Submitted to the 2010 ACM Symposium on Principles of Programming Languages (POPL)

Automatically Generating Back Ends
Using Declarative Machine Descriptions

Joao Dias

Tufts University
dias@cs.tufts.edu

Abstract

Despite years of work on retargetable compilers, creatigga,
reliable back end for an optimizing compiler still entaildoa of
hard work. Moreover, a critical component of the back ende—th
instruction selector—must be written by a person who is expe
both the compiler’s intermediate code and the target ma&hin-
struction set. Bygeneratingthe instruction selector from declar-
ative machine descriptions we have (a) made it unnecessary f
one person to be both a compiler expert and a machine expdrt, a
(b) made creating an optimizing back end easier than everdef

Our achievement rests on two new results. First, finding gonap
from intermediate code to machine code is an undecidable#gro
Second, using heuristic search, we can find mappings forimezh
of practical interest, in at most a few minutes of CPU time.

Our most significant new idea is that heuristic search shoeld
controlled by algebraic laws. Laws are used not only to shwerw

a sequence of instructions implements part of an internedizde,

but also as the primary heuristic for limiting the search: dvep

a sequence of instructions not when it gets too long or when it
computes too complicated a result, but whea much reasoning
will be required to show that the result computed might bdulse

1. Introduction

Writing a back end for an optimizing compiler is difficult. Am-
piler writer must know not only the syntax and semantics afrget
instruction set but also the internal data structures avatignts of

a compiler, which can be very complex. For years, the stateeof
art has been to write back ends using domain-specific lamguag
which combine knowledge of a compiler’s data structureshwit
knowledge of a target machine (Aho, Ganapathi, and Tjiar@9.19
Emmelmann, Schroer, and Landwehr 1989; Fraser 1989; f-rase
Henry, and Proebsting 1992; Fraser, Hanson, and Proed€98).

We present a new technique which realizes a long-sought goal
decoupling compiler knowledge from machine knowledge (Con
way 1958; Strong et al. 1958). Using our technique, a back end
is generated automatically frodeclarative machine descriptions
(A declarative machine description contains no code anchfog-i
mation about any compiler’'s data structure; instead, ipgmnand
formally describes properties of a target machine.)

Our contributions are as follows:

* We are the first to show that given a description of an arlyitrar
instruction set, generating an instruction selector isgigthble
(Section 8). To find machine instructions that implemengrint
mediate code, it is therefore necessary to search heatigtic

¢ We present a new heuristic search algorithm, which startts wi
the expressions computed by the machine’s instructionrgkt a
gradually adds to a pool of computable expressions untilyeve
intermediate-code expression is computable.
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A crucial invariant is that we considemnly computations that
we knowcan be implemented entirely by machine instructions.
This invariant makes our algorithm significantly simplearth
earlier search algorithms, which start with goal compotai
whose implementations by machine instructions are not know

To increase the pool of computable expressions, we rewrite
existing computable expressions using algebraic laws.&teim

the left-hand side of an algebraic law, we have developedva ne
algorithm calledestablishmenwvhich uses a novel combination

of unification and machine code to make two expressions equal
(Section 7, especially Figure 4).

Finally, we present a new pruning mechanism which does not
restrict the size of a computable expression or the lengtheof
sequence of machine instructions used to compute an expres-
sion. Instead, we restrict tremount of reasoninghat is ex-
pected to be applied to reach a goal (Sedtion 8).

Our heuristic search easily finds instruction sequencepdpular
hardware. We have generated working back endsd6yPowerPC,

and ARM targets, which are representative of desktops, game
soles, and handhelds. By selecting instructibaforeoptimizing,

our back ends generate code that is as good as code geneyated b
hand-written back ends (Sectibn 9.1). As a result of our wark
good, reliable back end for an optimizing compiler can bdtbui
more quickly and easily than ever before.

2. Instruction selection and register transfers

Our instruction selector is based on the model developedawd
son and Fraser (1980; 1984)cade expandetranslates interme-
diate code to low-levetegister-transfer lists(RTLs). The code
expander establishes tmeachine invariant each RTL is imple-
mentable by a single instruction on the target machine. Al op
mizer improves the RTLs while preserving the machine imarari
Finally, the compiler emits assembly code by translatirgheRiTL

to a corresponding machine instruction.

To make this approach practical, the optimizer's code-owng
transformations must be independent of the machine invaria
Davidson and Fraser’s (1980) idea is to have the optimizir ca
a machine-dependentcognizer which enforces the machine in-
variant. A code improvement is accepted only if the recogmsays
that each RTL in the improved code is implementable by a eingl
instruction on the target machine. We have generated réxmrgn
from declarative machine descriptions (Dias and Ramse@)200

Even though the optimizer works at a very low level, Davidson
and Fraser’s approach can easily implement all the scathioap
optimizations expected of an optimizing compiler (Benitex
Davidson 1994). The approach is ideal for our work because an
automatically generated code expander need only geneoatsct
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Literal constant k

RTL operator @

Storage space s

Location set ls

Expression e,p == Tuw|k|l]DBler,...,en)
Location l = Zeis | $slel

Assignment A = l:=e

Guarded assignmentg = p— A

RTL R = g{lg}

Control-flow graph G e| R;G

Figure 1. Grammar for register transfers.

code;good code is not required. In fact, Davidson (2008) reports
that the approach works best when starting with naive code.

Before explaining how tgeneratea code expander (Section 6), we
cover a lot of background: how RTLs represent instructic®ec{
tion[3), what information is extracted from a declarativea@tion

of the semantics of machine instructions (Sedtion 4), avd dur
code expander is divided into machine-independent and im&ch
dependent parts (Sectioh 5).

3. Representing instructions as RTLs

Register transfers are composed primarily frexpressionsloca-
tions assignmentsandRTL operatorgFigure 1). When analyzing
an instruction set at compile-compile time, we also altqverand
metavariables .., andx ¢ to stand for expressions and locations,
respectively. Internally, each expression, location, gperator has
a width, but these widths are typically inferred by a typeoitee,
and for simplicity, in this paper we usually leave widths lip.

At compile time, an expressioa is a literal constank, a fetch
from a locationl, or the application of an RTL operatey to sub-
expressions. An RTL operator always represents a pure dampu
tion on bit vectors; our library of about 90 operators inésadtan-
dard integer, logical, and IEEE floating-point operatioifithese
don't suffice to describe the semantics of an instructionaahime
description can introduce a new operator. Operator afjgitaare
written using prefix notation, but for binary operators, vee infix
notation as well.

At compile time, a locatior is one or more contiguousllsin a
storage space. Storage spaces include memory, general-purpose
registers, and special-purpose registers; collectiviety tare the
machine state. Each storage space gets a one-characterwame
conventionally use for general-purpose registersfor floating-
point registers, and for memory. Locations are referred to using an
array-index notation, but for convenience, we also namatiogs;

for example, on the86, the nameESP refers to locatiorr [4]:
general-purpose register 4, the stack pointer.

An assignment computes the value of an expression and shares
result in a location. A guarded assignment- [ := e evaluates a
predicatep called theguard and ifp is true,e is evaluated and the
result stored in. For ordinary instructions, the guard is trivially
true and is omitted; guarded assignments with nontriviards
typically represent conditional-branches or predicatestructions.

A register-transfer list or RTLR is a parallel composition of
guarded assignments; it is like Dijkstra’s (1976) multipksign-
ment except that each assignment has its own guard. A sifdle R
can represent the input/output behavior of any machineucison.

Our algorithm, like our compiler, works with control-flowaphsG.
For simplicity, in this paper we assume that a control-floapdris
a sequence of RTLs; an empty sequence is written

4. Declarative machine descriptions anc\-RTL

A declarative machine description specifies propertiesnshahine
using formalism that is independent of any particular taopim-
gramming language. Properties of interest for code generat-
clude the semantics and the binary- or assembly-languagesen-
tations of machine instructions. By design, a declaratieeimme
description can be written by a machine expert who knowsingth
about the internals of any compiler.

A declarative machine description can be used to generate pa
of many tools, not just a back end. For example, the semantic-
description languaga-RTL (Ramsey and Davidson 1998) and its
sister language SLED (Ramsey and Fernandez 1997) have been
used to help generate assemblers and disassemblers (Rantsey
Fernandez 1995), linkers (Fernandez 1995), dynamic gedera-

tors (Auslander et al. 1996), debuggers, and binary treorsléCi-
fuentes, Van Emmerik, and Ramsey 1999).

A declarative machine description is not a program in a damai
specific language: extracting a program requires analyhs con-
tribution of this paper is a set of analyses that togetherestile
most difficult and important problem in this field: extragfiatrans-
lation of intermediate code into machine instructions.

A-RTL and SLED model an instruction set using an algebraic
datatype that represents the abstract syntax of instnsctiach
instruction corresponds to@nstructor which can be applied to
operands. For example, the PowerPC’s three-register atiaitn
tion has the abstract syntadd (rd, rsi1, rs2);theadd construc-

tor is applied to three operands. An operand may be a bit vecto
the result of applying another constructor.

A-RTL's algebraic datatypes are equivalent to a grammar with
named productions. This equivalence makes it easy to exptai
A-RTL specifies semantics: &-RTL description defines aat-
tribute grammaiin which the meaning of an instruction is a synthe-
sized attribute in the form of an RTL with metavariables. lEpm-
duction in the grammar is associated with an equation tHatiew

to synthesize a result attribute from the attributes of fierands.
For example, the PowerP4ad instruction is specified 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 metavariables have been declared as 5-bit operaniti i
language of attribute grammars, they are “terminal symbdlben

an RTL is created at compile time, metavariables are instizak
with values, so for example the abstract-syntax #é#(1, 2, 3)
has the semantidg [1] := $r[2] + $r[3].

RTL metavariables have the forms.,, andz.;;. A metavariable
of the formz ., ranges over bit vectors of width. A metavariable
of the formx ;s ranges over locations in s&t In our add exam-
ple, a metavariable ,5 could stand for the register numbes1;
a metavariablercg (0. .317 could stand for the locatiofir [rs1],
which might be any register in spage

From a\-RTL description, we extract the following information:
e A grammar from which all instructions can be generated
o A list of storage spaces and locations

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

5. Code expansion by tiling

A code expander translates a statement in an input langnége i
control-flow graphG in which each node is an RTL that is imple-
mentable by a single instruction on the target machine. Gouti
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language is €-, whose ASCII syntax is a thin veneer over RTLs
(Ramsey and Peyton Jones 2000)-@s easily targeted by a front

end: a front end may emit any assignment so long as no value or

intermediate result is wider than a machine word. The fromt, e
therefore, needs to know almost nothing about the targehimec
only the word size and possibly the byte order.

Because a front end can generate almost any RTL, a code expand
for C-- has to work harder than a compiler for a language like
C or Java: it must translate any well-formed RTL to equivalen
RTLs that satisfy the machine invariant. To make it easievrite
code expanders, we factor each expander into two partspheet
pansion tileqor tilese) provides machine-dependent implementa-
tions for a fixed, machin@dependenset of RTLs; and a machine-
independentiler translates any well-formed RTL into an equiva-
lent control-flow graph whose nodes are tiles from the tilese

Our tiler is implemented by tree covering (Pelegri-Lldpand
Graham 1988; Aho, Ganapathi, and Tjiang 1989; Emmelmann,
Schroer, and Landwehr 1989; Fraser, Hanson, and Progbstin
1992). What distinguishes our tiler from previous work iattho
matter what the target machinevery back end uses the same set
of tiles (Dias 2008, Chapter 5). The tiler uses maximal munch to
translate a well-typed RTL to a sequence of tiles. For exampl
given the memory-to-memory move

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

the tiler may generate a sequence of six tiles, each of whibbre
moves a value or applies a single RTL operator:

t1:=12 /I load-immediate tile
to:=ESP+t; [/ binop tile
t3 := $mt2] /I load tile
ty:=8 /I load-immediate tile
ts :=ESP +t4 /I binop tile

$mts] :=ts /I store tile

The example shows why this transformation is cattede expan-
sion a single RTL is expanded into many tiles. The expansion fac-
tor is large because the tiles are small: each tile implesnatost
one RTL operator. Each tile in turn will be implemented by a se
guence of machine instructions, but because a tile canlyshel
implemented using one or two instructions, the remainingpex
sion factor is smaller. Even so, the expanded code can biolyorr
inefficient—but it is ideal for peephole optimization antiet opti-
mizations that take place after instruction selection {Bsan and
Fraser 1984; Benitez and Davidson 1994).

Our machine-independent tileset is designed to cover diHtyeed
RTLs (Dias 2008, Chapter 5). We have defined dozens of tites: o
for each RTL operator, plus tiles for data movement and obntr
transfer. But what matters to our tiler is not the number lektbut
the number of forms, which we cahapesThe shape of a tile is
obtained by abstracting over RTL operators and over thehsidt
arguments and results, and the size of the tiler is propwtim the
number of shapes, not the number of tiles.

Because the tiler is machine-independemg have reduced the
problem of generating an instruction selector to the problef
finding an implementation of each tile using only target-hiae
instructions Before moving on to this problem, we discuss the
structure of the tileset:

e An operator tileapplies asingle RTL operator to constant or
register operands and places a result in one or more regjister
Operator tiles come in 7 shapes.

Data-movement tiles also move data between locations of dif
ferent widths, so there is a shape for sign-extending anat zer
extending loads and a shape for instructions that store itsv b
of a register in a memory location. In total, data-movemites t
come in 13 shapes.

e A control-transfer tilechanges the flow of control. There are
shapes for conditional and unconditional branches, iotire
branches, direct and indirect calls, and returns. Contawisfer
tiles come in 9 shapes.

The shapes above are for register machines. Stack machuts,
as thex86 legacy floating-point unit, add another dozen shapes.

6. Our algorithm for finding tiles

Finding machine-specific implementations of tiles turns toube
undecidable (Section 8). We have therefore developed a eavish
tic search algorithm, which works well for machines of pieat
interest.

Our algorithm resembles answer-set programming. We miniata
poolof RTLs, each of which is known to be implementable by a se-
quence of instructions on the target machine. The pooltislizied
with RTLs from the declarative description of the target hige.
These RTLs may or may not include some tiles. To find more, tiles
we combine RTLs in the pootreating new RTLs which are also
implementable by machine instructions. We continue ad&gs

to the pool until we have found an implementation of eachdile
until our pruning heuristic tells us to stop. In the rest a$ ection,
we refine the description of our algorithm, with examplesinfa
development is deferred to Section 7.

6.1

We want to grow a pool of RTLs that we know how to implement on
the target machine. We therefore maintain the followingirant:
each RTL in the pool has an implementation that uses onlyiast
tions which exist on the target machine. We begin by pomdati
the pool with RTLs from the\-RTL description:

o Although we talk about RTLs, an element of the pool is acyuall
a control-flow graphG, together with a postcondition that says
what expressior is computed byG. Both G ande are param-
eterized by operand metavariables. Initially, every grépis a
machine instruction, and the associated postconditioesgive
contents of one location assigned to®y

Intuitions about the algorithm

We enlarge the pool using the following ideas:

e Sequence RTLs to implement new RTHar example, if the
pool contains RTLg; := e; andly := ez such thates uses
locationl;, we can combine the RTLs in sequence so the result
stored intd will be ez [l1 — e1], wheree; is substituted fot; .

e Compensate for unwanted assignmenitdile assigns to just
one location. But a sequence of RTLs may assign to many
locations. To use such a sequence, we compensate for umlvante
assignments by making sure they cannot be observed.

e Apply algebraic lawsAn algebraic law asserts that two ex-
pressions are equivalent. If a sequence of RTLs computes
a complicated expression, we might be able to use an alge-
braic law to show that the same sequence computes a simpler
expression—like the right-hand side of an expansion tile.

If by using these ideas, we get a sequence of instructionsna-
putes an expressiarwhich is not already computed by some other

¢ A data-movement tilmoves a constant into a location or moves RTL in the pool, then provided satisfies the pruning heuristic de-
a value between two locations. There are shapes for register scribed in Section]8, we add the sequence to the pool. Ouingrun
register copies, loads from memory, and stores to memory. heuristic predicts whether an assignment is likely to heiple-
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ment a tile. Pruning not only ensures termination but alslices
the time spent finding new combinations of RTLs.

We illustrate our algorithm with an example: finding an immpén-
tation of the bitwise-complement tile, := —r2 on the PowerPC.
The initial pool of RTLs does not include bitwise complemenit
it does include a load-zero instructioand a bitwise nor:

Gldzero £ 13:=0
Ghitnor 2 71 := —(re V r3)
Hereri, r2, andrs are RTL metavariables standing for general-
purpose registers. We can combine these instructions iguesee
Geomt 213 :=0;71 := =(r2 V r3)
which computes both the bitwise nor and the assignmeng:to
Geomt+ =11:=7(r2V0) | r3:=0

Now we can apply the algebraic lawwv 0 = z, with r substituted
for z, to simplify the bitwise-nor expression:

Gcom+ =7 =

The RTLr; := —ry | r3 := 0 computes bitwise complement, but
it also assigns zero ta;. To compensate for the assignment-to

-r2 | r3:=0

we have to make it unobservable by the rest of the program. One

way is to replaces with a location that cannot be observed: a fresh
temporary or a scratch register.

A fresh temporary is guaranteed to be distinct from evergiokb-
cation in the program; for most sets of machine registeesctim-
piler provides an infinite supply of fresh temporaries. Terapies
are eventually mapped to hardware registers by a registeasor.
If we substitute a fresh temporatyor the location metavariable;,
the assignment tbcannot be observed:

Gcom £ Gcom+[7'3 = t] =T1 =T | t: =0

Not every hardware register has associated temporari@seXo
ample, a unique hardware resource like a condition-codé¢atus
register would not have temporaries. In this case, the h#tro
is for the back end to designate the resource asratch regis-

When we apply an algebraic law, its metavariables may baceg!
by anyRTL expressiong, not only expressions of the fora¥*",

To improve readability, we usually omit the subscriptof an
algebraic-law metavariable.

Algebraic laws are universally true, independent of any e
The most familiar kinds of laws are identities and inversesh as
x + 0 = x and——z = z. Another familiar kind of law shows how
to implement one RTL operator in terms of other RTL operators
examplexz = —x — 1. A more interesting kind of law shows how
a value can be equal to an expression involving that same Malu
example, the following law is used to find instruction seqen
that load large immediate values on RISC architectures:

((x>1n) < n)Vzx(lobits,(z)) = .

There are many such laws, which embody both machine knoeledg
and some of the kind of domain-specific knowledge presenyed b
Warren (2003).

6.3 Data movement

To save and restore mutated locations and to implement data-
movement tiles, we must be able to find sequences of insingti
that move data from one location to another. To solve thi®-pro
lem, we build a directedata-movement graptEach node in the
graph represents a set of locations on the machine, detetmis
ing thelocation-set analysisf Feigenbaum (2001), as adapted by
Dias and Ramsey (2006). This analysis identifies locatibatare
interchangeable for use in some set of instructions. Fomeie,
most machines have general-purpose registers that aretiateye-
able in most instructiors.For each RTL in the pool that moves
data from locatiori’ to locationl, we add the edgé — [ to the
data-movement graph. Then we compute the transitive aosiur
the graph, so that if we can construct a sequence of R¥lte
move data from; to l2, we add that edge to the data-movement
graph, and we associate with that edge. For example, to show
that we can move data between integer registers ox8fieve add

an edge from the location s¢t [0. . 7] to itself, we represent the
edge using two metavariablesrro..1 — Tegrpo..71); and we

ter. A scratch register is made unnameable in source code and uUn-gssociate the edge with the RTL for the move instructionh wie

available to the register allocator. Scratch registers beaputated
freely in the implementation of any tile.

Finally, if we have an unwanted assignment to a location hiaat
no temporaries and is not a scratch register, our only chisite
insert code to save and restore the value in the locatios.dgtion
is workable only in straight-line code; to save before arstae
after a branch instruction would require inserting codéattranch
target, which would violate the abstraction of the tileset.

In our example, the only observable assignment of the RTL is
r1 := —ra, Which implements the bitwise-complement tile, and we
addGcon to the pool.

6.2 Algebraic Laws

An algebraic law defines an axiom used to show that two RTL
expressions are equivalent. The language of algebraicusesthe
same operators as the language of RTL expressions, bueitsref
only to constants and to special algebraic-law metavatabl,,
never to locations:

Law metavariable z
Law Expression e"MWoi=gxp | k| @ertY, ... ektY)
Law Law = WV = 5V

1 Actually the PowerPC instruction set does not include a-oem instruc-
tion, but the load-zero simplifies this example. The gréph...., is derived
by our algorithm; it is equivalent to the graph labelled D@ules for deriv-
ing Hoare triplestriplenumber.4 in Figuré 6.

metavariables cgrro..77 andxL g, 0. 77 @S Operands.

An ideal data-movement graph would be complete: able to move
a value from any location on the machine to any other location
the same size. Real data-movement graphs usually lack siges e
that involve special registers, such as condition-codestexs.

7. Formal development

The essence of our algorithm is to find a control-flow grdph
composed of machine instructions, such that wikeis executed,

it implements an assignment of the foim= e, which is the form

of almost every tile. When we discover a graph that implesiant
new assignment, what we add to the pool is not an RTL but rather
the control-flow grapit? that implements the RTL, plus a postcon-
dition that gives the source and destination of the assighme

A graph and a postcondition suffice to express the solutiomsit
problem—the implementations of the tiles we are trying te- di
cover. But this form is not general enough to enable us to rea-
son about composition of machine instructions, which netguus

to reason about intermediate states. We therefore use kdes:

{P}G{Q}

The Hoare triple says that executing gra@ln an input state satis-
fying preconditionP results in an output state satisfying postcon-

2particular registers are often given special, noninterghable status in a
few instructions such as multiply, divide, or block copy.
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CREATE CANDIDATE

™ = es™ € Laws
0,GlFge=er™ £ =modifies(G)
(Gs,Gr, Ls,0') § observable(§(LU Lo)) =606
eIfAW:e%AW

{true} Go {lo = in Ele] A modifies Lo}
{true} 0(Gs; G; Go; Gr) {0l = in O(E[es™™]) A modifies L}

FIND GRAPH AND SUBSTITUTION
Fest {P}G{e=¢"}

[Plo,GlFge=¢

Figure 2. Generating a candidate

dition Q. The postcondition may refer to both states: to refer to the
contents of a locatiohin the output state, we write juitto refer to

the contents of that same location in the input state, weevait .

We use the obvious homomorphism to ift to expressions.

Because we are interested in implementing tiles, and becaus
tile must establish its postcondition regardless of maetstate,
the precondition of a Hoare triple in the pool is alwass:e.
Because each tile implements a single assignment, we asate
postconditions to the following canonical form:

l = in e A modifies L

The postcondition describes the contents ofoatput-stateoca-
tion [ in terms of the value of aimput-stateexpression. The post-
condition also says what “extra” locatious are modified by the
graph; this set, which does not contdinaccounts for unwanted
assignments. If a location is not in the g&tJ {l}, its value re-
mains unchanged. As an example, the PowerPC implementation
the bitwise-complement tile is described by this Hoarderip

{true} Geom {r1 = in —r2 A modifies {t}}

7.1 How new candidate Hoare triples are created

Our search algorithm looks for Hoare triples that implenmesw
assignments. Its fundamental operation is to use an aligebxa
er™ = e5*" to rewrite the postcondition of a Hoare triple that
is already in the pool, producing a new Hoare triple with a new
postcondition. We write the operation using this judgment:

(true} G {Q) =™ ey &7 Q')

A derivation of this judgment, which always ends in r@eeate
cANDIDATE from Figure 2, is constructed as follows:

1. Choose a Hoare triplgtrue } Go {lo = in eo A modifies Lo}.
2. Choose a subexpressionf ¢g such thaty, = FEle].
3. Choose an algebraic laay*" = 5%,

4. Use the algebraic law to rewrite Specifically, try to matcle
andel*W using a process we calbtablishmentEstablishment

is akin to unification, but in addition to a substituti@nit may

also introduce machine code (a control-flow gragh which

alters machine state in order to makande;*" equal:

0,Glge=er™"
ExecutingG establishes a machine state in whith= 6e
As shown in Figure 2, rul8iND GRAPH AND SUBSTITUTIONfiNdS
6 and G by deriving a Hoare tripld P} G {e = e[V} using
the rules in Figurél4, which are explained in Section 7.3. In a

derived triple, preconditiorP is always in a canonical form
which determines a substitutidi®] ¢ .

LAW
1 .

5. If eitherG or Gy has unwanted assignments to observable loca-
tions, find graph&; andG,- to save and restore those locations.
The relation(G;, G, Ls,0") { L arranges to make modifi-
cations to locations irC unobservable. Like establishment, it
uses a combination of renaming and code. When possible, ob-
servable metavariables ifare renamed to unobservable fresh
temporaries by substitutiofi. If there are other locations i,
graphG, saves their values to temporaries and scratch locations
in L, andG, restores the original values frof.

6. Create a new Hoare triple whose graplGis G; Go; G- and
whose postcondition is derived from the original postctiadi
with e5*" (the right-hand side of the algebraic law) substi-
tuted fore, written E[e5*"]. The expressiors*"Y may share

metavariables witl, E[], and the graph, so we apply the sub-

stitutiond to all of them.

7.2 Example of finding a new Hoare triple

We now give a full formal treatment of the bitwise-compleren
example from Section 6.1. In the process we explain manyef th
rules for deriving Hoare triples, as well as our algorithre@arch
for derivations. We begin with the following pddl:

{true} Giazero {ri = in 0 A modifies 0}
{true} Guitnor {r1 = in =(r2 V r3) A modifies 0}

We choose the triple with grapt/y::..» and the algebraic law
2V 0 = x. From ruleCrReATE cANDIDATE in Figurel 2, we choose
subexpressiom; V r3 ase, so E[] is —[]. We would like to find
a substitutiord and graphG such thatd, G k¢ r2 Vrs =2 V0,
which we can do if we can derive

}_cst {P}G{T2\/7‘3 :ZZ'\/O}
according to the rules in Figure 4. (We thendet [P]s.)

Logically, the proof system fokr.,; {P} G {P’} derives some
valid Hoare triples. Algorithmically, we are given a ga@l, and
we search for a preconditio® and graphG such that when we
substitute for metavariables as specifiedhexecuting P G es-
tablishes postconditiof’], P’. Our algorithm has features in com-
mon with both unification and Damas-Milner type inferenca.id
variant of the algorithm is that postconditid®f is a conjunction of
equalities, and®’ never mentions the input state (i.im, does not
appear). The algorithm searches for a sequence of gralesthh-
lishes the conjunction of inequalities; the last graph engaquence
establishes the first equality in the conjuncffon.

In our example, we want to derive a conclusion of the form
}_cst {P}G{T2\/7‘3 :ZZ'\/O}

Our algorithm begins with the goak Vv r3 = x Vv 0, eventually
producing the derivation shown in Figure 5.

We see by the syntactic form of the goal that we should appéy ru
REDUCE APPLICATIONS] This rule converts equality of application
to conjuction of equalities, so our new goalis = = A r3 = 0.

At this point, we must appl@yMMETRY to make progress, and we
get goalz = r. Now only one rule applieSSPECIALIZE LAW.
We substituter, for = in the rest of the goal, which here has no
effect, so the new goal i; = 0.

3We write the load-zero triple using metavariablein order to emphasize
that when we use a triple in the pool, we freshen all its meiabtes.

4From the logical perspective, equalities= ¢’ ande’ = e are equivalent,
but in order to guarantee termination, our search for a dgon distin-
guishes them (Section 7.3).

5SYMMETRY is used only when it is not otherwise possible to make
progress and when usingrf@METRY will make further progress possible.
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INSTANTIATE MACHINE CODE
{true} G {l = in e A modifies L} € Pool
0 = 0; 0 Opresh, Oresk, freshens metavariables

Finst {true} 0G {0l = in Oe A modifies 0L}

Figure 3. Instantiation of code from pool

EQUAL EXPRESSIONS
Fest {P} G {P'}
Fest {P}G{e=eAP'}

ALL SATISFIED

Fest {true} e {true}

SPECIALIZE LAW )
e has no law metavariables z. ¢ fu(QG)

zr ¢ dom P Fest {P} G {P'[zL — €]} e = [Plee
Fest {Plzr — €Az, =€e}G{zr =eAP'}

MATCH LOCATION
lels
Zeis ¢ dom P Fest {P}G{P'[xcis — 1]} ' =[P]el

I7e.st {P[Ccels — l,] A Tels = l,} G {xgls =IA P,}

MATCH C_OMPILE-TIMECONSTANT EXPRESSION L
e is computable at compile time and fitsdnbits

Tyw ¢ fo(e) ZTpw ¢ dom P shrinks(z4w = ¢ A P')
Fest {P} G {P[wyw—e]} € =[Ploc
Fest {P[Tpw — €] ATpw =€} G{rypw =e AP’}

REDUCE APPLICATIONS
Fest {P}G{el :6,1/\/\6n:€{n/\P,}

Fest {P}YG {@®(e1,...,en) = D(el,...,en) NP’}

USE RESULT
Finst {true} G {l = in e A modifies L}
1 ¢ fu(e) shrinks(l = e A P")
[PloL N [Plo(fu(P) =0  Fes {P} Go {P'[l = €]}

}_cst {P}GO,G{ZZG/\PI}

PREPARE OPERATOR

Finst {true} G {l' = in @®(ey, .. .,en) A modifies L}

L ¢ fu(®(el,. .. ep))
Fest {PYGo {l=1'Al"=@(el,...,en) A \ €i =es AP}
1<i<n
Fest {P}GO {l:@(el,--.,en)/\Pl}

PREPARE CONSTANT
e ande’ are computable at compile time and fitinbits
Finst {true} G {I' = in €’ A modifies L}
Fest {P}Go{l=UAl'=€' Ne' =enP'}
}_cst {P}GO{ZZS/\PI}

SYMMETRY
Fest {P} G {e' =eA P}

Fei {P}Gle=¢ AP}

Figure 4. Rules for establishing equalitit:..; {P} G {P'}

To establish goats = 0, we use graphs := in 0 from the pool,
as shown in ruleuse resuLT This example illustrates one of the
fine points of using code from the pool: as shown in nuWeTAN-
TIATE MACHINE coDE from Figure 3, when we use code from the

INST. MACH. CODE

SPECIALIZE LAW

{true} r} := 0 {r] = in 0 A modifies §} € Pool
0 = [ry — 73]

Finst {true} r3 := 0 {rs = in 0 A modifies 0}
rs & 0 shrinks(rs = 0 A true) DNO=0
Fest {true} e;r3 := 0 {rs = 0}
r2 has no law metavariables = ¢ {rs} ]
Fest {z=r2}ers:=0{zx=r2 A r3=0}
Fest {T=r2}er3:=0{ro=2 A r3 =0}
Fest {t =12} 63 :=0{r2Vrs =2 VvO0}

USE RESULT

SYMMETRY

REDUCE APPS

Figure 5. Derivation of a graph establishing vV rs =z Vv 0

pool, we first make all its metavariables fresh, and then wg ma
substitute again for the fresh metavariables. The req@ngsnfor
substitutiond; are the same as for the substitutions in riflescH
LOCATION andMATCH COMPILE-TIME CONSTANT EXPRESSIONIN the
example, the goal i3 = 0 and the code in the pool has postcon-
dition v = in 0. We substitute a fresh metavariable fgr, then
substituters for the fresh metavariable. We can then conclude

Finst {true} rs := 0 {rs = in 0 A modifies 0}

The remaining goal is the empty conjunctionie, which is estab-
lished by the empty graph and preconditibie (ALL SATISFIED).

To avoid cluttering Figuré 5, that part of the derivation lisied.
We can now move back down the derivation tree, filling in gsaph
and preconditions as we go.

The ruleUse rREsuLTputs the empty graph from theLL sATISFIED
rule beforers := 0. The side conditions o$rPECIALIZE LAW are
satisfied, and the constraint= r; is introduced into the precondi-
tion. SyMMETRY leaves precondition and graph unchanged. Finally,
REDUCE APPLICATIONS|eaves graph and precondition unchanged,
and (omitting empty graphs) we have derived

l_cst {II) = 7‘2} r3 = 0 {7’2 Vrs=xV 0}
which is a valid Hoare triple.

7.3 Ourrules for deriving Hoare triples

The rules in Figure 4 are carefully crafted not only to derwaéid
Hoare triples but also to put preconditions into canoniogtf. It is

a metatheorem thatfif.,; {P} G {P’'}, thenP is a conjunction of
equalities, and the left-hand side of each equality is a vaetble.
Moreover, if a metavariable appears in the left-hand sidearof
equality in P, that metavariable does not appear in the right-hand
side of any equality inP. Finally, any given metavariable appears
on the left-hand side of at most one equalityAnPreconditionP
therefore determines a unique substitution for metaviasakvhich

we write[P]e.

One unusual feature of the proof system is its treatment tdvaei-
ables. To establish the goal;s = [, it is not sufficient that
x¢cis andl refer to locations that hold the same valugy; andl
must refer to the same location. We enforce this requirerbgnt
substituting for z;;. Other metavariables are treated similarly.

The presence of metavariables affects what we mean \slid
Hoare triple. Metavariables are not part of a machine'ssthey
are substituted for. A Hoare tripleP} G {P’} in our canonical
form is therefore valid if and only if executing grapR]o G in any
input state results in an output state satisfyjijo P’

The proof system fok.;; {P} G {P’'} is sound: it derives valid
Hoare triples. Proof is by induction on the height of deiivas.

e The base case BLL sATISFIED, whose conclusion is valid.

2009/8/1



Initial pool:
A:
B:
C:

r1 := sx(lobitsie(ks2))
ry =19V zx(lobitsm (k32))
r1 =12V (k32 > 16) < 16

load signedk1s
bitwise-or immediate
load upper immediate

1 Initialize Pool with Hoare triples from machine description
2 repeat until Pool stops growing

3 Build data-movement graph from current content$ob!

4 Add new data-movement edgesRool as Hoare triples

5 foreach {true} Go {lo = in eg A modifies L} € Pool

Round 1 finds load-immediateand or-witho: 6 foreach subexpression and contefe] = in eg
D: r1:= sx(lobitsi(0)) {r1 :=0} 7 foreach law e = " CLAW _ LAW
E: r1:=r2Vzx(lobitsi(0)) {r1:=7r2 Vv 0} 8 if {true} Go {lo = Ele] A modifies Lo}

- - - - 9 {true} G’ {lj = in ey A modifies L'}
Round 2 finds register-register move and zero-extend-livsv-b 10 and [, — in ¢} passes our utility test (Section 8)
F: 71 :=r2V zx(lobitsis(0)) {r1:=rq} 11 then Pool += {true} G’ {lj = in ej A modifies L'}
G: t1 := sx(lobitsis(0));

r1:=t1 V zx(lobitsie(ks2)) {ri := zx(lobitsie(ks2))}
Round 3 finds load-immediate of a 32-kit

H: 1 := sx(lobitsis(0));
ta :=t1 V zx(lobitsis(ks2))
r1i=ta V (ks >0 16) < 16;  {r1:= ka2}

Figure 6. Finding instructions by rounds on the PowerPC. Modi-
fies clauses are omitted to save space.

e Rules EQUAL EXPRESSIONS REDUCE APPLICATIONS, PREPARE
OPERATOR PREPARECONSTANT, and SYMMETRY are variations
on a theme: replace a goR| with a smaller or better goaPr,.
These rules are sound because a tr{ghg G {P;} is valid if
P; implies P{ and if triple { P} G {P;} is valid.

The metavariable ruleSpeciaLizE LAW, MATCH LocATION, and
MATCH COMPILE-TIME CONSTANT EXPRESsIonall introduce sub-
stitutions. They are sound because applying a substittition
a valid triple produces another valid triple. Proofs useslaw
like [Plzeis — U] Axeis = U]o = [xetss — '] o [P]o, Where

I = [P]el, which hold for derivable preconditions.

The remaining ruleyse rResuLr, is the most interesting rule in
the system. It is the only rule that uses machine o@dieom

the pool to satisfy a goal. Its soundness is based on Hoare’s
axiom for assignment, but it may be easier to see that the new
goal P'[l — e] is the weakest precondition df= e with re-
spect toP’. The side condition[P]e L N [P]o(fo(P")) =0
ensures that unwanted assignments performed~bgo not
mutate locations named in the postcondition. The condition
LN fo(P") = 0 would not be sufficient, because the substitu-
tion [P]e might unify two otherwise distinct locations.

It is easy to write a terminating algorithm that searchesifmva-
tions. During the search, we say that a goal gets smallereif th
number of law metavariables; decreases, or if the expressions
on the right-hand sides get smaller, or if the number of auctg
decreases. (The precise condition involves counting thebeun of
conjuncts with right-hand sides of height for eachn.) In most
inference rules, the inductive case obviously uses a sngdlal.
But Use REsuLTand MATCH COMPILE-TIME CONSTANT require side
conditions to ensure the new goal is smallerUige RESULT, con-
dition shrinks(l = e A P’), which holds unless is an application
andl appears free in the right-hand side of an equality’iin en-
sures that the new go@'[l — e] is no larger thanP’. A similar
condition applies t&/ATCH COMPILE-TIME CONSTANT.

PREPARE OPERATORaNd PREPARE CONSTANTboOth temporarily in-

crease the goal, but in both cases, a side condition guasatiiat
the second subgoal of the new goal will be discharged in tissgn
by Use RESULT

Figure 7. Pseudocode summarizing our algorithm.

Finally, becaussymmeTRY does not reduce the goal, we use it only
to movex ., xcis, 4w, OF I from the right-hand side to the left-
hand side of a subgoal, after which search makes progrear f

7.4 Adding new Hoare triples in rounds

Above, we show how by choosing an existing Hoare triple, an
algebraic law, and a subexpression, we can search for a naveHo
triple to add to the pool. Here, we show what we do with thdegp
we find. After initializing the pool with triples derived fro the
machine description, we add new triplesrounds Hoare triples
found in one round can be used to find new Hoare triples in later
rounds, as shown in Figure 6.

Figure/ 6 shows the control-flow graphs of eight example aspl
from the PowerPC. The three triples in the initial pool conie d
rectly from machine instructions: load 16-bit immediatiéwise-or
immediate, and load upper immediate, labelled A, B, and Gaes
tively. In the first round, applying the lasx(lobits,(0)) = 0 to
triple A produces an implementation of load zero (D); andypg
the law zx(lobits,(0)) = O to triple B produces an implemen-
tation computing the bitwise-or of a register and zero (BE)the
second round, applying the law;, vV 0 = z, to triple E produces
an implementation of register-register move (F); and applyhe
law 0 V z; = z to triple B results in a sequence that computes
the zero-extension of the least significant 16 bits of an idiate
value (G). The interesting round is the third round, whereapely
the lawzx(lobits,(zL)) V ((zr > n) < n) =z, to triple C.
The resulting sequence of three instructions (H) loads|&8ibit
literal constant: it implements the load-immediate tile.

Our search for triples in rounds is implemented by the atgoriin
Figure 7. The first step (line 1) is to initialize the pool W$RTLS
from the machine description. Because not all RTLs are usefu
for implementing tiles, we add only those that pass a uttkist,
which we define in Sectidn| 8. For eaubefulassignment; := e;

of an RTLl; :=e1 | --- | ln := en, we add the following Hoare

triple to the pool:

{true} ly :=e1 |- |ln := en {li = in e; A modifies g{l]}}
JF1

We then begin the first round of search.

A round is implemented by theepeat loop on ling 2 of Figure 7,
which keeps searching for new candidates until no more Hoare
triples are added to the pool. Before the search begins, e¢hes
data-movement triples in the pool to build a new data-moveéme
graph, on liné 3. (Because each round may discover new data-
movement triples, the graph from the previous round may be ob
solete.) Any new edges are added to the pool {line 4).

The search itself tries all possible combinations of tspie the
pool, algebraic laws, and subexpressions (lifes 5-7).ffoieacy,
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candidate laws are chosefter subexpressions (line 7): when we
know that the goal is to establish= e}V, then ife is an applica-
tion of an operator, we need consider only laws in whith" is
an application of the same operator.

Having made our choices, we attempt to construct a derivatio
(lines[819) that ends in an application of theEATE CANDIDATE
rule from Figure_2 and Section 7.1. If we find a new triple, we
can add it to the poolrovidedit passes our utility test (line 10).
The new triple is equivalent to the assignmént= ¢(, with ad-
ditional modifications to unobservable locations. If trésignment
appears useful, we add the new Hoare triple to the pool foiruse
the next round (line 11); otherwise, we discard it.

By controlling which Hoare triples are added to the pool, atility
test guarantees that the number of rounds is bounded. Betlzis
argument about termination is not trivial, we discuss itthawn
section, immediately below.

8. Decidability, termination, and our utility test

How do we know when not to add a Hoare triple to the pool? Un-
fortunately, the underlying problem is undecidable: nonieat-
ing algorithm can guarantee to find implementations of apllen
mentable tiles. The problem of finding an implementation tfea
is closely related to the more general, undecidable proloede-
termining if two programs are equivalent. Our proof procebsl
reduction from the halting problem; we adapted well-knowaogs
of undecidability for strong normalization in term-revimig sys-
tems (Bezem, Klop, and de Vrijer 2003). The reduction nedd&/a
machine instructions with which to encode Turing-machitates;
the transitions are encoded by algebraic laws. The prodiéndy
Dias (2008, Appendix A).

Because the problem is undecidable, we must use a heunstic t
restrict what Hoare triples can be added to the pool. We rawed
a heuristic with excellent properties:

¢ On real machines, we are likely to find implementations of all
the tiles.

¢ The pool stays small enough that the tileset generator rns i
minutes, not hours.

The discovery of this heuristic is one of the significant citmitions
of this paper. Before describing it, we explain why more ¢gbi
heuristics are not suitable.

One obvious heuristic would be to limit the number of machine
instructions used in a grapff. Another would be to limit the
maximum height of any expression appearing in a postcamditi
Because these heuristics make decisions based on size atiine
using any information about whether the RTL might help imple
ment a tile, they are unsuitable in two ways. First, they ey

to keep useless implementations that are the right size But w
never help implement a tile. Second, they are likely to tejse-

ful implementations: to implement some tiles, long seqeenaf
instructions and tall expressions may be necessary. Fan-exa
ple, as Figuré 6 shows, a load-immediate tile for a RISC ma-
chine typically requires multiple instructions and an egsion
((k>in) < n)Vzx(lobits,(k)) of height 4. For these rea-
sons, we abandoned traditional heuristics.

8.1 Our new heuristic: pruning according to predicted utility

We have developed a new heuristic which limits the pool talhol
only those Hoare triples deemkkely to be useful in implementing
some expansion til®ur utility test is inspired by the technique we
use to find new implementations: the application of algehes.
We hypothesize that when more algebraic laws have to beeabpli

1 estimateLaws({true} G {l = in e A modifies L})

2 return expEstimate(e)

3

4 expEstimate(e) : e — int

5 if e is computed by an expansion tiken return 0

6 elsereturn min{l + cover WithLawFragment (e, e")

7 | E[e'] = e2 € Laws}

9 cover WithLawFragment(e, €’) 1 e X e — int

10 case (e, €') of:

11 (Bler,...,en), ® (e, .- €n)):

12 return ) ;" min(cover WithLawFragment (es, €}),
13 expEstimate(e;))

14 default: return oo

Figure 8. Our heuristic estimates the minimum number of alge-
braic laws that might be applied before our algorithm carctate
that the input RTL is used in the implementation of a tile.

to a Hoare triple, it is less likely that the triple will be digk After
all, general-purpose architectures are designed to ingrieaimost
all of our RTL operators, and many of the rest can be implesatent
by sequences of such simple, ubiquitous instructions &s slug-
ical operations, and two’'s-complement arithmetic (War2603).
Implementing a tile may require a long sequence of instousti
but the amount ofeasoningrequired is usually small.

Our utility test estimateshe minimum number of algebraic laws
that might be appliedo a Hoare triple before our algorithm may
find an implementation of a tile. Given a Hoare triple that poies
an expression, our test covers with fragments of algebraic laws.
The more fragments required to coveithe less likelye is to pass
the utility test.

Our utility test uses fragments of laws because when théledta
ment procedure is given a goal that includes the left-hadd of
a law, ruleREDUCE APPLICATIONSOr PREPARE OPERATORMAY Split
that goal into subgoals, which are formed from fragmentshef t
original law. To be useful, therefore, a Hoare triple neely com-
pute a fragment of the left-hand side of an algebraic lawexam-
ple, to cover the overlined and underlined parts of the esgioa

ri:=r2 V (k> 16) < 16,

which is computed by the load upper-immediate instructiothz
PowerPC, we can use the overlined and underlined fragménts o
the following algebraic laws:

ova), =
((zz >1 n) < n) V zx(lobitsp(xr)) = xr.

The expression can therefore be covered using two algebrasc

A triple passes our utility test if the expression in its posidition
can be covered using at mdstir algebraic laws; if a triple requires
a larger covering, we discard it. Enough triples pass tlsisttefind
complete tilesets for the86, PowerPC, and ARM.

We implement our utility test using the algorithm in Figlre 8
Function estimateLaws takes a candidate triple and returns the
size of the smallest covering of the expression in the posfition
(lines[1 and 2). We compute the size using the mutually réeirs
functionsexpEstimate (lines 4-7) anccover WithLawFragment
(lines 9-14). FunctiorzpEstimate considers a potential covering
using every subexpressian on the left-hand side of every alge-
braic law (lines 6-7).

Functioncover WithLawFragment attempts to cover expressien
with another expressiodl. If both expressions are applications of
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x86 experiments PowerPC experiments

gcc -00/Icc gec-01/ ICJ gcc -00

Benchmark lcc Hand/lcc  Generated /Icc gcc -0O1/gcc -0O0 Generated / gcc -O0
compress-95| 43.32s 0.84 0.80 1.01 0.69 107.07 s 0.39 0.72
go-95 25.84s 0.98 0.88 1.01 0.61 62.03 s 0.40 0.73
vortex-95 55.84 s 1.09 1.10 1.05 0.77 14481 s 0.54 0.73
mcf-2006 230.24 s 0.94 0.92 0.97 0.90 238.63 s 0.77 0.81
bzip2-2006 | 316.06 s 0.91 0.90 1.06 0.68 670.14 s 0.43 0.60

Table 9. Running times for benchmarks o086 and PowerPC: On each architecture, we give the time imslecior a baseline compiler,
then normalize all other times to the baseline. The Hand ate€ated columns represent Quick-Gvith hand-written and automatically
generatedk86 back ends. Benchmarks were compiled without debuggimafiling information, then run on an AMD Athlon MP 2800+

with 2 GB of memory and a PowerPC 7447A clocked at 1.25 GHz wi@B of memory.

the same operator, then we try to cover the subexpressioas of
We may be able to cover a subexpression inductively, usiag th
corresponding subexpression &f(line[12). But we may also be
able to cover a subexpression with another algebraic lavatiyng
expEstimate recursively (line 18). We try both options and use
whichever is cheaper.

8.2 Termination of the search for tiles

By using our utility test to discard Hoare triples that ardikety

to lead to tiles, we bound the size of our search space. The pos
condition of every triple can be covered by at most four algib
laws. There are finitely many algebraic laws, so an expresbiat
can be covered with at most four laws has bounded heightese th
are finitely many expressions. The machine descriptionstioren
finitely many locations, so there are finitely many postctods.

For termination, it therefore suffices to ensure that a newrklo
triple is added to the pool only if no existing Hoare triplences-
tablish the same postcondition.

We actually do slightly better. Sometimes an expressior sisc
r1 4+ T4, Can be used in any context where another expression
such as; + 1 can be used. We say that the first expressiob-

sumesthe second. To exploit subsumption, whenever we have a

useful candidate that computes an expresgiowe consider all
the triples in the pool that compute the same expressiomodulo
locations and constants, which may differ. We then checkthdre
e subsumes, or is subsumed by, any of the other expressioplesTr
whose expressions are subsumed are dropped from the pool.

9. Evaluation

Our work is intended to make it easier to retarget compilensi
we evaluate it accordingly:

1. We show that the components we generate are suitabledor us
in a production compiler.

2. We show that retargeting a compiler using our algorithmd an
declarative machine descriptions is easier than retagetell-
known compilers.

It is a side benefit that the very same machine descriptionssee
have also been used to help retarget other tools.

9.1 Suitability of generated components for production use

We have generated back ends for our research compiler, Quigk
targeting thex86, PowerPC, and ARM architectures. We have eval-
uated these back ends for suitability by examining the nmesi of
compiled programs and the run time of our compiler, then @mp
ing them with analogous times from production compilerdakee

to a production compiler, Quick -G has received very few man-
hours of development, so Quick-€cannot be expected to compile
the same benchmark suite that a production compiler canldand
and it cannot be expected to produce equally optimized ciilé.

our measurements provide a basis for judging whether ok bac
ends are suitable for production use.

Our choice of benchmarks is limited by the availability ofare
getablefront ends. In order to avoid porting a run-time system to
Quick G--, we work only with C benchmarks. Among C com-
pilers, the only one we know of that can cleanly and easily be
connected to a new back endlsc (Fraser and Hanson 1995).
Unfortunately, becausecc is limited to ANSI C, and because
Quick G-- does not supporstdarg . h>[® the combination ofcc

and Quick G- can compile only a fraction of typical benchmarks.
From the SPEC CPU95 and SPEC CPU2006 benchmark suites, we
have chosen those benchmarks that can be compiled by this-com
nation. For each benchmark, we measured the wall-clockimgnn
time, averaged over five runs. The CPU95 benchmarks sholtsesu
on the reference inputs, and the CPU2006 benchmarks sholisres
on the training inputs.

At present, Quick €- has another significant limitation: it can-
not use software libraries to implement RTL operators thatnat
supported in hardware. Although it would be possible to evait-
gebraic laws to help our algorithm find implementations cup+
ported operators, that approach would be impractical: ithditead

to bloated executables. The standard technique is to ingriem
missing operator by making a function call into one of thet-sof
ware libraries that are provided by the manufacturers oARM.
Because Quick & does not yet support this technique, we have
run no benchmarks on the ARM. We have, however, verified that
our automatically generated ARM back end correctly conspife
integer-only programs in the Quick-€ andlcc test suites.

On thex86, we compare benchmarks compiled usirg, a hand-
written back end for Quick &-, our automatically generated back
end, and gcc using botv00 and -01. On the PowerPC, naicc
back end or hand-written-G back end is available, so we compare
only our automatically generated back end and gcc. Tabl®@@sh
the running times of the benchmarks. Running times of coola fr
baseline compilers are in seconds; other times are giveatias.r
Ratios for our automatically generated back ends are Iglytdd.

Programs compiled by our automatically generated back end r
at least as fast as when compiled by the hand-written back end
The one exception is the vortex-95 benchmark, which when-com
piled by our automatically generated back end is just 0.3%vest.
Programs compiled by our automatically generated back ead a
also comparable to unoptimized code producedlly or by
gcc-00. Although none of the compilers perform many optimiza-
tions, code from Quick €- is often a bit faster, probably because
of our peephole optimizer. But when we run gcc with a suite of
scalar optimizationsgcc -01), it produces code that is 2% to 30%
faster than code produced by our automatically generatelddoad.

6 Definition of C-style variadic functions is incompatible ttviproper tail
calls, which every €- compiler is required to support.

2009/8/1



Until we have implemented a substantial set of optimization
Quick C--, we cannot provide direct, incontrovertible evidence

that we can generate a back end for an optimizing compildr tha

is competitive with gcc. But our results, together with Bemiand
Davidson’s|(1994) prior work showing that standard scatarlaop
optimizations can be implemented in a compiler very simitar

Back end Expansion Time (s) Compile Time (s)
Generated 0.87 23.72
Hand-written 0.77 21.45

Table 10. Compile times for the Quick &- test suite (10,718 lines

Quick C--, indicate that our code expanders and recognizers could in 91 files) using generated and hand-writk86 back ends. Times

be used in a high-quality optimizing compiler.

Compiled code should run fast, but the compiler itself sdauh
reasonably fast, too. We measured the time required to dempi

the Quick G- test suite using generated and hand-written tilesets

(Tablé 10). When using the automatically generated tijesenpile
time increases by about 10%. The extra time is spent not ioatie
expander but in the optimizer; the compiler takes longeiabse
the generated code expander emits worse code.

9.2 Ease of retargeting

are averaged over five runs, with each run compiling the erest
suite to assembly code with one invocation of the compilbe T
compiler ran on a Pentium M, 1.5 GHz with 1 GB of memory.

The constructslefine_expand anddefine_insn tell gcc's ex-
pander and recognizer about the subtract instruction. dhstaucts
include tree patterns that match gcc’s internal repreientaf a
subtract instruction. But tree patterns alone are insefiigigcc re-
quires additional, arbitrary C code, which is not shown hé@
example, to verify that the destination of the RTL is the sawe

It is easy to measure speed of compiled programs. It is harder the first source operand, the recognizer code invokes thedifu
to evaluate whether we have developed a good approach to re-ix86_binary_operator_ok.

targeting compilers. In this paper, we evaluate only corspts
related to instruction selection: code expanders and RThge
nizers. Machine-dependent components that solve otheorimp
tant problems—register allocation, stack-frame layont] ealling
conventions—cannot be generated from declarative maatene
scriptions alone, even in principle; some knowledge ofvsaife
convention is required. For that reason, these componeatsest
retargeted using other techniques, as we have describadheise
(Smith, Ramsey, and Holloway 2004; Lindig and Ramsey 2004;
Olinsky, Lindig, and Ramsey 2006).

To evaluate how difficult it is to retarget instruction sétes, we
begin by examining the effort required to support a typical i
struction (subtraction ow86) both in Quick G- and in gcc ver-
sion 4.2.1. Dias (20088.2) presents a more thorough case study,
which also includedcc and vpo.

Quick C-- requires a concise description of tk&6 subtract in-
struction:

SUB"mr~od (Eaddr
Eaddr sub (Eaddr, reg)
| Reg.EFLAGS x86_subflags(Eaddr, reg)

Gcce also requires a description of tk86 subtract instruction.
But gcc’s “machine descriptions” are not like-RTL machine
descriptions. A gcc machine description is written in a dioma
specific, gcc-specific language designed to implement gec's
pander, recognizer, and parts of its optimizer. The desonpf
the subtract instruction looks like this:

reg) is

(define_expand "subsi3"

[(parallel
[(set (match_operand:SI O "nonimmediate_operand" "")
(minus:SI
(match_operand:SI 1 "nonimmediate_operand" "")

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

(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"
"=rm,r") (minus:SI (match_dup 1) (match_dup 2)))]
"ix86_match_ccmode (insn, CCmode)
&& ix86_binary_operator_ok (MINUS, SImode, operands)"
"sub{1}\t{%2, %01%0, %2}"
[(set_attr "type" "alu") (set_attr "mode" "SI")])
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As well as comparing descriptions of a single instructior, also
examine the degree to which each compiler covers the emtire i
struction set, and what sort of effort is expended to achtbae
coverage. In the hand-written Quick-€back end for the86, the
tileset and recognizer require 1,286 lines of code but carerge
ate only 233 distinct instructions. TheRTL and SLED descrip-
tions used to retarget Quick-€ to thex86 require 1,948 lines, but
they describe 639 distinct instructions. The “machine dpton”
used to retarget gcc 4.2.1 to tk86 requires 18,462 non-blank,
non-comment lines of code to define 754 instructions, 320 ex-
pansions, and 83 machine-specific peephole optimizatkmsng
these numbers, the best predictor of the quality of a backead
be the number of instructions recognized: when a recoguizer
cepts more instructions, the optimizer can complete morke-co
improving transformations.

The contrast between declarative machine descriptionsgacd
“machine descriptions” cannot be overstated. Gee's machier
scription is an order of magnitude longer than }&TL machine
description, suggesting that retargeting effort will begmrtion-
ally greater. There are also significant differences in kibeclara-
tive descriptions can be tested independently (FernaadéRam-
sey 1997; Bailey and Davidson 2003); gcc's descriptionsigain
The declarative machine description concisely descrilpgegerty
of a machine, independent of any particular tool, whereassgc
domain-specific code is verbose and requires knowledge @ gc
internals. More significantly, gcc's retargeting strateglies on
textual inclusion of arbitrary snippets of C code, inclgialls to
hand-written, target-specific functions. This strategykesait un-
likely that one of gcc’s machine descriptions could be aredyor
reused for another purpose. Finally, we believe that thepdlem
writer’s task is made more difficult by gcc’s tactic of wrigieritical
code fragments by hand and using a macro framework to include
those fragments in the right parts of the generated back end.

10. Related Work

People have been working on retargetable compilers sin68 19
(e.g.. Strong et al.). We discuss only the most closelyedlatork:
back ends or optimizers generated using machine deseriptio
search techniques. We focus on the search strategy used fa-in
structions and the pruning heuristic used to guarantednation.

The most closely related work was conducted thirty yearskago
Cattell (1980). Cattell pioneered some ideas that we ustydn
ing rewriting with algebraic laws and compensating for untea
assignments by using temporaries and scratch registersinBke

2009/8/1



our search, Cattell’s search starts with the goal of implging a
particular computation (analogous to one of our expansies)t
and searches for an implementation composed of machirreiéast
tions. Given a goal, Cattell’s algorithm rewrites the gosing an
algebraic law. A heuristic chooses which law to apply; thertse

tic looks for a law that it estimates will produce a new godattis
somehow closer to machine instructions. Cattell prunes¢aech
by limiting both the depth of rewriting and the number of laws
which may be used to rewrite a single expression. Theseslimit
guarantee termination, but they place a tremendous bundeheo
heuristic that chooses laws: it must prioritize the algedeavs that
are likely to lead to machine instructions. By contrast, search
does not limit the depth of rewritespriori, and it attempts to apply
every applicable lalf.

Hoover and Zadeck (1996) present ST machine-description
language and an algorithm for generating instruction sefec
Their algorithm tries to recursively match a goal exprassigth

the expression computed by an assignment in a machine g¢astru
tion. They prune the search by checking the result of eachiteew
search continues only if the root of the resulting goal esgien
matches the expression in the machine instruction. Thisigtau
ensures that the search is bounded by the size of the exqressi
computed by the machine instruction. But this pruning tegiari
misses opportunities for one algebraic law to rewrite theulte
produced by applying another algebraic law.

Ceng et al. (2005) generate most of a BURG-style instruction
selector using 4ISA machine description. They have two ways
to find an implementation of their equivalent of a tile: theray be

a machine instruction with an assignment that implemeregikt;

or if not, they have a collection of rewrite rules, one of whinay
implement the goal tile using other tiles. Their search doeis
find implementations of every tile; some are implementeddnych
Unlike many others, Ceng et al. present experimental iestdtle

produced by their generated back end is about 5% slower than

code produced by a hand-written back end. The instructilecte
runs after the optimizer, so when the instruction selectodpces
inefficient code, the final program is also inefficient.

Moss et al.|(2005) ambitiously propose to specify the seitant

of bothintermediate code and target-machine code, then to derive

a direct mapping from one to the other without using RTLs or
expansion tiles as an intermediate step. This work is innesx

Remarkably, it is possible to retarget a back end without ehina
description, by extracting knowledge from an existing C pder
(Collberg 1997). Collberg’s algorithm generates hundafdsnall,
carefully crafted sample programs, compiles them, andyaesl
the resulting assembly code. Collberg defines a simple, RISC
like intermediate code, and his algorithm uses the resilthe
analyses to generate a mapping from that code to targetigastr
tions. The mapping is given to BEG (Emmelmann, Schroer, and
Landwehr 1989), which generates a back end. Although Qgjitbe
techniques are largely unrelated to the other techniquesisised
here, his techniques are ingenious, the degree of autamiatin-
pressive, and the work repays careful study.

A less closely related problem @iperoptimizationa search for
more efficient ways of implementing computations whose anpl
mentations on a target machine are already known (Massa@in; 1
Granlund and Kenner 1992). Massalin’s superoptimizer exha
tively combines sequences of machine instructions, theciags
each sequence against test inputs to see if the sequenearienk
a goal computation. The superoptimizer doesn’t use a maaten

7To be fair to Cattell, technology has changed dramaticatty] our algo-
rithm might be unworkable on 1980 hardware.
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scription; it uses the machine itself. The search is pruneeiject-
ing sequences, either because a subsequence is known todpe su
timal or because a later instruction in the sequence doassedhe
results of any earlier instructions. This pruning does nargntee
termination, but since the goal of a superoptimizer is to fimys

of making a working back end better, a superoptimizer nedzi’
guaranteed to terminate—it can be killed at any time.

Joshi, Nelson, and Zhou (2006) present the Denali supenet,
which does use a machine description. The description isudec
tive, and it takes the form of axioms given to a refutatiosdzh
theorem prover. Denali uses goal-directed search to find-a se
qguence of machine instructions that implements a goal ctempu
tion. The search is limited by matcher which enumerates equiv-
alence relations for each expression in the input codes (ftot
clear how Denali ensures that each equivalence class is;fthi
published examples suggest that the technique involveéimthe
set of algebraic laws.) After identifying equivalent wagsimple-
ment the goal computation, Denali uses a SAT solver to sdarch
implementations that use the fewest processor cycles.|Cfamis
high-quality implementations of register-to-registemputations.

11. Conclusion

In this paper, we generate an instruction selector udewarative
machine descriptions, which give only the syntax and seicgaf
target-machine instructions. We show that the problem éeaial-
able, so a heuristic search is indicated. We present a newhsea
technique and a new pruning heuristic, which rely on threg ke
ideas:

¢ We search only computations that we know can be implemented
entirely by machine instructions.

e When a sequence of instructions implements an expansen til
we can discover this sequence by matching the left-hand side
of an algebraic law with the expression computed by the final
instruction in the sequence.

¢ When we match two expressions, we try unification, but when
the expressions involve machine state, we instead seareh fo
sequence of machine instructions whose execution makes the
expressions equal.

Our technique finds not just implementations but also valice
triples, which could be used to generate a certified codenslgra
(cflLeroy 2006).

Our new search algorithm generates high-quality instonctielec-
tors for thex86, PowerPC, and ARM. And thanks to Davidson and
Fraser's/(1980) compiler design, our back ends, unlikéexaxlito-
matically generated back ends, produce code that is as gothe a
code produced by hand-written back ends.
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