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Abstract

We show how to generate the back end of an optimizing compiler
from a formal description of the syntax and semantics of rimech
instructions. Our generated back endsif86, ARM, and PowerPC
perform as well as their hand-written counterparts. Autibicrgen-
eration is enabled by two new ideas: a model of machine-tmk
putation that reduces back-end generation to the probldmadng
implementations of about a hundred simple, machine-lepeta
tions; and an algorithm that finds these implementationsdog-c
bining machine instructions.

1. Introduction

Writing a back end for an optimizing compiler is difficult. &h
compiler writer must know not only the syntax and semantics o
the target instruction set but also the internal data sirestand
invariants of the compiler, which can be very complex. Faarge
the state of the art has been to write back ends using domain-
specific languages which combine knowledge of the compiler’
data structures with knowledge of the target machine.

We present a new technique which realizes a goal long sought
in the compiler community: decoupling compiler knowledgenfi
machine knowledge. Using our system, the compiler writer ta
gets an expressive, low-level language which hides almbfsicas
about the machine; the back end is generated automaticaty f
declarative machine descriptionhich are completely indepen-
dent of the compiler.

A declarative machine description contains no code; itidess
properties of a machine using a well-defined formalism thatde-
pendent of any particular tool or programming language eikam-
ple, SLED descriptions specify the binary and assembly dings
of machine instructions (Ramsey and Fernandez 1997))\dRitL
descriptions specify the semantics of machine instrustiamsey
and Davidson 1998). Unlike a “machine description” thaickes
together fragments of C code, a declarative machine deiscrip
is amenable to analysis and can be reused to build multipls,to
including assemblers and disassemblers (Ramsey andriéema
1995), linkers (Fernandez 1995), dynamic code genergfars-
lander et al. 1996), debuggers, binary translators (Ctesgran
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and Ramsey 2006), the work described here enables us tcatener
back ends automatically. Our contributions are as follows:

* \We have developed a new model of machine-level computation.
By analyzing this model, we have found a way of decomposing
register transfers intbles, where a tile represents a simple op-
eration such as a sign-extending load or a three-registér ar
metic operation (Sectidn 2.2). The decomposition is theesam
for every target machine and is implemented once.

Given declarative descriptions of a target machine, we dave
veloped an algorithm which enables us to find an implemen-
tation of each tile using a sequence of target-machineuostr
tions. Our search algorithm uses three simple ideas: amjoi
algebraic laws to find more ways of using instructions (Sec-
tion[3.2.1); compensating for instructions’ unwanted sifie
fects (Section 3.2]2); and identifying distinguishablel an-
distinguishable register sets and memory locations anéhfind
ways to move data between them (Section 3.2.3).

We show that given an arbitrary machine, finding implementa-
tions of tiles is undecidable (Sectioh 4). But real machiaes

not arbitrary, and we have generated working back ends &y x8
ARM, and PowerPC targets. The generated code is as good as
code generated by hand-written back ends (Section 6); the ke
technique that makes this possible is that optimizatiors afin

ter instruction selection, so it is actually better if the instion
selector emits naive code (Benitez and Davidson 1994).

The import of these contributions is that a good, reliablekbend

for an optimizing compiler can be built more quickly and more
easily than ever before. Our work also has software-engimge
benefits: writing a declarative machine description is ificemtly
easier than writing a back end; the generated back end is much
less likely to contain errors than a hand-written back engc{S
tion[6.1.1). Moreover, errors that originate in faulty miaehde-
scriptions can often be found by independent testing tdedsnan-

dez and Ramsey 1997; Bailey and Davidson 2003).

2. Instruction selection and register transfers

Emmerik, and Ramsey 1999), and compilers (Dias and Ramsey The heart of a back end is the instruction selector, whichaigpr-

2006). Declarative machine descriptions are also smalleasy
to reason about; even the combination of a SLED aneRTL ma-
chine description can be one-tenth the size of one of the Hinac
descriptions” used to retargetc. And by design, declarative ma-
chine descriptions can be written by a machine expert whavkno
nothing about the internals of any compiler.

The primary contribution of this paper is to show how to gener
ate an instruction selector from a declarative machinerigssm.
Building on earlier work (Olinsky, Lindig, and Ramsey 20@ias
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mediate code to machine code. We follow the lead of Davidsdn a
Fraser (1980, 1984) in dividing this problem into two pafitst, the
compiler writer extends the front end with a hand-writtempo-

nent that translates from intermediate code into low-lesgister-
transfer lists or RTLs. Then, the back end translates these RTLs
into machine instructions. In the work of Davidson and Frase
however, as well as in follow-on work by Benitez and Davidson
(1988),bothparts are machine-dependent and must be written anew
for each machine. The reason is that in Davidson’s compiéash
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Literal constant k

RTL operator @

Storage space s

Expression e = kl|l|®(et, - ,en)
Location l = $slel | name
Assignment f = l:=e¢

Guarded Assignment g = e-—>f

RTL r = g{lg}

Figure 1. Grammar for register transfers.

RTL must be representable by a single instruction on thetang-
chine.

Our compilers, by contrast, require only that the front erm p
duce well-typed RTLs in which no expression is wider than a ma
chine word. The front end therefore needs to know almostimgth
about the target machine: only the word size and possiblypyte
order. It is reasonable to writene front end which emits RTLs
that will run onany 32-bit machine; indeed, one of our colleagues
has done so for the pedagogical language Tiger (Appel 1988; G
ereau 2004). We have also written a single RTL emitter fonthe
C compiler/(Fraser and Hanson 1995); we use this emitter édti-m
ple targets by abstracting over byte order and ovel tiemetrics
which give the size of each C type.

Given well-typed RTLs, we translate them into machine instr
tions using back ends that are generated automatically 8bED
and \-RTL descriptions. These descriptions know nothing about
any compiler’s intermediate code, and as noted above, theg h
been reused to generate a variety of other tools.

2.1 Representing code as register transfers

Our surface notation and our internal representation oisteqg
transfers are based on those BRTL (Ramsey and Davidson
1998). Register transfers are composed primarily feaqpressions
locations assignmentsandRTL operatorsinternally, each expres-
sion and location has a width, but normally these widths are i
ferred using a variation of Damas and Milner’s (1982) aldpomi.
For readability, we therefore omit widths from the exampethis
paper and from the simplified grammar in Figure 1.

An expression is either a literal constant, a fetch from ation,
or the application of an RTL operator to sub-expressionglisg-
tions of many binary operators can be written using infix tiota
An RTL operator always represents a pure computation orelit v
tors; our library of about 90 operators includes standategier,
logical, and IEEE floating-point operations. If these daniffice to
describe the semantics of an instruction, a machine deisripan
introduce new operators.

A location is a cell in astorage spaceevery byte in memory

ends to emit RTLs, we provide a language called Gvhich pro-

vides an ASCII syntax as a thin veneer over RTLs (Peyton Jones
Ramsey, and Reig 1999; Ramsey and Peyton Jones 2000). We have
thereby reduced instruction selection to the followingjbem:

Given a well-typed RTL expressiarand a machine register
rd of a suitable width, how can we put the valueeointo
registerrd using only instructions available on the target
machine?

Before getting into details, we show example solutions wlaes
the bitwise complement of a value in a register, or in RTL
notation,com($r [rs1).

We might hope to find a single instruction with the seman-
tics $r[rd] := com($r[rs]), but today’s architectures lack two-
register bitwise-complement instructions. There are, dvan
plenty of useful alternatives. On the PowerPC, for examgene
of the logical instructions compute the complement of theoed
operand before computing the logical operation. dhe instruc-
tion computes the logicar of a registe$r [rs:] and the comple-
ment of another registéir [rs2], that is,orc is represented by the
RTL $r[rd] := or($rlrsi], com($rlrs21)). If we first store
the value0 in the registe$r [rs:], the instruction will compute
the ofor (0, com($r[rs21)), which is equivalent to the comple-
ment of$r [rs2].

Another useful alternative, found on th@6, is an instruction
that computes the bitwise complement of a value in a registdr
then places the resultin the same registefird] := com($r [rd]).
To compute the complement of some other registers], we
must first copy$r [rs] to $r[rd], then execute the complement
instruction.

These examples hint at our solution to the problem above: we
first show that provided it is not too wide for the machine, any
well-typed RTL expression can be placed into a register byra-c
bination of simple RTLs we caltiles; the example assignment
$r[rd] := com($r[rs]) is one such tile. We then present an al-
gorithm that is given a machine description and that grdyal-
larges the set of RTLs it knows the machine can compute, Btgpp
when the set contains all the tiles.

2.2 Reducing register transfers to tiles

Our decomposition of RTLs into tiles is a variation on thessla
technique of code generation by tree covering. Classicallyle
associates a machine instruction with an intermediate-esgres-
sion that it computes; to select instructions for an intatiaie-code
tree, the compiler covers the tree with tiles, making suat éach
source operand of each tile matches the destination whemthe-
sponding sub-tile stores its result. An optimal cover cafobed by

a bottom-up rewriting system, also called BURS (Peledophrt

and Graham 1988; Aho, Ganapathi, and Tjiang 1989; Emmelmann

and every register is modeled as a cell in a storage space. ForSchroer, and Landwehr 1989; Proebsting 1992; Fraserdiaasd

convenience, locations can be named. An assignment cosiate
value of an expression and stores the result in a locatiomafded
assignment evaluates a boolean expression calleglitre, and the
result is stored only if the guard is true. For ordinary instions,
the guard is trivially true and is not written; guarded asgignts
with nontrivial guards typically represent conditionakbch or
predicated instructions.

A register-transfer list (RTL) is the parallel compositioimul-
tiple guarded assignments; it is like Dijkstra’s (1976) tiplé as-
signment except that each assignment has its own guard. &€Ls
expressive enough that a single RTL can represent the oyiptit
behavior of any machine instruction. For example, an aduallios
tion might be represented by two trivially guarded assigmisieone
to store the sum and the other to modify condition codes.

Register-transfer lists have a well-defined semantics enelas-
ily targeted by a front end. To make it easier for authors onfr
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Proebsting 1992). In many cases the input to the BURS engine ¢
be generated by a “machine description;” however, such eriges
tion describes not the target machine but rather a set ofesgof
the compiler’s intermediate code, each of which is assediatith

a sequence of instructions on the target machine. In suchaige
tion, knowledge of the machine and the compiler are insdghara
interwoven, and so the description cannot be reused to bthier
tools.

Our new idea is that instead of choosing a machine-dependent
set of tiles based on a particular target’s instructions ahdfess-
ing modes, we have identified a simple, machimdependenset
of tiles that together can cover any well-typed RTL tree. den-
tify this set of tiles, we analyzed the grammar in Figure ly-pa
ing particular attention to the RTL operators and their ydeor
example, almost all the integer and logical operators take t
operands of widthw and produce a result of widtlv. Each
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of these operators must be implemented by a tile of the form
rd 1= rs1 @ rs2. The integer-multiply operator, by contrast, takes
operands of widthv and produces a result of widthv, so its tile
has a different form: it takes its operands in registers and jts
double-width result into @air of registers. A unary operator like
bitwise complement has yet another forrd: = & (rs).

Given our large library of RTL operators, plus assignmemt an
control transfer, there are dozens of tiles—too many to emate
here. But the number of tiles is less important than the nurabe
forms, which we callshapes The shape of a tile is obtained by
abstracting over RTL operators and over the widths of argusne
and results; shapes are important because if there is pleetie
of the appropriate shape, itis trivial to add a new tile ora RIL
operator to our system. We summarize the three differerdskin
of tiles we have identified, together with the number of sksagfe
each.

¢ A data-movement tilmoves a constant into a location or moves

a value between two locations. Shapes include registéstesg
copies, loads from memory, and stores to memory. A data-
movement tile can also move data between locations of dif-
ferent widths, so there is also a shape for sign-extenditly an
zero-extending loads, as well as one for instructions ttuaes
low bits of a register in a memory location. Data-movemdasti
come in a total of 13 shapes.

e A computational tileapplies an RTL operator to constant or
register operands and places a result in one or more regjister

Shapes include all the examples above, as well as some other
not mentioned, such as the shape used to compute the cdrry-ou

bit from an integer add with carry. Computational tiles came
a total of 7 shapes.

A control-transfer tilechanges the flow of control. Shapes in-
clude conditional and unconditional branches, indireahbhes,
direct and indirect calls, and returns. Control-transfestcome

in a total of 9 shapes.

The totals above are for ordinary register-based machithes;

floating-point stack of the86 adds another dozen or so shapes.
The key property that distinguishes our work from previous

work on code generation by tree-covering is that in our céenpi

2.3 Reducing tiles to machine instructions

The set of shapes we use is defined in the machine-independent
postexpander interfacé-or any particular target machine, the im-
plementation of each tile is the job of the machine-depengpesi-
expanderIn this paper, we show how to generate the postexpander
automatically.

The question of whether a particular machine can implemént a
the tiles turns out to be undecidable. The question is rlat¢he
(also undecidable) question of whether two programs are&/&qu
lent (Sectiof 4). Undecidability is part of what makes thelgem
difficult, but real machines are designed to provide the agayp
tional capabilities a compiler needs, so it is not shockhag there
is an algorithm that works well in practice. Using a prunedrsk
to guarantee termination (Section 4), we have generatepos
panders for the:86, the ARM, and the PowerPC. Generated post-
expanders do not degrade the quality of the code produceleby t
compiler (Section 6.2.4).

3. Generating the postexpander

We generate a postexpander by searchingRII'L machine de-
scription for combinations of instructions that implemégtes. Be-
fore explaining how the search works, we give a quick ovevwé
A-RTL machine descriptions and the information they contain

3.1 A-RTL machine descriptions
Like its sister language SLED (Ramsey and Fernandez 1997),

S\-RTL models an instruction set using algebraic datatypes th

represent the abstract syntax of instructions and operéRai®-
sey and Davidson 1998). Each instruction or addressing mode
gets aconstructor that may be applied to operands. For ex-
ample, the PowerPC’s three-register add instruction hasati
stract syntaxadd (rd, rsi, rs2); theadd constructor is applied
to three operands. Operands may be simple bit vectors or may
themselves be the result of applying constructors; for gtam
the £86’s bitwise-complement instruction has the abstractaynt
not (Eaddr), whereEaddr stands for an operand created by ap-
plying one of the constructors of effective addresses.

A-RTL’s algebraic datatypes are equivalent to a grammar with

every back end uses the same set of tiles, no matter what thenamed productions. A grammatical view makes it especialBye

target machine. Our compiler covers intermediate-codestusing

a single, reusable component calledgleaeric code expandefhe
generic expander uses a simple maximal-munch strategyltmee
any well-typed RTL to a sequence of postexpander tiles,igeav
only that no intermediate result is too wide to fit in a machine
register. For example, given the memory-to-memory move

$m[ESP + 8] := $m[ESP + 12]

the generic expander may generate a sequence of four tlesoé
which either moves a value or applies a single RTL operator:

$t[1] = ESP + 12
$t[2] = $m[$t[1]]
$t[3] = ESP + 8
$m[$t[3]1]1 := $t[2]

This example shows why it is called an “expander”: a singlé. RT
is expanded into many simpler RTLs. The expansion fact@rgel
because the tiles are small: each tile contains at most ochepar-
ator. The expanded code may look horribly inefficient, butriac-
tice it is ideal for peephole optimization and other optiatians
that take place after instruction selection (Davidson anaksér
1980, 1984; Benitez and Davidson 1994).

BURS-based systems use the opposite strategy: optimizatio
is donebeforeinstruction selection, tiles are as large as possible,
and typical BURS engines use dynamic programming to find a
minimum-cost tiling. We discuss tradeoffs in Section 6.2.
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to explain how\-RTL specifies semantics:aRTL description de-
termines arattribute grammar(Knuth' 1968) in which the meaning
of an instruction is a synthesized attribute in the form ofRar..
Each production in the grammar is associated with an equtitat
tells how to synthesize the result’s attributes from thehattes of
its operands. For example, the meaning of the Powet®Cin-
struction is given as follows:

default attribute
add(rd, rsi, rs2) is $r[rd] := $rlrsi] + $r([rs2]

Therd, rsi, andrs2 on the left-hand side are binding instances.
These identifiers have been declared as 5-bit operandse iiarh
guage of attribute grammars, they would be “terminal symbol
When an instruction is generated by the postexpander, thes/a
of these operands are given, so for example the abstratsyae
add(1, 2, 3) has the semantickr [1] := $r[2] + $r[3].

The notation $rf] is an example of indexing into &RTL stor-
age spaceA storage space is simply a part of the hardware from
which bit vectors may be read or written; storage spacesajigi
include memory, general-purpose registers, floating{peisters,
special-purpose registers, and so on. As shown in Figuterhge-
space indexing is how an RTL refers to a location on the target
machine.

Storage spaces are part of \aRTL specification, and each
space has a single-character name. Names are arbitrarwebut
conventionally use for registers aneh for memory; the example
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above is a three-register add. MoreoveRTL can name locations
within a storage space, making descriptions more readhbtejs
an example:

location ESP is $r[4]

When a machine has addressing modes, it is convenient to
define a nonterminal symbol for each kind of addressing mode.
Such a symbol will have its own productions in the grammat,itn
attribute may be something other than an RTL. Here, for examp
are some frequently used memory-addressing modes on8bie
the attribute is an expression, the value of which is a 32dhitress:

Indir (reg) : Mem is $r[reg]
Disp32 (d32, reg) : Mem is d32 + $r[reg]
Abs32  (a) : Mem is a

Mem is the nonterminal symbol created for the in-memory address
ing modes;reg is a 3-bit register indexd32 is a 32-bit constant,
anda is a 32-bit label. The three modes shown are indirect address
ing through a register, displacement with an offset fromgaster,
and absolute addressing with a label.

Another frequently used86 addressing mode &ddr, which
defines an effective address as either a fetch from memorfetcta
from a register. The attribute of an effective address isatlon:

E (Mem) : Eaddr is $m[Mem]
Reg (r) : Eaddr is $r([r]

Search proceeds by making one of two steps:

1. Using RTLs in the pool, we construct a sequence of indomst
that implements a new RTL, which we then add to the pool.

2. We find a way to implement a postexpander tile using an RTL
from the pool; we then remove that tile from the set of unim-
plemented tiles.

We repeat one step or the other until there are no more unimple
mented postexpander tiles. One difficulty is that there isnher-

ent limit to the size of the pool, so it is not obvious when topst
adding things in stép/ 1. Section 4 describes how we chooss RTL
combine and how we ensure that we don’t repeat step 1 indsfinit

The implementation of stepl 1 looks for a sequence of RTLs
in the pool, such that each RTL in the sequence (except thke las
assigns to a location that is read by a later RTL. The sequeince
RTLs computes an expression that is more complicated than th
expressions used in the individual RTLs; we identify theregpion
computed by substituting forward for assigned locations.

By design, the postexpander tiles require simple expressio
not complicated ones. A sequence of RTLs that computes a com-
plicated expression may be useful only if its expressiongisie
alent to a simpler expression that is useful for implemengost-
expander tiles (as discussed in Section 4). If so, we addipkei
mentation to the pool.

Although the implementation may sound complicated, it can b

Once defined, these addressing modes can be used in descripdnderstood by considering three simple ideas:

tions of instructions; for example, here is th@6’snot instruction,
which uses the RTL operatapm (“bitwise complement”):

not(Eaddr) is Eaddr := com(Eaddr)

Our search algorithm synthesizes multiple RTLs for the in-
struction: one for each possaltleddr mode.
In summary, a\-RTL description provides the following infor-
mation:
e A grammar from which all instructions can be generated
¢ A list of all the locations on the machine

e Equations that show how to compute the observable effect of
any instruction, represented as an RTL

3.2 Techniques for finding tiles

One way to try to generate a postexpander is to take each tile
and look for a sequence of instructions that implementshit t

is more or less what Massalin’s (1987) superoptimizer dtms,
example (see also Granlund and Kenner 1992). Cattell (12180)
uses a goal-directed search strategy. Goal-directedtseart be
bounded by limiting the number of instructions one is willito
combine, but as explained in Section 4, we believe that theben

of instructions is a poor metric. Instead, we us®@vard search
technique that uses two data structures:

e Our algorithm maintains gool of RTLs, each of which is
known to be implementable by a sequence of instructions on
the target machin&More precisely, we maintain a pool of RTL
schemas which are parameterized over bit-vector operands.
With each RTL in the pool, we associate a sequence of instruc-
tions that implements it. We initialize the pool by exparmglin
every nonterminal symbol in th&-RTL grammar and taking
the resulting set of RTLs. Each RTL in the initial pool is asso
ciated with a sequence containing exactly one instruction.

e Our algorithm also maintains a set of unimplemented postex-
pander tiles. We initialize the set to include all tiles.

1 Actually, we support implementation by an arbitrary cohftow graph,
not just a sequence, but sequences suffice for almost a#f casgerest, so
in this paper we stick to sequences.
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o Algebraic laws:An algebraic law asserts that two expressions
are equivalent. In particular, it can show that an impleragon
of a complicated expression may also serve as an implemen-
tation of a simpler, equivalent expression. For example ath
gebraic lawor(0, e) = e is used to find the implementation of
bitwise complement on the PowerPC (Section 2.1 above).

Compensation for extra assignments:sequence of instruc-
tions may have more than one assignment; to avoid introduc-
ing unwanted assignments in the program we are compiling,
we have to compensate for them. For example, when we create
a sequence of RTLs, each RTL may assign to distinct locations
and we usually want to implement only one of the assignments.

Data movementA recurring problem is to understand how to
get the value of an expression from where it is computed to
where it can be used. This ability is needed to implement the
data-movement postexpander tiles and also to save andeesto
locations. In addition, by intercalating data movementiaen

two RTLs that assign and read different locations, we may be
able to add more useful RTLs to the pool.

We describe each of these techniques, then describe therrapt
tation in theA-RTL toolkit.

3.2.1 Algebraic laws and equivalence of expressions

Equivalent expressions are often syntactically identizat in gen-
eral we use algebraic laws to show equivalence. For exartipe,
algebraic lawor (0, e) = e helps show that the PowerP@sc in-
struction can implement bitwise complement. Many laws aft |
or right identities of binary operators. We also use operiteerse
laws, such asieg(neg(e)) = e. Both inverses and identities are
examples of a larger class of laws in which an expressionagish
to be equivalent to a more complicated expression involitsejf.
Sometimes the expression can appear more than once, adawthe
or((e >>n) << n, zx(lobits, (e))) =e. This law is useful on
RISC machines to show that we can load a 32-bit constant into a
register by a sequence of load-upper-immediate and or-drate
instructions.

Another very useful kind of law shows how to implement a
single operator in terms of other operators. These laws dgbo
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some of the kind of domain-specific knowledge presented by Wa
ren (2003). For example, we can implement bitwise complémen
using integer negation and integer subtraction, or we cateiment
integer negation using bitwise complement and integertimaidi
com(e) = sub(neg(e), 1)
neg(e) = add(com(e), 1).

Although dividing the laws into different kinds helps us end
stand what is going on, our algorithm treats every law in trae
way: any expression that matches an algebraic law can becespl
with the equivalent expression specified by the law. In théy,w
we use algebraic laws to conclude that an implementatiomef o
RTL in the RTL pool can also be used to implement an equivalent
RTL. Because algebraic laws are used to add the most new RTLs t
the pool, the details are closely connected to ensuringitetion
(Section 4).

3.2.2 Compensating for extra assignments

Many of the RTLs in the pool will contain unwanted assignrsent
Assignments to condition codes are almost always unwabted,
cause the postexpander tiling does not assume a machineras c
dition codes; computational tiles assign only to their lesegis-
ters, and conditional-branch tiles test conditions diyeénother
source of unwanted assignments is the combination of RTks-in
quence. Earlier assignments in a sequence are typicallyneat
tioned in a tile. For example, the sequence

$rrsi1] := 0
$rlrd]l := $rlrsi] + $rlrs2]

is equivalent to the RTL
$rlrs1] := 0 | $r[rd] := $rlrs2]

This RTL would be a data-movement tile if not for the unwanted
assignment té¢r [rs1].

If we find an RTL in the pool that is equivalent to an unimple-
mented postexpander tile plus an extra assignment to todative
must either ensure that the assignment ¢cannot be observed by
the rest of the program, or we must compensate for the undante
assignment by saving and restorihdsaving and restoring means
introducing a prologue of the fori := [ and epilogue of the form
[ :=1', wherel’ is not mentioned in the main RTLBut the as-
signment td’ is also unwanted, so it is essential that eventually we
assign to some location that cannot be observed.

An assignment to a locatioh cannot be observed if we can
guarantee that it never reaches an RTL that réadfde provide
the guarantee by makiriga fresh temporanpr ascratch register

Our compiler provides an infinite supply of fresh temporgrie
each of which is guaranteed to be distinct from every otheation
used in the program. If we use a fresh temporary on the left-

every hardware resource should be managed by a registeaialtp
for a unique resource like a condition-code register, we sze
and restore, or we can deploy our other strategy: scratéstees;

A back end can take any set of hardware registers and make
them unnameable in source code and unavailable to theeeglst
locator. These registers then become availabkreatch registers
Scratch registers may be used freely within the implemimtatf
a single postexpander tile, provided that no scratch registlive
in or live out at a tile. Together, these properties guaettat an
assignment to a scratch register will not affect the obssevhe-
havior of a program. Some care is still required: within timplie-
mentation of a single tile, the postexpander must store at ore
value at a time in each scratch register.

An example of an ideal scratch register is the conditionecod
register. It is not exposed to source code, it cannot ugebeliman-
aged by the register allocator, and in the presence of dondllt
branch instructions it would be awkward to save and restestore
instructions would have to be inserted not only after thebian-
struction but also at the branch target. Making the condliiode
register a scratch register allows the postexpander gemnéoamu-
tate it at will.

3.2.3 Data-movement graph

To implement the data-movement tiles, the postexpandet baus
able to move a value from any register to any other registeredls

as between registers and memory. Because data-movenasrarg
also used to save and restore locations and to connect taultip
RTLs in sequence, they play a key role in generating the poste
pander. In general, as we discover implementations of ndar da
movement tiles in step 2, we create new opportunities to adtlil
RTLs to the pool in stepll. For example, to implement the post-
expander tile forcarry, on thex86 we first perform an addition
instruction, then use a data-movement tile to move the eautyit
from the condition-code register into a general-purpogester. We
cannot find the implementation earry until we have found a way
to move bits from the condition-code register to a geneuvappse
register. To help find data-movement tiles, we have a spanalt
ysis and data structure.

To find data-movement tiles, we build a directisda-movement
graph Each node in the graph represents a set of locations on the
machine, determined using thecation-set analysi®f Dias and
Ramsey (2006). This analysis identifies locations that ater-
changeable for use in some subset of instructfoRer example,
memory locations are typically interchangeable becausst ime
structions that refer to one memory location can refer toraayn-
ory location. As another example, most machines have a set of
general-purpose registers that are interchangeable fet mo-

hand side of an unwanted assignment, the assignment caenot b Poses, although some registers may play special roles lirineal

observed. In the example above, we can use temparafg]
instead offr [rs1]

$t[0] :=0

$rlrd] := $t[0] + $rlrs2]
In a similar fashion, we can use a fresh stack slot to compefisa
an extra assignment to a memory location.

There’s nothing magical about fresh temporaries; an ifinit
supply of distinct locations is a standard abstraction—aprsuch
locations to finite hardware, we use a register allocatot. rii

2|n a program in whichl is not live out, dead-assignment elimination
will remove the save and restore instructions, even if theguoin a loop
(Lerner, Grove, and Chambers 2002).

3Because registebr [0] is hardwired to 0 in many instructions, we could
implement this assignment with just one instruction, big €&xample illus-
trates a common pattern. And after postexpansion, our jpéepiptimizer
will combine these two instructions anyway.
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structions or multiply instructions. What is new in this paps

that we not only identify what locations are interchangeabiut

we automatically find ways to move values among and between
interchangeable locations. That is, we find instructiora thove
values from one register to another of the same kind, instns
that move values between registers of different kinds, asttuc-
tions that move values between registers and memory. On some
platforms, values have to be moved indirectly, e.g., froteger
registers to floating-point registers via memory. This isywie
have a data-movemegtaph to move a value from one location
to another, it is sufficient that there is a path from one apoad-

ing graph node to the other.

4The results of the interchangeability analysis also plagyarkle in reg-
ister allocation|(Smith, Ramsey, and Holloway 2004). Faaregle, if a
machine has floating-point registers, they are almost iogrtaot inter-

changeable with integer registers, and the register atlocaust distinguish
floating-point temporaries from integer temporaries.
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Figure 2. Simplified versions of two inference rules used to find
implementations of postexpander tiles.

Ideally the data-movement graph would be complete: able to
move a value from any location on the machine to any other lo-
cation of the same size. In practice, the data-movemenhgrap-
ally lacks some edges involving fixed registers. For exangsighe
86, only 8 bits of the 16-bit condition-code register can luvea
to other locations. Luckily, these missing edges havelfthctical
consequence because with just two exceptions, postexptiiede
mention only general-purpose registers.

3.2.4 Specifying and implementing the algorithm

We have described the techniques our algorithm uses to fipléim
mentations of new RTLs. Now we describe how the algorithm is
specified and implemented.

We specify the algorithm using syntax-directed, nondeirign
tic inference rules. The main judgment forntsr, G’ || ' which
states that the sequence of the graptollowed by the RTLr
and graphi?’, executes assignments equivalent to those performed
by the RTL+'. In other words, the sequencg r, G’ implements
the RTL+’. Using this judgment, we can define step 1 and Istep 2
precisely. Step]1 must find a satisfying instance of the juglgm
G,r,G’ || ', whereG, r, andG’ contain only RTLs from the pool,
andr’ is not in the pool. If we find a satisfying instance, we add the
RTL r’ to the pool. Similarly, stepl2 must find a satisfying instance
of the judgementi, r,G’ || ', whereG, r, andG’ contain only
RTLs from the pool, and’ is an RTL representing a postexpander
tile. If we find a satisfying implementation, it is used to il@ment
the postexpander tile.

Our definition of the judgment on RTLs relies on two related
judgments. The first judgment is designed to compensatextoa e
assignments! < Gsave,, Grestore,- The judgment states that the
graphG ..., saves the value in locatidn and the graplt es:ore,
restores the value back to the locatibriThe second judgment is
similar to the main judgment on RTL&!, e, G’ || €/, which states
that if we first execute the grapH, then evaluate the expressien
it will have a value equivalent tg'; furthermore, executing’ will
undo any assignments madeGn In other words, the expressien
is equivalent ta’ if we first perform a setup grap#i, then a clean-
up graphG’. The clean-up graph usually restores the value of any
location overwritten by an extra assignmentin

Each judgment is defined by a set of syntax-directed, nonde-
terministic inference rules. Space limitations prevenfrosm in-
cluding them all here, but we show simplified versions of twe i
ference rules in Figurel 2. The first example rulesB NOWNA s-
SIGNMENT, formalizes the operation of forward substituting an as-
signment in the pool: If we execute a graghassigning’ := e
and we can move the value to locatibasing a grapl’, then an
expression that fetches from the locatiois equivalent to the ex-
pressiore. This inference rule relies on two of our basic techniques:
using data movement and compensating for extra assignnignts
using the movement gragh’, we allow the value to be used in any
location!’ reachable frond. And to avoid introducing extra assign-
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ments to locationsand!’, the inference rule uses the relation to
find fix-up graphs that compensate for the extra assignments.

Another inference rule, APLYALGL AW, specifies our tech-
nigue of using algebraic laws to conclude that one exprassio
equivalent to another. The rule’s first premise is that theres-
sione can be used to implement. (It may be thak; is identical
to e, in which case the graph§. and G., would be empty.) If
there exists an algebraic lawy = ez, we can then conclude that
the expressior can also be used to implement the expression

Specifying the algorithm in terms of judgments defined using
inference rules has several advantages:

e When expressed as a set of rules, a new idea or heuristigjis eas
to add and evaluate.

¢ Nondeterministic rules may combine in powerful ways.
e \We can reason about the correctness of each rule in isalation

Our implementations of stép 1 and step 2 are similar to imple-
mentations of type inference and type checking, respegti@r
implementation of step/1 begins by choosing an RTas input
from the pool; the goal is to infer an output RFLalong with out-
put graphsG and G’ that satisfy the judgmer®, », G’ || r'. The
implementation proceeds by structural induction on thefifT L
r, attempting to construct a proof tree using syntax-dikatéer-
ence rules that match the input RFLBut the inference rules are
non-deterministic, so there more be more than one possible p
tree; for example, we may be able to apply many differenttatge
laws to conclude that an expressiois equivalent to many syntac-
tically distinct expressions. If multiple rules may be apg| our
algorithm applies each rule in turn and collects the resudts all
of them. For each satisfying sequer@er, G’, we add the equiva-
lent RTL»’ to the pool.

Our implementation of steép 2 finds an implementation of a pos-
texpander tile in a similar fashion, but this time, it is given RTL
r’ representing the postexpander tile. Step 2 proceeds byschoo
ing an RTLr from the pool, and trying to match it td to satisfy
the judgmenty, r, G’ || r’. Again, we proceed by finding inference
rules matching both input RTLs, and if a satisfying impletation
is found, it is used to implement the postexpander tile. Iftiple
implementations are found, we choose the cheapest onedatgo
to a heuristic.

The most important optimization in our implementation ib-su
sumption checking: if we have two RTlksandr’ in the pool, and
we prove that we can useto implementr’, then we can remove
r’ from the pool. More formally, if we can prove the judgment
nop,r,nop || v, thenr is equivalent tor’, and consequently;
may be discarded. By discarding extra implementations gdace
the number of RTLs we might consider using in rules such as-U
KNOWNASSIGNMENT. Pleasantly, the subsumption checking is a
direct application of the same code used to implement step 2.

Even with subsumption checking, we can always find imple-
mentations of new RTLs; in the next section, we discuss how we
ensure that our algorithm terminates.

4. Ensuring termination

How are we to avoid adding RTLs to the pool indefinitely?
We could limit the number or complexity of RTLs added to the
pool, but then we might miss the implementations of some.tile
Unfortunately this tension cannot be resolved, becauserber-
lying problem is undecidable: there is no terminating althon that

is guaranteed to find an implementation of a postexpanasf tihe
exists. Our proof proceeds by reduction from the haltindfem;
we adapted well-known proofs of undecidability for stroregmal-
ization in term-rewriting systems (Huet and Lankford 19K&p
1992; Bezem, Klop, and Roel de Vrijer 2003). Because of space
limitations, we do not discuss the proof, but the problemmdifig
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a combination of instructions that is equivalent to a pgsaexer
tile is closely related to the more general, undecidabl®lpro of
determining if two programs are equivalent.

Given the undecidability, our idea is to limit the number of
RTLs added to the pool in such a way that on real machines, we
have a good chance of finding all the postexpander tiles. \We ha
developed a heuristic which meets this criterion as wellves t
additional criteria: the total number of RTLs added to th@lpo
is small enough that the postexpander generator runs intesinu
not hours; and the instruction sequences correspondinposet
RTLs are sequences that expose opportunities to the optin@zir
criteria are not satisfied by standard heuristics that Itimit size
of the RTL, either by limiting the number of machine instioos
combined to produce an RTL or by limiting the height of the
abstract-syntax tree that represents an RTL.

Limiting the number of machine instructions is explicitly a
odds with our strategy of producing simple code in the expand
then relying on the optimizer to improve the code. If we lieithe
number of machine instructions that could be combined, mo-a
rithm would have to find a short, efficient sequence of instons,
taking advantage of complex instructions and complex aiing
modes. Not only is it more difficult to generate a postexpaitakt
uses the most efficient implementations, but it does not egen
sult in better code. Such implementations, while ideal fBURS
tiling, are the worst possible input for a Davidson-styl¢imjzer,
which does best when fed long sequences of very simple mstru
tions (Benitez and Davidson 1994). And without the help efdp-
timizer, we cannot expect our approach to generate bettierttan
previous work on generating BURG-style instruction selestin
which generated instruction selectors have producedfgigntly
slower code than hand-written instruction selectors (Segt).

Another standard heuristic limits the height of abstraettax
trees, but in the presence of algebraic laws, the height oéa t
is not a very good measure of whether it will help implement a
postexpander tile. On some machinesneedhigh abstract syntax
trees; for example, in order to load a 32-bit constant integaster
on a typical RISC machine, we need to apply the algebraic law
or((e > n) << n, zx(lobits,(e))) = e, which is applicable
only to an abstract-syntax tree of height at least 5.

Another heuristic, which is commonly used in term rewritirsg
to use algebraic laws to conclude only that an expressioquise
alent to asmaller expression| (Bezem, Klop, and Roel de Vrijer
2003). We use this technige to reduce the number of implemen-
tations we find, but in our domain, the technique by itselfas n
sufficient to guarantee termination. Even without usingehbigic
laws, we can produce larger expressions through forwarstisub
tion. For example, if we have an instruction that adds twastegs
$rlrd] :=$rlrs1] + $rlrs2]1, we can use two such instructions
in sequence to compute a larger expression: the sum of thgéee r
ters.

Unlike the standard heuristics, our novel heuristic is giesd
to indicate how likely it is that an RTL will be involved in ami
plementation of a postexpander tile: given an RTL, our tsdiari
predictsthe number of algebraic laws that may have to be ap-
plied before the RTL may vyield a postexpander tile. Our heuris-
tic is founded in the observation that real machines aregdesi
with compilers in mind: to compute a value on a real machioe, y
might have to put together a long sequence of instructiautsydu
probably won't have to do a whole lot of reasoning beyond fodv
substitution. Many interesting low-level computations ¢ im-
plemented by sequences of such very simple instructionkifis s
ing, logical operations, and arithmetic (Warren 2003). Ssidad
of limiting the length of such sequences or the complexityhef
expressions they compute, we limit the amountezfsoningthat
we expect to be necessary to show that a sequence of instrsicti
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is useful. We postulate that the more algebraic laws have tapb
plied, the less likely an implementation is to be used to enmnt
a postexpander tile.

Because we cannot know ahead of time the actual number of
algebraic laws we will apply, our heuristic makes an edwutate
guess. Before adding an implementation of an RTL to the pool,
we consider each expressiencomputed by each assignment in
the RTL. Our heuristic works by covering the expressiowith
postexpander tiles and fragments of algebraic laws. A fexgrof
an algebraic lave; = ez is a subexpression of either or e2. By
counting the number of algebraic laws that partially matckve
estimate the number of algebraic laws that must be applitatde
we might find an implementation of a postexpander tile. Weatd
implementation to the pool only if we estimate that we mightlfi
the implementation of a postexpander tile by applying attn3os
algebraic laws. If more than 3 laws seem to be required, weadis
the implementation. The number 3 is chosen empirically; e t
ARM, PowerPC, and:86, applying 3 laws is enough to get from
combinations of instructions to postexpander tiles.

5. Discussion
5.1 Generating postexpanders on many different machines

Because some instructions are easier to implement tharspthe
success of our postexpander generator is fundamentatytaéf
by the choice of postexpander tiles. But different insinr are
implemented more easily on different machines. To give some
tuition about how our algorithm can generate instructidecers
for different machines, we answer two questions about tiséepe
pander tiles:

¢ |s a single postexpander tile implementable on all macRines

e What if a postexpander tile is not implementable on a given
machine?

First, we do not expect a single postexpander tile to be imple
mentable on any machine. Instead, we classify machinesainto
very small number of groups based on how they move data and
compute values. For example, some machines such as the @86 an
the PowerPC support computation on registers: they mowelaat
tween registers and apply operators to arguments in regi€¢her
machines support computation using a stack: the x86 flogutirgt
unit maintains a stack discipline with floating-point vadusVe do
not expect a postexpander tile describing floating-poiditamh on
a register machine to be implementable on a machine thairpesf
floating-point operations on a stack. Therefore, we idgtiget of
tiles once for each class of machines; currently, we havigded
tiles for two ubiquitous classes of machines: register rimeshand
stack machines. We may need a new set of tiles when we attempt
to support a new class of machines, such as accumulator neschi

But even if we choose a postexpander tile for a particulascla
of machines, why do we expect the tile to be implementableven e
ery machine in that class? The postexpander tiles are cliasen
fully to implement only the most basic actions: movementieehn
two locations on the machine, application of a single operatnd
control flow. These actions are necessary to implement ewen s
ple programs written in a general-purpose language; tbergive
expect that any general-purpose machine to support a simple
plementation of these instructions. Of course, we may neatbt
some reasoning to find an implementation, as we demonstirated
Section 3.

5.2 Intuition behind our pruning strategy

Because searching for implementations of postexpanasritilan
undecidable problem, we have to prune the search by discardi
an implementation from the pool. The hard question is: howvdo
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decide when to discard an implementation? One common metric let sub dst op x y = rtl (R.par

measures the depth of the search that results in the imptatim [R.store (R.reg dst)
in our application, we could count the number of algebraigsla (R.app (R.opr ("sub", [32]))
we applied to arrive at the implementation. But this metrigym [R.fetch (R.reg x); R.fetch (R.reg y)1) 32;
discard an implementation that is only one algebraic lawyawzam R.store (R.reg eflags)
producing a postexpander tile. (R.app (R.opr ("x86_subflags", [32]))
A much better metric would be to count the number of algebraic [R.fetch (R.reg x); R.fetch (R.reg y)1) 321)

laws we need to apply to arrive at an implementation of a peste
pander tile. Of course, computing this number is also uniddue,

so we settle for predicting the number of algebraic laws wg ma
need to apply.

The main pitfall in writing a postexpander is that it is eagywrite
code that usually works but may cause a bug in some cornes.case
For example, our hand-written implementation of the x8@idts
instruction failed to specify an assignment to the conditiodes,

. which could allow the optimizer to generate incorrect coder

6. Evaluation hand-written back ends contained many of these types afserro
Our goal is to produce reliable compilers quickly. To evésuaow ~ The implementation of a hand-written recognizer is rediv
well we meet this goal, we evaluate our compiler in two steps: Simple because we rely on well-understood BURG technology
first an internal evaluation comparing the generated backten  (Fraser, Henry, and Proebsting 1992). Our implementatfcthe

the hand-written back end, then a comparative evaluationegn ~ BURG engine is simple: it does not precompute state tables. T

our compiler and the portable compilérsc, vpo, and gcc. actual BURG specification has two parts: we write patterns to
To evaluate the compilers, we rely on descriptions, exaspple Match the machine instructions, and we write code to cOfVELS

experiments, and line counts to assess how each compilsfiesit to the input trees consumed by the BURG algorithm. The BURG

the following criteria: pattern used to match the subtract instruction uses a coitrstr
. . . . Withafl to represent a binary operator that modifies the con-
e How much effort is required to build one back erld?partic- diltionacoziz P yop

ular, how complicated are the algorithms implemented in the
back end? If machine descriptions are used, how compliégated inst : Withaflags(dst:eaddrl, "sub", src:reg, w,

a machine description, and how complicated are the toots tha "x86_subflags")
manipulate the machine descriptions? {: s "subls %s,%s" (suffix w) src dst :}

e How much effort is required to build multiple back endsfer When the recognizer is invoked, the following pattern mesch
a single back end has been built, what is the marginal effort the subtract RTL and constructs the BURG input tree, usieg th
required to add a new back end? conWithaflags constructor:

e How do we test a new back endfter a back end is added to | RP.Rtl [(RP.Const(RP.Bool true),
the compiler, how do we verify that it generates correct ode RP.Store(1l, RP.App((o, _),

e How well does the compiler perfornWe evaluate the compile [RP.Fetch(1’,.); rl), w));
times of the compiler, as well as the run times of compiled (RP.Const (RP.Bool true),
programs. If the compiler requires pre-processing of naehi RP.Store(RP.Reg((’c’, _, ),
descriptions, we also assess whether the compile-conipite t flag_index, _),
is reasonable. RPAPp((fO, ) 5 [RP.Fetch(1’’ ,_) M

', )

How much effort is required to add a new front enBiecifi-
cally, what is the intermediate representation, and how isel
the front end isolated from the code generator?

] when 1 =/ 1’ && 1 =/ 1"’ & r =// x’
&& flag_index = SS.indices.SS.cc —>
conWithaflags (loc 1) o (exp r) w fo

6.1 Internal Evaluation This code is not only verbose and tedious, but it is anothssipée

Our internal evaluation compares the hand-written baclk endur source of tricky bugs: it is easy to write a pattern that does n
compiler with our generated back ends. With the generatedl ba Ccheck all the preconditions of an instruction. For examfiléhe
ends, we write straightforward machine descriptions aridraat- pattern did not check that the first operand of the operatson i
ically generate the complicated parts of the back end. Erpite- also the destination, then the compiler could generate osufy

vious work, our generated back ends perform as well as owd-han &7 invalid machine instruction. Fortunately, this classbos is
written back ends. usually detected by the assembiler.

We begin by describing how we write back ends by hand The other major part of our hand-written back end is the han-
then we describe the generated back ends. After a performanc dling of calling conventions and stack layout. We write adse,
analysis, we describe how our compiler supports the additio formal specification of each in a domain-specific languagg ith

new front ends, which is common to both hand-written backsend Interpreted by our compiler (Lindig and Ramsey 2004; Onsk
and generated back ends. Lindig, and Ramsey 2006; Dias and Ramsey 2006). The specifica

tions are interpreted by fairly straight-forward implerteions of
6.1.1 Hand-written back ends state machines. Writing a specification is no more commitétan
understanding the conventions used by the target machine.

Once a single back end has been implemented, we can reuse
the recognizer’'s BURG engine and the domain-specific lagesia
used for calling conventions and stack layout. But partsauthe
additional back end must be written from scratch:

The bulk of a hand-written back end is the code generatorctwhi
consists of two components: the postexpander and the rzesgn
Because the postexpander implements only a small number of
simple tiles, most of the postexpander code is short andisirRpr
example, on the x86 we implement the tile for subtractiongisie

following instructions, which also sets the condition csitle e The postexpander tiles
5The given code is an inlined version of the actual code in trapiler. identical, the actual compiler code is factored over theraipe allowing
Because most of the binary-operator instructions on the at®6nearly a shorter implementation of the operators.
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e The recognizer's BURG patterns and the code that produces Back-end component  # lines
input trees for the BURG engine

. . o Postexpander 522
¢ The calling-convention and stack-layout specifications Recognizer 764
To test a back end, our hand-written back ends rely on end- Stack layout 128
to-end testing. Our test suite includes tests from our Ctfeo, Calling conventions 73
tests that have caused bugs in the past, and tests thatsexerci Register specs 46
each RTL operator individually. We also have the mechanitms Calling convention glue 199
generate tests for our calling conventions, which can bel use Back-end glue 179
verify that our compiler generates code that is interogderalith Total 1911

code generated by an existing compiler on the target machine

6.1.2 Generated back ends Table 1. Line counts for each component in the hand-writt&6
Our goal in generating a back end is to produce reliable clenspi back end.
quickly, not to push automatic generation to its extremen&oode
should be automatically generated; come code could be geaer o )
but might not be worth the effort; and some code cannot even be umber of people who have had their fingers in that part of the
generated in principle. compiler, arjd it is far more than necessary. It mlght bg b $0

We generate the postexpander and recognizer because ¢hey argenerate this code, but although the size of this code is eedsa
not only the most complicated parts of the back end but aleo th ing, writing it is neither difficult nor time-consuming. o
largest, comprising 67% of the back end, as measured in lines The remaining 13% of the code consists of the specifications
of code (see Tablel1). The code in these components is also theof calling conventions and stack layout. We cannot genettae

most error-prone code in the back end: in the course of paifay code for the stack layout and calling conventions for thgees

experiments with the generated back ends, we uncoveredlaaipu  Standard C calling convention because both are a mattemoahu

a dozen bugs in the hand-written versions. convention; they are not properties of the machine. Butidening
The machine descriptions used to generate a back end are aghat we support five different calling conventions on 86, the

straightforward as the target machine. We describe the ui8Bac- 201 lines of formal specification are reasonably short.

tion instruction from our earlier example with the followin-RTL Although the standard calling conventions cannot be géeera

codé® we could probably generate native (non-standard) callonyen-

tions automatically. We could then automate calling-cotiom ex-

SUB™mr~od (Eaddr, reg) is periments that others have performed by hand (Davidson dral-W

Eaddr := sub (Eaddr, reg) y - .
| Reg.EFLAGS := x86_subflags (Faddr, reg) Ia?)l;;r?(?ﬁlr)ngrnkdo%irr]\iri?tee a calling convention that perfornmbame
Compared to the hand-written postexpander or recognizer, t Once a single back end has been implemented, we can reuse
machine description is short and simple: we encode the sérsan  the A-RTL toolkit to generate postexpanders and recognizers for
of the machine instruction without concern for the datacttries new target machines. Adding a new back end requires writing t

or algorithms used by the compiler. As a point of comparison, following components:
the SLED and\-RTL machine descriptions use a total of 1,948

lines to describe 639 distinct instructions, whereas timelharitten * Machine descriptions for the target machine

postexpander and recognizer require 1,286 lines of codecand e The calling-convention and stack-layout specifications
generate only 233 distinct instructions. By generatingcageizer In addition to all the end-to-end tests used in our handtemnit
that accepts more instructions, our generated back enasatiee compiler, our generated compiler opens new possibilitetsisting
optimizer to produce better code: the optimizer only &@SW&  the code generator. We can test the SLED machine descrifation
transformation if the resulting RTLs are accepted by thegaizer. verify that it correctly describes the encodings of machistruc-
Of course, the cost of implementing theRTL toolkit must be tions (Fernandez and Ramsey 1997); in future work, we hopet
considered: the algorithms described in this paper andeviqus velop similar mechanisms to testRTL descriptions. Furthermore,

work (Dias and Ramsey 2006) are somewhat complicated. Byt th  \ye are interested in applying techniques from certified dtatipn
are_lmplement(_ad only once, and a proper |mplementat|on_I6hou (Leroy 2006) to prove that the generated postexpandersupeod
avoid the bugs introduced in hand-written expanders armbree- correct code. We believe that the inference rules for finding

ers. In total, the algorithms related to generating theepqustnder plementations of postexpander tiles can form the basis obafp
and the recognizer comprise thousands of lines of StandarthM  girategy.

the A-RTL toolkit. It is not clear whether we might be able to use Our experiments demonstrate that the performance of our gen
our implementation of these algorithms to generate codenfme erated back ends is equivalent to performance of our haittewr
than one compiler (Ramsey 2003). back ends. To compile benchmarks written in C, we have added a
_The rest of a generated back end is unchanged from a hand-new back end to thecc compiler (Fraser and Hanson 1995); the
written back end. We could generate the list of availabléstegs back end emits €& (Peyton Jones, Ramsey, and Reig 1999: Ram-
and their aliasing relationships. But because the codeod sind sey and Peyton Johes'ZOOO). Becausecorhpiles only'programs

hard to get wrong, we continue to write it by hand. Another 20% \yritten in ANSI C, we can use benchmarks only if they are \ritt

of the back end is glue code: this large amount of code refirets in ANSI C. We have chosen suitable benchmarks from the SPEC
CPU95 and SPEC CPU2006 benchmark suites. For each bench-
mark, we measure the wall-clock running time, averaged fiver
runs. The CPU95 benchmarks show results on the referencé set

6 \-RTL has several features that help the machine expertrfactmmon
patterns in machine instructions, such as binary opemtibat set the
flags. Over multiple instructions, this factoring allowstosdefine several

machine instructions in very few lines of code, resultingaircompact inputs; for the CPU2006 benchmarks, we ran only the traisitg
description of the target machine. But for the purpose ofaring various of inputs due to time constraints. .

compilers, we have inlined the functions used in 3BTL description to The experimental results in Table 2 verify that programs -com
highlight the description of our example instruction. piled by our automatically generated back end for the x86atun
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least as fast as the programs compiled by the hand-writtek ba
end, The one exception is the vortex-95 benchmark, and therun
malized results show that the difference in vortex-95 is limn
three-tenths of one percent.

6.1.3 Frontends

Our compiler supports a variety of source languages by giayi
a flexible interface to front ends. The front end generateke ¢o
C--, which represents instructions using the full expressweay
of the RTL language. With 90-odd operators, RTLs are capable
expressing a wide variety of machine-level computatiornl, aew
operators can be added easily.

Because RTLs describe instructions at the machine level, ou
intermediate language is not biased toward any particadarce
language. The flexibility of this approach is demonstratgdhe
variety of languages for which front ends have been writen t
target our compiler: C code with thiecc compiler, Standard ML
with the MLton compiler/(MLton 2005), Java with the Whirlvdn
compiler, and the pedagogical language Tiger with a fromt en
written by a colleague (Govereau 2004).

6.2 Comparative Evaluation

We also compare our approach to generating back ends wéh thr
compilers that are designed to be portable: Icc, vpo, andigeds
a simple, non-optimizing compiler that uses a traditioriedtegy
for code generation: the compiler chooses instructioresn fiim-
mediately allocates registers and emits assembly code ovpihne
other hand, is Davidson’s highly optimizing compiler, wnigses
the code-generation strategy that we adopted in our comgite
is a widely used, highly optimizing compiler that is also &da®n
Davidson’s code-generation strategy.

Because the instruction selection is the bulk of the machine

Icc uses the following BURG pattern to implement the suliitoac
node in the compiler’s intermediate representation:

reg: SUBI4(reg,mrc) "7movl %0,%c\nsubl %1,%c\n" 1

Because the x86 subtract instructistibl places its result in the
same register as its first source operand; emits amovl instruc-
tion to copy the source operafid to the destinatiofc/® In many
cases, the mapping from the intermediate representatimatbine
instructions is straightforward.

But the BURG description does not provide all the informatio
about the selection instruction: in some cases, the BUR& cod
may generate an instruction that requires its operands fdoe
in specific registers. For example, the x86's multiple nstion
requires one of the operands to be placed inEhg register. To
ensure that the register allocator places the operande iprtiper
locations, the back end also provides a functiarget to ensures
that the operands of an operator are placed in suitabledosat

case MUL+U:
setreg(p, quo);
rtarget(p, O, intreg[EAX]);

The output of the multiply instruction is tHEAX register, which is
defined elsewhere agio, and the first input operand must be the
EAX register.

As compilers go, an Icc back end is relatively simple, requir
ing only 939 lines of non-blank, non-comment lines for thé& x8
back end. But the simplicity comes with a cost: the compileesd
not support optimization on the selected machine inswuostiThe
BURG engine; promises only to produce locally optimal code,
where optimality is defined by the patterns in the BURG descri
tion.

More significantly, the effort required to add a new back end t
Icc includes the effort of understanding Icc’s complicaitegrface

dependent code in the back end, we focus our discussion on thebetween the front end and the back end. Writing the type osetri

implementation of instruction selection in each compilareach
case, we find that, like our hand-written back end, each badk e
uses some form of pattern matching along with an additioeal s
of predicates used to constrain the instructions matcheadndke

is easy, and most instructions in the BURG description ali@ re
tively straightforward. But to understand complicatedesasuch
as the x86 multiply instruction, we cannot reason locallguttihe
BURG code. Instead, we have to understand that there is eatepa

the issues in each compiler clear, we study how a subtraction target function that specifies where to allocate an operand in the

instruction is emitted by the back end. The subtract intpnads
useful for showing how a back end solves most of the problems
in instruction selection without bringing in too much comxity.

For example, the subtract instruction affects the comdlitodes

on most machines, but it has few other complications. Foresom
back ends, we need a more complicated instruction to highéig
interesting part of the code generator. In these cases, okedbd
how the back end handles a multiplication instruction.

6.2.1

The Icc compiler is a well-designed, portable C compilert tha
quickly generates reasonable, but mostly unoptimizedsraky
code. The only optimization in the compiler is common sulbesp
sion elimination, and the compiler uses a local registercalior.

A back end in Icc provides two major pieces: type metrics that
help the front end lay out data and a code generator to ensiésras
bly code for the target machine. At the heart of the code geoer
is a BURG description mapping the compiler’s intermediafare-
sentation to machine instructions. The advantages of BURG
are that it is easy to write a simple BURG engine (Fraser, Han-
son, and Proebsting 1992), and it is easy to write BURG padter
that match the tree-based intermediate representatioexBmple,

lcc

7gcc uses multiple intermediate representations on whiatesoptimiza-
tions are performed, but the code generator continues ltwfdavidson’s
strategy, complete with optimizations.

Automatically Generating Back Ends

intermediate code. Similarly, we have to know that the bauk e
requires aclobber function to specify unintended side effects of
the assembly code.

The Icc approach contrasts strongly with our approach of gen
erating the code generator from declarative machine qe&mTs.
Our generated compilers support optimization on machisun-
tions by following Davidson’s code-generation strategndAve
achieve a separation of concerns by requiring only dedlerae-
scriptions of the target machine: we can describe the icttmns
on the target machine without understanding how the comyilé
use the generated components.

Once a single back end has been implemented, the BURG
engine can be reused. But each additional back end must tierwri
from scratch, requiring these machine-dependent comp®nen

¢ Type metrics

e BURG code mapping intermediate representation to machine
instructions

e Functions constraining register use in instructions

To test a new back end, the Icc compiler relies on end-to-end
testing. The compiler has been tested on the Plum-Hall &atid
Suite for ANSI C compilers, in addition to the compiler’s tas
test suite, including previously reported bugs.

8The “?" prefix ensures that the move instruction is only egditif the
source and destination are different locations.
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Our experiments demonstrate that most programs compiled by location was noted by the commapash_loc (src1) inthe earlier
Icc are slower than when compiled by our generated back @®d (s snippet:

Table 2); the one exception is the benchmasktex-95. Although As in our compiler, vpo's recognizer implements a predicate
neither compiler performs much optimization, we hypotheshat that decides whether an RTL is representable by a singlaugist
the peephole optimizer in our generated compiler accoumtthé tion on the target machine; the recognizer can also retwenalsly
superior speed of programs compiled with our compiler. code for the instruction. Because vpo represents an RTLizi%1g,s

Although it is easy to add a new back end to Icc, it is not easy to vpo’s recognizer uses a parsing engine, such as YACC, tohmatc
add a new front end. The front end and the back end are tightly ¢ instructions. The implementation of the parsing engineuireg

pled: the interface consists of 19 functions with callbackale in some effort, but techniques for parser generation are welvk,
both directions across the interface. Data structureslspeshared and existing implementations are ubiquitous. Once themen-
across the interface, most notably symbols and types. Tasie- gine is written, the compiler writer effort writes a gramntaat
diate representation uses directed acyclic graphs with@p@6ator matches valid RTLs for the target machine. For example, ahe f
language to represent instructions. The types and opsratempre- lowing YACC patterns match the x86 subtract instruction:

cisely those needed for a C compiler, which may make it difficu inst : subi { binst($1, SN):}

shoehorn another source language into the given interteedip subi : dst ’=> rhssub ’;’ { $§ = binopi($1, $3);}

resentation. This design contrasts strongly with-Cwhich pro- L,
vides a broad range of operators and lets the front end make th Thssub: srcl *=7 src2 .,

decisions about data representation. Fraser and Hans8f)(46- { $8 = brecord(’-’, $1, $3, AN);}
knowledge these limitations while explaining that addirapt ends But these patterns also match a subtraction instructiorhialwthe
easily was not a design goal for Icc, “changes to front end aiay  destination is not the same as the first source operand, ighiat

fect back ends... This complication is less important fandard- avalid instruction on the x86. The recognizer uses a libo&fync-
ized languages like ANSI C because there will be few changes t tions to check the validity of the instructions that are pdrby the
the language.” grammar.For example, the action of tkebi pattern invokes the
functionbinopi to check that, among other conditions, the desti-
6.2.2 vpo nation matches the first source operand. Because a YACQO1patte

The vpo compiler is a highly optimizing compiler designecbt® may match several instrl_Jctions, the cond_itions in a ream_;riimc-
ported easily to new target machines. With a collection alagc ~ tion may be very complicated: the functieanopi is 58 lines of
and loop optimizations, vpo demonstrates that a Davidsga-s  code. o o _
compiler can produce extremely fast code (Benitez and Bavid Overall, vpo's recognizer is very similar to our hand-vettrec-
1988). ognizer: both recognizers use matching technology toifatelthe
The main components of a back end in vpo are the expander task of writing instruction patterns, and both recognizecuire a
and the recognizer. The expander is like a combination of our raft of complicated condition checking to ensure that toegaizer

tiler and postexpander: itis a single machine-dependenpoaent ~ accepts only valid RTLs. o
that takes an intermediate representation of the sourggamoas Like our hand-written back end, the vpo back end is signifi-
input and returns semantically equivalent RTLs, each ofcivfi cantly more complicated than a declarative machine degmmign
representable by a single instruction on the target macifioe  total, vpo's expander for the x86 consists of 922 non-blart-
example, the following case expands a subtraction instmih comment lines of code, and the recognizer consists of 1j846.|
a manner very similar to our hand-written postexpafider: But more importantly, the code is complicated: the expamaiest
select machine instructions for arbitrary source code,thadec-
case 0_SUB: ognizer requires not only a YACC description to parse the &8t
src2_size = get_location_size(src2); also a raft of helper functions to verify that the RTLs areuatly
srcl_size = get_location_size(srcl); valid on the target machine.
VPOi_rtl(sub(srcl, Rtl_fetch(src2,src2_size*8), Aside from the parsing engine, there are no reusable parts in
srcl_size), the code generator. For each additional back end, the ezpand
VP0i_locSetBuild(EFLAG,src2,0)); recognizer must be written by hand.
push_loc(srcl); To test a new back end, vpo uses end-to-end testing with an
TheVPOi_rt1 function outputs an RTL and a set of registers killed ©€Xtensive test suite. Additionally, the idea of specifyany gen-
by the instruction. In this case, the condition-code regEELAG is erating tests for calling conventions was pioneered in \Hil¢y
killed, as is the source operand. The RTL representing theat and Davidson 2003).
instruction is constructed by thawb function: This technlgal report lacks performance result.s for vpo.
In vpo, adding a new source language requires work propor-
Rtl_ty_rtl tional to the number of target machines we want to supporé. Th
sub(Rtl_ty_loc reg_or_mem, front end in vpo is expected to convert the source progranpesy
reg_or_immInstance reg_or_imm, int nbytes) { intermediate representation: RTLs with the invariant gaath RTL
Rtl_ty_expr expr; is representable by a single instruction on the target macfiihe
expr = Rtl_binary(Rtl_op_sub, conversion is performed the expander, which therefore rbast
Rtl_fetch(reg_or_mem,nbytes*8), reg_or_imm); hoth specific to the source language and the target machiee. T
return Rtl_assign(reg_or_mem, nbytes*8, expr); consequence is that support for a new language requiresaeasep
1 expander for each target machine.
As in our hand-written postexpander, the vpo expander oactst
the familiar subtract instruction on the x86, which stoltes tesult 6.2.3 gcc
in the first source operand. To ensure that vpo's expandétresit The gcc compiler is a widely used, highly optimizing compiken

srcl as the location where the result is stored, the destination army of contributors have implemented a variety of scaldrlaop
optimizations, as well as man different back ends. The résa
9 An extra case for floating-point has been ellided to simgitify exposition. compiler that generates good code on many different mashine
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The structure of gcc is a mixture of the canonical 3-part com-
piler and Davidson’s code generation strategy. Each fromt e
generates code in a (mostly) language-independent, meachin
independent tree-based intermediate representatiortrddwdased
representation is converted to SSA form, and a number afnigd-
tions are performed. Then, the code generator takes over.

code, which is an order of magnitued longer than XhRTL ma-
chine description.

The code that generates the expander and recognizer isicompl
cated, but it is written only once, then reused with all thexpier’s
back ends. The code to generate an expander is 727 non-cammen
non-blank lines of C code; the code to generate a recogrézer i

The code generator is based on Davidson’s structure of a com-2,289 lines of C code.

piler: the code is converted to a form of RTLs using an expande
and the machine invariant is maintained by a recognizeruBliite
Vpo, in gcc the expander and recognizer are not written bg.Han
stead, the compiler writer composes a “machine descriptiamm
which the expander and the recognizer are generated.

But gcc’s machine descriptions are not likeRTL machine de-
scriptions. A gcc machine description is a collection of migfins
that are used to implement the expander, the recognizesanmd-
times parts of the optimizer. For example, the expansionsfta
traction instructions is defined as follows on the x86:

(define_expand "subsi3"
[(parallel
[(set (match_operand:SI O "nonimmediate_operand" "")
(minus:SI

Once a single back end has been implemented, the additional
effort required to add a new code generator is writing a newv gc
machine description:

o Definitions of the machine instructions
o Definitions for the expander

To test a new back end, gcc relies on end-to-end testingg usin
an extensive test suite.

Our experiments demonstrate that our generated compiiers p
duce code comparable to code produced by gcc with little- opti
mization. When gcc compiles the benchmarks with optimarati
turned off gcc -00), our generated back ends produce faster code
for most of the benchmarks, with the exception of thetex-95
benchmark (see Table 2). But when gcc uses a variety of scalar

(match_operand:SI 1 "nonimmediate_operand" ""gptimizations gcc -01), it produces code that is 1.7% to 29.5%

(match_operand:SI 2 "general_operand" "")))
(clobber (reg:CC FLAGS_REG))])]
"ix86_expand_binary_operator (MINUS, SImode,
operands) ;
DONE; ")

The first argument'subsi3" states that the code expands a sub-
traction of 4-byte integers. The second argument is an RTth wi
two effects: one performing the subtraction and the othalplwbr-
ing the condition conde register. The careful reader witerthat
the RTL does not constrain the destination location to besmee

as the first source operand. But strangely, it appears tiseRT. is
never used. Instead, the final argument ofdbeine_expand def-
inition evaluates commands before generating the expaRdied
The ix86_expand_binary_operator function emits the correct
RTL, with the destination register properly constraint€den, the

faster than code produced by our back end. Until we have imple
mented a set of optimizations in our compiler, we can not eixjpe
to compete with an optimizing compiler such as gcc.

In addition to supporting a large number of back ends, gcc
can support a new front end through an interface that is oaty p
tially decoupled from the rest of the compiler. The front énde-
sposible for converting a source program into code in a laggu
independent, machine-independent tree-based intertaadipre-
sentation. gcc then translates the tree-based interrsediatesen-
tation into another internal representation cal&MPLE. Unlike
C--, the tree-based intermediate representation was desfgned
C programs, making it well-suited to procedural languaggsbt
necessarily other languages. If a front end can not compida-a
guage feature into the tree-based representation, thelleonvgter
has one recourse: he can describe the feature using a languag
dependent extension to the tree-based representationravidep

DONE command ensures that the expander before generating the incallback functions to convert the extension iGZMPLE. In short,

correct RTL given in thelefine_expand definition.

The recognizer uses a similar definition to describe madhine
structions. The following definition defines a pattern (tihstfargu-
ment todefine_insn) that matches the subtraction instruction:

(define_insn "*subsi_3"
[(set (reg FLAGS_REG)
(compare (match_operand:SI 1
"nonimmediate_operand" "0,0")
(match_operand:SI 2 "general_operand" "ri,rm")))
(set (match_operand:SI O "nonimmediate_operand"
"=I‘1’[1 s I.ll )
(minus:SI (match_dup 1) (match_dup 2)))]
"ix86_match_ccmode (insn, CCmode)
&& ix86_binary_operator_ok (MINUS, SImode, operands)"
"sub{1X\t{/2, %01%0, %2}"
[(set_attr "type" "alu")
(set_attr "mode" "SI")])

Much like our hand-written expander and vpo, gcc defines-pred
icates to verify that the matched RTL is really represemtdiyl a
valid machine instruction; for example, the86_binary_operator_ok
predicate verifies that the destination of the RTL is the sase
first source operand.

In total, the machine description for the x86 defines 754 st
tions, 320 expansions, and 222 optimization opportuniBes the
machine description is 18,462 non-blank, non-commentslioke
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if the tree-based representation is not expressive enauggpture

the semantics of the source language, the writer of the feodt

can use a mechanism to extend the early phases of the campiler
Despite the effort that may be involved in adding a front eordaf
non-procedural language, gcc supports front ends not amlZf
C++, and Java, but also for the object-oriented language dast

the hybrid logic-functional language Mercury.

6.2.4 Experimental results

To demonstrate that an automatically generated back emntlipes

code that is as good as a hand-written back end, we compare our
hand-written back end for the86 with a generated back efd.

To compile C programs, we have added a new back end to the
1lcc compiler (Fraser and Hanson 1995); the back end emits C
(Peyton Jones, Ramsey, and Reig 1999; Ramsey and Peytan Jone
2000). Becaus@cc compiles only programs written in ANSI C,

we can use benchmarks only if they are written in ANSI C. We
have chosen suitable benchmarks from the SPEC CPU95 and SPEC
CPU2006 benchmark suites. For each benchmark, we measure
the wall-clock running time, averaged over five runs. The GPU
benchmarks show results on the reference set of inputshéor t
CPU2006 benchmarks, we ran only the training set of inpués du
to time constraints.

10Wwe ran out of time to do the same experiments on the PowerPGRKH
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To show that our hand-written and generated back ends bothlanguage. With its 90-odd operators, this language is dapaib

produce reasonable code, we also compare them Wwitfs na-
tive back end and witlgcc. 1cc’s only optimization is common-
subexpression elimination, but it does use BURG to perfopm o
timal local instruction selection. Witgcc, we use two different
compilations, setting the optimization flags 4600 and -01: the
first option compiles the program without optimization, wées
the second option uses a variety of scalar optimizationsase
of the immaturity of our optimizer, we expect our code to bemeo
petitive only withgcc -00.

The experimental results in Table 2 validate our hypotheses
Except for the vortex-95 benchmark, programs compiled gy th
automatically generated back end run at least as fast asrthe p
grams compiled by the hand-written back end, and the unrerma
ized results show that the difference in vortex-95 is leas three-
tenths of one percent. In the other benchmark programs,Jvesth
sions of our compiler outperforrbcc and gcc -00, presumably
because of our peephole optimizer. As expected, the greater
ber of optimizations performed bycc -01 produce code that is
1.7% to 29.5% faster than our generated back end.

7. Related Work

People have been working on retargetable compilers sin68 19
(Strong et al. 1958). Instead of surveying all that work, vie d
cuss three kinds of related work: support for front ends imoib
ers sharing the same code-generation strategy, machsoeiaieon

expressing a wide variety of machine-level computationse-+gew
operators can be added easily. The flexibility of this apginoa
demonstrated by the variety of languages for which fronsdrale
been written to target our compiler: C code with e compiler,
Standard ML with the MLton compiler (MLton 2005), Java with
the Whirlwind compiler, and the pedagogical language Tigith

a front end written by a colleague (Govereau 2004).

7.2 Machine descriptions

There has been a lot of work on machine descriptions, but not
all machine descriptions are the same. A declarative maehin
description language such asRTL describes a property of the
machine independent of any tool. Machine descriptions ash
nML andLISA have similar goals ta\-RTL, but the language de-
signs are very different (Ramsey and Davidson 1998). Each of
these machine descriptions has been particularly suctesghe
embedded communities, where a description of an archiedsu
used in the design of processors.

In some cases, the term machine description is used to descri
a mapping from the compiler’s data structures to machinglos
tions. For example, a BURG specification angdeaa machine de-
scription specify how to convert the compiler’s intermediaode
to machine instructions. In some cases, the compiler-Bpéadfior-
mation is placed inside a larger architecture descrip@mgliage,

languages, and compiler back ends generated from machine dewhich may include other properties of the machine, such as-fu

scriptions. We focus on the compilers.

7.1 Support for front ends in Davidson-style compilers

Davidson’s code-generation strategy of choosing machisigtic-
tions in the expander, then using a machine-independeimiapt

to improve the machine instructions is used both by Davidson
highly-optimizing compiler vpo and the widely used, opthiniy
compiler gcc, as well as by our compiler. But each of the three
compilers has a different interface between the front enthef
compiler and the back end, which affects how easy it is to agd s
port for a new source language.

Davidson’s vpo uses RTLs as the intermediate code inpugto th
back end, with the restriction that each RTL must be reptabén
by a single instruction on the target machine. The front end i
responsible for choosing instructions on the target machin
implementing an expander. The drawback of this approadtaisat
new front end is required for each combination of source lage
and target machine.

This drawback is avoided bycc, in which each front end in
generates code in a single machine-independent, tree-bise-
mediate language, which is later translated to machinestgnt
RTLs. This approach reduces the cost of adding a new front end
but the savings comes with a cost: it may be difficult to map the
semantics of a new language onto the tree-based representat

In our compiler, each front end generates RTLs with almost no
restrictions: the only constraints are that the front engt nat use
operations that are too wide for the target machirgg things like
73-bit addition are ruled out, and the generated RTLs muesthes
same address size and byte order as the target machinecticgra
most machines use either 32-bit or 64-bit addresses aret étthe-
endian or big-endian byte order, so it is not difficult to paederize
a single front end over the target word size and byte ordehave
done so withicc’s front end, for example.

The most significant benefit our approach is that the author of
the front end has access to the full expressive power of tHe RT

1IRedwine and Ramsey (2004) present an efficient algorithnuidating
with operations that are too narrow.
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tional units (Farfeleder et al. 2006). These descripti@shze very
useful for producing an efficient code generator, but theyrat
reusable.

As a point of comparison, we contrast our declarative machin
descriptions of the:86 with the machine description used by gcc.
The A-RTL description is 1,160 non-blank, non-comment lines,
and the SLED description is 788 non-blank, non-commentsline
Thegcc machine description for the86 is an order of magnitude
larger: 18,462 non-blank, non-comment lines of code.

But the benefits of a declarative machine description are not
limited to reducing the amount of code we write by hand: ibals
reduces the complexity of the code we write. The author of a
declarative machine description can focus solely on thke tds
describing the semantics of the target instruction sethEumore,
declarative machine descriptions can be tested independ¢mne
compiler. Previous work showed how to test the correctnéss o
SLED description (Fernandez and Ramsey 1997); in futunkwo
we hope to develop similar mechanisms }eRTL descriptions.

On the other hand, the writer of a hand-written back end must
not only understand the semantics of the target instrusinbut
also the semantics of the compiler’s intermediate code. Hsetm
then define a mapping from one semantics (the intermediake) co
onto another (the machine instructions). And of course ntlae-
ping must be written in terms of the compiler’s data struesyand
must satisfy the compiler’s invariants. In the case géa machine
description, the compiler writer defines a machine desonpis-
ing a collection of compiler-specific macros with the ocoasi
snippet of compiler-specific C code. The macros are used-o de
fine machine-dependent components of the compiler, inofttie
expander and the recognizer. Because the description iedefi
terms of the compiler, it cannot be reused for other apptinat

The observant reader may have noticed that our machine de-
scriptions are longer than the hand-written postexpandérrac-
ognizer. But it must be noted that the machine descriptiass d
scribe 639 instructions on theB6; the hand-written components,
on the other hand, can use only 233 instructions. By gemeyati
recognizer that accepts more instructions, we allow thieripér to
produce better code: the optimizer can only execute a wamsf
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Benchmark Icc Hand / Icc Generated /lcc  gcc-O0/lcc gec -0O1/lcc
compress-95  43.32s 0.84 0.80 1.01 0.69
go-95 2584s 0.98 0.88 1.01 0.61
vortex-95 55.84 s 1.09 1.10 1.05 0.77
mcf-2006 230.24 s 0.94 0.92 0.97 0.90
bzip2-2006  316.06 s 0.91 0.90 1.06 0.68

Table 2. Running times for compiled benchmarks: We lise as the baseline and give run times in seconds; other cormpitemormalized
tolcc. The Hand and Generated columns represent our compiley aimd-written and automatically generaie8$ back ends. Benchmarks

were run on an AMD Athlon MP 2800+ with 2 GB of memory.

tion if the resulting machine code is accepted by the recmgH

Furthermore, because a declarative machine-descriginguhge
is independent of any particular tool, it can be reused tegda
components for many different applications, such as bitvanys-
lators (Cifuentes, Lewis, and Ung 2002), linkers (Ferme&ntio95),
debuggers, and compilers. The effort of writing a declaeatha-
chine description can be amortized over all of these apijics.

7.3 Generating code generators from machine descriptions

The most closely related work on generating a back end was con

ducted over 20 years ago by Cattell (1980). Cattell presepts
that are similar to our work, including the techniques ohgsal-
gebraic laws and compensating for extra assignments. & olik
search algorithm, Cattell's search for implementatioaststfrom
the goal and uses a means-ends analysis to search for machine
structions. At each step of the search, Cattell's algorithoks at
the instruction it is trying to implement and rewrites thetimic-
tion using an algebraic law. A heuristic chooses which algieb
law to apply by estimating which law will produce an instioot
that is closer, in some sense, to machine instructions. teegrhis
search using a depth limit that caps the number of algebaais |

that may be applied. Like other work on generating a back end,

Cattell works with a compiler where instruction selectisrone of
the final phases, so instead of being able to generate nadiecand
improve it later, Cattell's automatically generated iostion selec-
tor had to generate good code. Unfortunately, experimeesallts
were not published.

Recent work withLISA discussed how to generate a BURG-
style instruction selector using a LISA machine descrip{i6eng
etal. 2005). The code produced by the generated back entoah a
5% slower than the code produced by a hand-written back éigl. T
slow-down is indicative of the difficulty of generating a kaend
when the instruction selector is one of the last phases ofdhe
piler: inefficient code produced by the instruction selectsults in
an inefficient program. Our novel approach, which builds ewib-
son and Fraser’s compilation strategy, allows the optintizelean
up the inefficient code produced by our expander.

8. Future work

We have shown how to generate the back end of an optimizing com
piler using declarative machine descriptions written gsirRTL.
But A\-RTL is not the last word in machine descriptions: we have no
automated techniques to check the correctnessRTL descrip-
tions, and our work witt\-RTL has exposed flaws in its design.

In future work, we plan to check the correctness)eRTL
machine descriptions, which would further improve theateility
of a generated back end. Furthermore, we are interesteglyiag
techniques from certified compilation (Leroy 2006) to prakat

1270 focus our experiments solely on the quality of the gererginstex-
pander, our experiments using the hand-written postexgramere run with
the machine-generated recognizer.
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the generated postexpanders produce correct code, agsthmain
the A-RTL description is correct.

Generating tools from machine descriptions is a commort-stra
egy, but an important problem that is still unsolved is howtde
a single, declarative machine description that can be useen-
erate a complete toolchain. A significant reason that thablpm
remains unsolved is that different tools view the machindiféer-
ent levels of abstraction, and a machine-description freoniewill
not be adopted unless it permits each user to omit desargptd
levels of abstraction he doesn't care about. A flaw we hawetide
fied in A\-RTL is that it works best at the level of abstraction used
by compiler writers.

A compiler does not care which bits of the condition code reg-
ister are modified by a subtraction instruction; it carey ¢int the
mutation of the condition codes can be used to implement dicon
tional branch. Therefore, when we write a machine desoriptiith
the compiler in mind, we follow a standard compiler techeiap
defining an operator to abstract over the mutation of theviddal
bits in the condition codes. In fact, to our compilatl RTL op-
erators are abstract; the only thing the compiler knows atia!
semantics of the operators is that the algebraic laws hold.

The designer of a bit-level simulator, on the other handdsa¢e
know precisely which bits of the condition-code register arod-
ified, which means the bit-level semantics of each RTL operat
must be specified. Unfortunately;RTL cannot even express the
idea that an RTL operator has a particular semantics; to lgetex
level of abstraction, one must replace the operator wittmatfan
giving its semantics. This limitation militates toward atiag mul-
tiple versions of each-RTL description, each to be used to gener-
ate a different tool—and outcome we wish most strongly tdcivo
Because our long-term goal is to usgactlythe same machine
description to generate different tools, the problem ofpsuiing
both low-level semantics and higher-level abstractiona single
description is important for future work.

A closely related problem is that a family of machine aratiite
tures may include several versions, each of which is verjlairto
the rest. We would like to find ways to use a single description
describe not just one version, but the entire family, as dovdo
and Zadeck (1996).
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