built, there will be fewer edges be

the spilled symbolic register has very short lifetimes (much like a compiler-generated

porary).

Live range splitting and rematerialization are not present in the current versio

the register allocator. These optimizations reduce the cost of spill code [14].

4.4 Summary

This chapter has described the MIRV experimental C compiler which has bee

developed as a research vehicle for a variety of research projects. In this work, we wil

it to examine the SRF and variant smart short term memories. The register allocator

described in detail as it will form the basis for the SRF compiler transformation.
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Chapter 5

Proposed Research Plan

This research will study in detail the Smart Short-Term Memory introduced ear

as well as related mechanisms. The major results expected from this project are com

and simulator-based studies of the Smart Register File, and a set of code generatio

rithms that target the SRF.

In summary, we will proceed in three major phases:

1. Complete a detailed analysis of the smart register file concept. This will re

in several alternate designs which will be implemented in steps 2 and 3.

2. Modify our experimental C compiler, MIRV, to work with SimpleScalar and

the smart register file.

3. Incorporate the smart register file into the SimpleScalar simulator and quan

the performance gains for a range of benchmarks.

The remainder of this chapter details these elements of future work, primarily

through a series of lists enumerating future work, questions to be answered, and so

5.1 Smart Register File Design

The essential elements of the SRF instruction set architecture were presente

Chapter 3. Various implementations of this basic architecture will be examined. There

a plethora of unanswered questions regarding the SRF design presented:

1. What are all the kinds of loads and stores can the SRF eliminate? How is m

ory traffic affected?

2. How does it handle structures and heap data, which are often aliased?

3. How does it handle overlapping data and data of non-integer size?
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4. To be effective, does the SRF have to be coupled with a certain kind of da

cache? That is, one that is small and highly ported, or is a conventional L1 d

cache good enough? If the former, is it subject to low hit rate or is it otherw

ineffective at capturing data locality as some research has suggested [44]

5. How much does prefetch on address load improve performance?

6. What are the implications on various compiler optimizations? Does the SR

enable more optimizations?

7. For a more sophisticated implementation, what kind of penalty occurs on 

alias condition? How often does an aliasing condition actually happen? H

much data is aliased?

8. Does it help performance to allow loads to be scheduled above control flow

which they depend?

5.2 MIRV Modifications

Our primary research tool, the MIRV compiler, will be modified to generate co

for SimpleScalar. The port of the existing x86 backend to the MIPS/SimpleScalar ISA

already begun. SimpleScalar is widely used in the research community and our port

MIRV will be a valuable addition to the toolset.

The frontend of MIRV currently only computes conservative intraprocedural a

information process. However, the MIRV-level linker means the compiler is capable o

performing whole program analysis. The implementation of a more sophisticated inte

cedural alias analysis is a necessary component of this study because better alias a

allows more aggressive placement of variables into registers. We will also modify the

MIRV value profiler to determine how much aliasing actually happens at various are

interest in the program.

To compare our technique against the purely software technique of register pr

tion, the compiler will need to be modified to allow promotion of variables into registe

during unaliased ranges of their lifetime.
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Once this and other infrastructure is in place, the MIRV compiler will then be

modified to generate optimized code for the SRF-based processor described in this 

posal.

5.3 SimpleScalar Modifications

The research proposed herein cannot be successful without both a compiler 

ponent and a microarchitecture component. The SimpleScalar toolset [11] is a generi

cessor simulation environment based on either the Alpha or SimpleScalar portable

instruction set architecture (PISA). This research will use the PISA architecture1 because

the encoding allows register identifiers and opcodes to be added to the ISA. The simu

and tools will be modified to support 256 registers, the indirect mode of data access

modified data cache, and other structures necessary to implement an SRF processo

will not only provide performance numbers but will also serve as a validation of the c

piler techniques used to generate SRF-optimized code.

The modified SimpleScalar simulator and the optimizing compiler will we be ev

uated together. We will quantify the performance improvements to be gained from th

SRF. The studies will include measurements of the effectiveness of the SRF to redu

number of load and store instructions, and its ability to enable other large-scale opti

tions such as loop unrolling and procedure linkage. We will provide extensive data o

behavior of the SRF over a wide range of benchmarks. It is important to evaluate oth

benchmarks because SPECint 95 does not stress the memory system as much as c

cial workloads [30].

We expect the results from this task will be used to iterate on the implementa

of the SRF.

5.4 Summary

Except for work on IMPACT, Intel’s EPIC architecture, and CRegs, previous wo

has not been able to assume that the hardware can do alias checking with values in

ters. Our plan for hardware assisted alias checking allows data values to be allocate

1. PISA is a straightforward extension of the MIPS IV instruction set architecture.
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registers that could not be allocated using earlier techniques. In previous work, such

value could not be allocated to a register or its use would be split across regions whe

alias could occur by inserting instructions to move the data back and forth between 

ters and memory. The smart register file will also allow these instructions to be remo

Also, the SRF implementation does not require associative logic as does the previou

CRegs work.

Previous work has focused on optimizing register allocation for a small numbe

registers (a dozen or two). This optimization process includes tightly packing local v

ables and temporary values in registers so that spill code is minimized—the part of t

(compiler-generated) program that handles the need to free up registers during the 

of a program’s execution. Our work removes the restriction of a small number of regis

and focuses on how to best use a very large number of registers across the whole pro

The spill code is greatly reduced, further speeding program execution.

In summary, the SRF proposed here will allow more kinds of variables to be a

cated to registers. These include aliased variables and global variables. This means

efficient use of existing register files and the possibility that larger register files can b

used more efficiently. The SRF also allows loads to be scheduled above potential de

dent branches, thus allowing prefetching and unsafe loads to be executed without g

tion of spurious exceptions.

Performance data generated by this research will guide further development o

SRF. Later research will seek to further integrate register allocation, alias analysis, a

general compiler control of on-chip memory. Two examples of such related research

which we are now examining are as follows:

1. Register-pressure-directed function inlining. Function inlining only makes

sense at call sites where there will not be a large amount of spill code intr

duced by the insertion of the function at the call site.

2. Using floating point registers as spill memory. Similar to the Compiler Con

trolled Memory research in [8], this puts the most important spill values in

floating point registers in an attempt to avoid the memory interface as muc

possible.
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While these optimizations are somewhat orthogonal to those presented in the

of this proposal, they are all related to more efficient use of the register file and relate

chip memory of a microprocessor.
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