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Abstract

Static Single Assignment form is an intermediate representation, thap+fsestions

to merge values at each confluent points of the control flow graflmctions are not
machine instructions and should be renamed backtce operations when translat-

ing out-of-SSA form. Without a coalescing algorithm, out-of-SSA translation gener-
ates manyrove instructions. In this paper we propose an extension of the algorithm
of Leung and George [7] to minimize tigerelated copies during the out-of-SSA trans-
lation. Leung et al. constructed SSA form for programs represented as native machine
instructions, including the use of machine dedicated registers. For this purpose, the
out-of-SSA translation contains renaming constraints that are represented using a pin-
ning principle. Pinning the-function arguments and their corresponding definition

to a common resource is a very attractive technique for coalescing variables, even if
this is not a true minimization: this article presents a renaming-constraints aware and
pinning-based coalescing algorithm. Even without renaming constraintspthe
instructions minimization problem is still considered an open issue [7, 10]. This ar-
ticle provides also a discussion about the formulation of this problem, its complexity
and its motivations. Finally, we implemented our algorithm in the STMicroelectronics
Linear Assembly Optimizer [2]. This provides many interesting results when compar-
ing several possible approaches. We also explain, using hand crafted examples, the
limitations of Leung’s, Sreedhar’s and classical register coalescing [6] algorithms.



Keywords: Static Single Assignment, Coalescing, NP-complete, K-COLORABILITY, Machine code level, register
allocation

Résune

La forme SSA est une repséntation interediaire de compilateur qui utilise des fonc-
tions virtuellesp pour fusionner les valeusschaque point de confluence du graphe de
contile. Les fonctiongy n'existant pas physiguement, elles doivetre remplaeés

par des instructionsove lors de la translation en code machine. Sans coalesceur, la
translation hors-SSAag€re beaucoup deove.

Dans cet article, nous proposons une extention de I'algorithme de Leung et George [7]
qui effectue la minimisation de ces instructions de copie. Leung et al. proposent un al-
gorithme de translation d’'une forme SSA pour du code assembleur, mais non eptimis”
pour le remplacement des instructiahsPar contre, ils utilisent la notionepinglage

pour repesenter les contraintes de renommage.

Notre idée est d'utiliser cette notionelpinglage afin de contraindre le renommage des
arguments deg pour faire du coalescing. C’est une formulation du peof¢’de coa-
lescing norequivalente au probhe initial toujours cons&é comme ouvert dans la
litterature [7, 10]. Nous prouvonganmoins la NP-comettde de notre formulation,

une conefuence de la preusdnt la NP-comgtude du proldme initial en la taille

de la plus grande fonctiop.

Enfin, nous avons impkeng notre algorithme dans le LAO [2], optimiseur d’assem-
bleur linaire. La comparaison avec @fEntes approches possibles fournit de nom-
breux Esultats intressants. Nous avons aussi essayl'aide d’exemples faita la

main, d’expliquer les avantages et limitations desadéfites approches.

Mots-cles: forme SSA, fusion de variables, NP-comaflde, K-COLORABLE, code assembleur, allocation de
registres



1 Introduction

Static Single Assignment The Static Single Assignment (SSA) form [9] is an intermediate representation, widely
used in modern compilers. As opposed to some single assignment representations used on parallel computing [4], the
representation we consider here is scalar. We mean by scalar the fact that we allow several consecutive writes to the
same memory address. In SSA form, each scalar variable is statically defined only once in a program. Because of
this single assignment property, the SSA form contains virtualized registerg;famdtions are introduced to merge
different variables that come from the incoming edges at a confluent point of the control flow graph (see Figure 1).
Hence the SSA form cannot be used to represent final assembly code and a translation out of SSA should be performed.
This transformation replacesfunctions withnove instructions and part of the virtual registers into dedicated ones
when necessary. Apart from the fact that the replacement should be performed carefully whenever optimizations like
value numbering has been done while in SSA-form, a naive approach for the out of SSA translation generates a large
number of move instructions. This article addresses the problem of optimizing the number of generated copies during
this translation phase.

1170:0

a = A[i]
b = BJi]
(a < b)
z=0
fori=1ton
a = Ali] cp=a
b = BJi]
if(a<b
thg; c :)a c= ¢(C1,C2)
elsec=1b rL =T2+cC
r=x+c
y=—-x
Yy=—2
Initial code Corresponding SSA form

Figure 1: Example of code in non-SSA form and its corresponding SSA form without the loop counter represented

Previous Work Cytron et al. [9] proposed a simple algorithm that replacésimstruction by copies into the pre-
decessor blocks, and uses Chaitin’s coalescing algorithm to reduce the number of copies. Briggs et al. [1] exposed
two problems in this algorithm, namely the swap problem and the lost-copy problem, and proposed solutions to these.
Sreedhar [13] came with an algorithm that avoids the need for a Chaitin’s coalescing algorithm and that can eliminate
more copy operations than the previous algorithms. Leung [7] proposed an out of SSA algorithm for a SSA represen-
tation at the machine code level. Machine code level representations add naming constraints due to ABI rules on calls,
special purpose ABI defined registers, or restrictions imposed on register operands.

Context of the study Our study of an out-of-SSA algorithm was done in the STMicroelectronics Linear Assembly
Optimizer (LAO) tool. The purpose of the LAO is to convert a program written in Linear Assembly Input (LAI)
language to the basic assembly language that is suitable for assembly, linking and execution. The LAl language is a
superset of the assembly language where symbolic register names can be freely used. The LAO will perform register
allocation and instruction scheduling on LAI code. It also includes a number of transformations such as induction
variables optimizations, global value numbering and optimizations based on range propagation, and uses an SSA
intermediate representation to perform most of its optimizations.



The LAO implements scheduling techniques based on software pipelining and superblock scheduling, and uses a
repeated coalescing [2] register allocator, which is an improvement over iteeated register coalescing from George
& Appel [6].

The LAO tool is targeted at the ST120 processor, a DSP processor with full predication, 16-bit packed arithmetic
instructions, multiply-accumulate instructions and a few 2-operands instructions such as addressing mode with auto-
modification of base pointer.

Layout of this paper This paper contains five parts: we start by a statement of the problem and a brief description of
Leung’s algorithm on which our solution is based. Then, we present our solution to the problem of variables coalescing
during the out-of-SSA phase. Next, we discuss in several theoretical examples how our algorithm compares to others.
Then, we present results that show the effectiveness of our solution on a set of benchmarks to finally conclude. This
paper contains also two appendices A and B devoted respectively to the refinement of Leung’s algorithm and to the
NP-completeness proof of the pinning based coalescing problem.

2 Leung’s algorithm and statement of the problem

2.1 Pinning mechanism

Renaming constraints are, in Leung’s algorithm, represented using a pinning mechanism. Because the pinning phase
described in [7] is restricted to physical registers and because the base-fempssraint used can lead to an incorrect
pinning (see Figure 14), this paragraph describes our refined version of pinning. Roughly speaking, pinning is a pre-
coloring of SSA variables to resources. Pinning can be described using the three following properties:

1. [Resources]A program in SSA-form contains only SSA-variables. A resource is a target name for the renaming
of SSA-variablesResourcesinclude physical registersin addition to virtual registers.

2. [Operand pinning] A pinning makes reference to a particular instance of a variable in the program: it can be
on the unique definition of a variable or on one of its uses. It mean$ahidi s instance, the SSA variable must
be renamed to the resource.

3. [Variable pinning] When a variable is said to be pinned to a resource, we implicitly refinetimstance of the
unique definition of the variable.

ABI and 2-operand constraints First of all, pinning comes from the Application Binary Interface (ABI) and from
the Instruction Set Architecture (ISA) constraints. We have extended the pinning mechanism to the coalescing of
variables defined or used gninstructions. This extension is developed further.

In the st120 processor, we are concerned with ISA register renaming constraints and ABI function parameter pass-
ing rules. Program 1 expressed in pseudo assembly code provides an example of such constraints. The corresponding
SSA representation and its corresponding pinning, after copy folding and dead code, is given in Program 2. In this
example and in the rest of this document, the notalidrf® is used to mark that a given instance of a SSA varidble
is pinned to a resourck.

This code contains two kinds of constraints:

e function parameter passing rules: for example the use of variablé, in function call f should be renamed in
RO. Identically, the use afy in the .output should be renamed iRO.

e 2-operandinstruction constraints (this is how Leung et al. call this kind of constraints): here, becaus®@add
P, POy, 1 is an auto-increment instruction, the Instruction Set Architecture (ISA) of the target machine
imposes thaf’; andP0, should be renamed to the same resource. Instruocore has similar constraint.

1the base-register of a variable is the physical register this variable was renamed from during SSA construction



Program 1 Example of code with ABI constraints
/Il performs f(@(P0),@(P0+1))+R0-0x00A12BFA

.input RO, PO
/l'inputsC & P are necessarily on RO & PO at the entry
move C,RO
move P, PO
load A, @QP++
load B, @P++
/I calling D=f(A,B)
move ROA
move R1B
call f
move D, RO
[/l E=C+D
add E,C,D
/I K=0x00A12BFA
make K,0x00A1
more K,0x2BFA
/I F=E-K
sub FEK
/I returnedE’ should be onR0
move ROF
.output RO

Program 2 SSA version of Program 1 and its corresponding pinning after copy-folding

.input R0o1E°, POp 1?0
OP, load Ao, @P0o1"°
autoadd PP, Pootr, 1
OPs load By, @P1
or, _f R0:1170, AptR0, Bot™!
OP4 add Eo, ROo, ROy
OPs make Ky, OX00A1
OPs more K151, Ko1K, Ox2BFA
OP; sub Fo, By, K1
.output FytRo

2.2 Leung’s algorithm
Leung’s algorithm is decomposed into three consecutive phases:

1. the collect phase where information about renaming constraints is collected: operands are pinned during this
phase.

2. the mark phase where information about conflicts generated by renaming is collected.

3. the reconstruct phase where renaming is performed and copies are inserted to repair values killed by local
renaming or by replacement gffunctions.

Our pinning based coalescing phase takes place during the collect phase. Then, for a given pinning, the out of SSA
translation relies on the mark and reconstruct phases of Leung’s algorithm. This paragraph aims to illustrate the kind
of transformations that are performed during those two last phases. For this purpose, an example of pinned SSA code
and the resulting out of SSA code is given Figure 2.

From this example, we can make the following remarks:



input 2917, yo1 7 input RO, R1

Y v

2110= ¢(2ot™, 2417°)

i = RO
2210= 2,1 41 RO+=1
RO =2}
R1 =R0
z3t 0= ¢(x1,21)
Y11= p(yo, z2) )
z'3=R0
y2 =y + K =R+ K
Ry =y»
zat0= g(za ™, yat ™) RO = g(R0, R1)

l RO = x4,

return z317° return R0

Figure 2: Transformation of already pinned SSA code by Leung’s algorithm

e Arepair copy is introduced when a pinned variable is killed before its use. This is the case around the call to the
function g, where x3 is killed by x4, before being used on the return instruction.

e The algorithm is careful not to introduce redundant copy instructions when a value is already available in the
resource it is pinned to. This is shown on the example on the use of x3 in the call to g, where x3 is already
available in RO due to pinning on thkgeinstruction.

e Parallel copies are used to avoid the so-called swap-copy problem. In the example, theRibpies: |;
R1 = RO are to be performed in parallel. In sequential code, the copies will be reordered and an intermediate
variable will be introduced when necessary. (In this example, the corresponding sequenceRiilEb&0;
RO = z).

e The main limitation of Leung’s algorithm is its inability to coalesce a non-constrained definition and a resource
to which a used operand is pinned. As an examplecould have been coalesced By without creating
any interference. As illustrated by Figure 4, this weakness is similar t@-flnaction replacement coalescing
problem where use operands af are implicitly pinned to the def operand.

2.3 Correct pinning

As illustrated in Appendix A, renaming rules that are too constrained can lead to conflicting pinning in addition to
incorrect pinning. The semantics of a correct pinning is best explained using examples given in Figure 3.
In this figure,(OP;) and(OP,) are correct if and only it: = b. This is because, two different values can not be
contained in a unique resource both at the entry point and at the return point of an instrig¢fity).is the special case
on ¢ instructions: because the semantics of the setiotructions of a block is parallel, two differeptdefinitions
in a same block cannot be pinned to the same resource.
On the other hand, on most architectur@sp,) is a correct pinning. But, the corresponding schémé&;) on a
¢ instruction is forbidden: this is because all use operandsgoiatruction are implicitly pinned to the resource the
def operand is pinned fo

2The motivation for this semantic is given in Appendix A



(OP1) : (at”,b1") = instr(....) L1 :

(OPs) : ... = instr(at”, b1")

| atm=9(...)
(OP3) : b7 — () /
(OPy) : at"=instr(b1") yt"=(--,y1) 1" = (z1,-
(OP5) :at"= (- -b1s -+ +) (Case 6)

Figure 3: All but(OPy) are incorrect pinning

Hence, a more subtle incorrect pinning is given by (Case 6): the use operaragly, are operands of a same
instruction and the corresponding parallel copies takes place at the end oflbjockhis incorrect pinning would
T < I

A

Defining precisely what kind of pinning is semantically correct might seems intuitive and unnecessary. But as
it is explained in Appendix A, for some dedicated registers like SP (Stack Pointer) for the st120, we might want to
rename-back the corresponding variables to their base-registers (adbdfaradranslatingo SSA form). This, added
to optimizations like value numbering, can lead to an incorrect pinning. Hence, when dealing with dedicated-register
constraints, optimizations should be aware of maintaining a semantically correct SSA code, which is not necessarily
trivial since the correctness cannot always be checked locally. For example our value numbering optimization is
allowed to coalesce two expressions containing SP based variables only if the defined variables are not SP based.

generate the meaningless parallel co;Hles

2.4 ¢ coalescing: statement of the problem

As illustrated by Figure 4, pinning potentially prevents the reconstruction phase of Leung’s algorithm from inserting
useless copies. In this sense, pinning plays the role of a coalescing phase.

Remark that, as opposed to the pinning related to ABI constraints that is applied to a particular instance of a SSA-
variable, the copy optimization pinning is applied only to SSA-variable definitions. Hemoextensively say that a
SSA-variableis pinned to a given resource and define Resouragef(y) as

r if the definition ofy is pinned tor
Yy otherwise

Also, for simplicity we mingle the notions of resource itself and set of variables pinned to it.

r = exrpi
x1 = 61‘P1 961 = el‘Pl xl = expl 90' =z

=11 T = T2

Vi N

Code translated out-of-SSA  Code translated out-of-SSA Code translated out-of-SSA
without pinning if z andx» are pinned if z, 21 andz» are pinned
to the virtual resource to the virtual resource

rT=0¢ :171,:172

Initial SSA form

Figure 4: Usefulness of pinning the definitionsgo&rguments to a common resource and its counterpart when vari-
ables interfere

On the other hand, as illustrated by Figure 4, the pinning of two variables which creates an interference will
generate an additional copy (a repair copy) just after the definition of the killed variable. Moreover, if this interference



precedes &-function where these two variables are used, the replacement af-thisction will still generate the
copy that motivated the pinning.
Hence, thes-function coalescing problem consists in pinning, for eacthe maximum number of used variables
to a common resource while preserving the number of variables that are concerned with a repair. Since the cost of
pinning a resource that is concerned with a repair (at least one copy just after the definition plus the restore copy) is
generally greater than the gain obtained by this pinning (potentially no copies inserted while repbaitingtions),
the problemis to maximize the number of ¢-function arguments pinned to a common resource while not modifying the
current number of killed variables. Our formal formulation of the function coalescing problem ist®BAL PINNING
given in Appendix B.

3 Our solution

Our algorithm Program_Pinning), an heuristic solution to QCAL PINNING, is based on an inner to outer loop
traversal. Each node is treated locally but within each node &lihctions are treated together. Hence, for a given
node, an affinity graph is createbhitial_G). Every edge that is concerned with an interference is removed from the
graph Graph_InitialPruning). The remaining graph is bipartite with possible interferences between nodes on the
same sideRrePruned_G). Vertices are weighted to take into account interferences between SSA variables. Then
the graph is prunedfnaryGraph _pruning) and the elements of each resulting connected comporféntd G) are
pinned to the same resourdergnedGraph pinning).

The rest of this section is devoted to the precise description of this algorithm and provides a formal definition of
interferences between resources. Consecutive steps of this algorithm are applied on the example of Figure 5.

Algorithm 1 ¢ coalesce, using pinning method, all nodes of P using a decreasing depth order traversal.

Program_pinning(CFG Program P)

foreach N downdepth {Nodes of P}
Initial_G=Create affinity_graph(N)
PrePruned_G=Graph _InitialPruning(Initial G)
Final_G=BinaryGraph pruning(PrePruned G)
PrunedGraph pinning(Final G)

3.1 The initial affinity graph

The affinity graph is an undirected graph where each vertex represents either a variable or its corresponding resource:
two variables that are pinned to the same resource are collapsed into the same vertex. For each defiaition
o(z1,...,xy,) there is an affinity edge between the vertex’dfand the vertices of alt ;. The construction of the

initial affinity graph is described in Algorithm 2.

Algorithm 2 Construction of initial affinity graph
Create_affinity_graph(CFG Node current_node)

(B, V) = (0,0)

for each X = ¢(z1,...,x,) of current_node
V =V [J{Resource_def(X)}
foreachz € {z1,...,2.}

V =V [J{Resource_def(z)}
e = (Resource_def(X), Resource def(z))
if (e ¢ E) multiplicity(e)=0
E = E [ J{e}, multiplicity(e)++
return G = (E, V)




[Initial SSA code]

xr1 = ...
T :\
\\ T3 =
X = ¢(z1,22) X, = (w2, 71)
X3 = ¢(z2, 73)
[Initial_G]
.z
Xy <7 ?classl
clzssZ\$2

[PrePruned_G=Final_G]
Tl

X2 ”6

[Resources]
Xp =21 = {z1, X>}

[Intermediate pinned code]

X
:1:1T 2—

\\

r3 = .

XZT&: ¢(CB1,CB2) X1 = (Z)(:L‘z,:l?l)
X3 = ¢(x2,73)

[Initial_G=PrePruned_G]

,:1'” {m17X2}
class3 é ro /classl
;J e
0~ xs
[Final_G]
--{z1, Xa}
X1
Yo T
3 0
0 ~z3
[Resources]
&: {m17X27X1}
é: CB3,CB2,X3}

[Final pinned SSA code]

Xo122= d(a1,22)  X1922= g(an, 1)
X3t X3= ¢(za,23)

[Final code]

Xog =.
X3 =.

\\

X2 = X3 X3 =

N

Figure 5:Program_pinning on an example. Affinity and interference edges are respectively represented using dashed

and full lines.

3.2 Interferences between variables

We enumerate below the cases where pinning two variablesgefuaction to the same resource would create an

interference. We differentiate simple interferences from strong interferences: a strong interference generates a conflict
that violates the pinning semantics in such a way that it cannot be repaired by the reconstruct phase. On the other
hand, a simple interference can always be repaired despite the fact that the repair might generate additional copies.
The goal is then to minimize the number of simple interferences and to avoid all strong interferences.

[Case 1] Consider two variableg andb. If there exists a point in the Control-Flow graph where bo@ndb are
alive, thena andb interfere. Moreover, considering the definitionsiandbd, one dominates the other. If the definition
of a dominates those @f we say that thelefinition of a iskilled by b. The consequence is that pinning the definitions
of a andb to a common resource would result in a repaitof

[Case 2] Considera (from block B) andb, wherea is defined by ap-functiona = ¢(a+,...,a,) (from block
By,...,By). Then each argument is implicitly pinned toa at the point where the use actually occurs, which is at
the end of nodd3;. Hence, ifb # a; andb is live-out of B;, b and the use of; interfere. We say thahe definition of
biskilled by a.

Remark that our definition of livenessdsfferent from the definition used by Sreedhar et al.: a ¢ instruction does
not occur where it textually appears, but on each predecessor basic blocks instead. Hence, if not used by another
instruction,a; is treated as dead upon the end of blétkand the entry of blociB.

[Case 3] Consider two variables andy, both defined by functions. Their respective arguments might interfere
in a common predecessor node. Hence, if predecéssassociated ta; is equal to predecessdr; associated tg;
andz; # y; we say thathe definitions of = and y strongly interfere: indeed, as explained in Paragraph 2.3, pinning
those two definitions together is incorrect.



[Case 4] Consider twap definitionsz andy within the same block. Because of Leung’s repairing implementation,
two definitions with the same arguments= ¢(z1,...,2,) andy = ¢(z1, ..., z,) cannot be considered as identical.
Hence, they should always strongly interfere.

The different cases are illustrated in Figure 6. The corresponding algorithm is described in Algorithm 3 and Algo-
rithm 4.

Algorithm 3 Evaluates if two variables simply interfere. Returns truekills b.

Variable kills(Variable a, Variable b)
if the definition of b dominates those of a
and a and b interfere
return true {Case 1}
if a is defined as a = ¢(a1 : B1,...,an : By)
fori=1ton
if bis live out of B; and b # a;
return true {Case 2}
return false

Algorithm 4 Evaluates if two variables strongly interfere. Should be adapted to the specificities of the ISA.

Variable_ stronglylnterfere(Variable a, Variable b)
if a and b are defined by ¢-functions
leta: By, = ¢(a1: Ba,1y---,0n : Bayn)
leth : By = (f)(bl : Bb,l, A ,bm : Bb,m)
if B, = By return true {Case 4}
fori=1ton
if B,,; is a predecessor of B,
let Ba,i = Bb,j
if a; # b; return true {Case 3}
return false
else if a and b are defined in the same instruction
|et(ab) :instr(...)
return true
return false

T2 # Y1

Zj \cyéb" \/\/

T = ¢() Z‘2) Y= ¢(y17 )
z=9¢(.,0) z=6(,.)
..=b
x strongly interfere withy
b kills a x kills b y strongly interfere withe
[Case 1] [Case 2] [Cases 3 & 4]

Figure 6: Different kind of interferences between variables.

3.3 Interferences between resources

An interference between two resourcés= {a1,...,a,} andB = {b1, ..., by} means that pinning all the variables
{ay,...,a,}and{by,..., b, } together would create eithemaw simple interference, any strong interference.



The result is given byrResource_interfere (Algorithm 6). It usesResource killed (Algorithm 5 gives a formal
description, but obviously this information can be maintained and updated after each merge) that returns variables
already killed within a resource set (remark that for the lost-copy problem a variable is killed by itself).

Algorithm 5 Returns the set of variables killed withih

Resource killed(Resource A)
letA={ai,...,an}
killed-withinA =

{a; € A|Fa; € A, Variablekills(a;,a;)}
return killed withinA

Algorithm 6 Interference between resources.

Resource_interfere(Resource A, Resource B)
letA={ai,...,an}
let B={b1,...,bm}
let killed_withinA = Resource Killed(A)
let killed_withinB = Resource killed(B)
if A and B are physical resources
if A # B returntrue
for all (a,b) € A x B
if a & killed_withinA and Variable kills(b, a)
return true
if b € killed_withinB and Variable kills(a, b)
return true
if Variable stronglyInterfere(a, b)
return true
return false

3.4 Pruning the affinity graph

The pruning phase is based on the interference analysis between resources. More formally, the optimization problem
can be stated as follows:

o LetG = (Eafrinity, V') be the graph obtained from Creatfinity graph: 1’ is the set of vertices labeled by
resources and 4 ¢ rinity 1S the set of affinity edges between vertices.

o Let (Ernterference, V') be the graph of interferences as defined by Resategfere.
e The goal is to prune (edge deletion) the grapmto G’ = (Epinned, V') such that

condition 1 the cardinality 0fE,;,,,¢4 IS maximum
condition 2 for eachconnected variables(vy,v2) € V? of G/, (v1,v2) € Ernter ference

In other words, the grap@’ is pruned into connected components such that the total number of deleted edges
from E 4 ¢inity iS minimized and there is no edge frafiy,ze, ference Within each connected component.

Trivially, because otondition 2, all edges fromE 4 ¢ finity (| Ernter ference €an be removed fror@ (Algorithm 7).
The obtained grapRrePruned_G is bipartite: indeed, consider the seyefunctions of currenhode{X ; = ¢(z;1,...,%in), 1 <i <
There are two kinds of vertex ii, the one from the definition8 p prs = Resourcedef({ X, ..., X,,}) and the oth-
ersVares = Resourcedef({z1,1,...,2mn}) \ Vbrrs. By construction there is no edge between two elements of
Varas- Also, because elements Bf prs strongly interfere together, there remains no edge between two elements
of Vpers.
As explained in Appendix B, the pruning phase is NP-complete in the sizefofictions. Our algorithm is
an heuristic based on a greedy pruning of edges. In the particular case of a giriquetion, it is identical to the
“Process the unresol ved resources”of Sreedhar’s algorithm. For a binary affinity graph (with the trivial
pruning already performed), the algorithm is given by BiearyGraph pruning procedure (Algorithm 8).



Algorithm 7 Initial pruning. We obtain a bipartite graph.

Graph_InitialPruning(Graph (V, E))
foreach (z1,z2) € E,
if (Resource_interfere(z 1, z2))
E—= (z1,22)
return (V, E)

Algorithm 8 Prunes (E,V) such that: (1) foreach connected verticds,z2) € E?, Re-
sourceinterfergz,, z») =false; (2) the remaining” has a “maximal” cardinality.

BinaryGraph_pruning(Binary Multi Graph (V, E))
{ Evaluates the weight for each edge }
forall e € E, weight(e)=0
for all ((z,z1), (z,72)) € E? such that z; # x>
if Resource_interfere(z 1, z2)
weight((z, z1))-+=multiplicity((z, z=))
weight((z, z2))+=multiplicity((z, z1))

{Prunes in decreasing weight order
and update the weight}
while weight(e,)> 0
lete, = (X, ) such that
Ve € E, weight(e,)>weight(e)
do
E—=e,
foralle = (X,y) € E
weight(e)—=multiplicity(e )
foralle = (Y,z) € E
weight(e)—=multiplicity(e )

return (V, E)

3.5 Merging the connected components

Once the affinity graph has been pruned, resources of each connected components can be merged. To merge one
resource into another, all operands of the program pinned to the first resource should be pinned to the second one.
The correctness of this phase is insured by the absence of any strong interference inside the new merged resource.
To complete the coalescing @ffunctions, the definition of each variable in a resource should be pinned to this
resource. A formal description of the algorithm is given by the proceBweedGraph pinning (Algorithm 9). In

practice, the update of pinning can be performed only once, just before the mark phase, so requiring only one traversal
of the control flow graph. Another remark is that the interference graph can be built incrementally at each call to
Resource_interfere and updated at each resource merge, using a simple vertices merge operation: hence, as opposed
to the merge operation used in the repeated register coalescing algorithm where interferences have to be recomputed
at each iteration, here each vertex represents a SSA variable and merging is a simple edge union.

4 Theoretical discussion

4.1 Our algorithm vs register coalescing

Briggs’ out of SSA algorithm [1] relies on a Chaitin style coalescer to remove copy operations produced by the out
of SSA renaming. ABI constraints for a machine code level intermediate representation can be handled after the out
of SSA renaming by insertion of copy instructions at procedure entry and exit, around function calls, and before 2-
operand instructions. However, several reasons call for a combined processing of coalescing and ABI renaming during
the out of SSA phase:
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Algorithm 9 Merge connected components and pin definitions when necessary

PrunedGraph pinning(Graph G, Program P)
foreach V' € {connected components of G}
letu =U,cy v
v ifv; € Vis a physical resource
u otherwise
foreach (OP)d,- - - =instr(a;,...) € P
foreach d; such thatd; € u
pin d; to w in (OP)
foreach a;1" such thatr € V
replace r by w

letw =

r=fs r3t"=f3

r=fi r=f rnt'=fi pt'=f .
_/:u) /T =w
\ 2" =¢(rit”, rat", 217)

o=
[Initial code] [Pined SSA form]

Figure 7: Partial coalescing: the left hand-side code cannot be coalesced by a classical coalescer, whereas the corre-
sponding pinned SSA code will result in less move instructions. In this case, the only copy will be generated by a
repair ofrs.

e SSA form is a higher level representation that allows a more accurate definition of interferences. For example,
as illustrated by Figure 7, it allows partial coalescing. By partial coalescing, we mean coalescing of a subset of
a variable’s definitions.

e Classical coalescing algorithm is greedy, so it may block further coalescings. Instead, our algorithm locally
considers a set of possible coalescing and optimizes the number of coalesced variables.

e The main motivation of Leung’s algorithm is that ABI constraints introduce another bunch of copy instructions.
Some of these will be deleted by a dead code algorithm, but most of them will have to be coalesced. The goal
of our work is to reduce the overall complexity of the out of SSA renaming and coalescing phases. Compared
to the use of a repeated coalescer, we reduce the complexity of the coalescing phase by doing it on the SSA
representation, thus benefiting from the static single definition property.

4.2 Our algorithm vs Sreedhar

bt S et

[Initial SSA] [CSSA after Sreedhar] [Our solution]

Figure 8: Comparison on example7: our solution optimizeg-dlinctions together whereas Sreedhar treats them one
after the other.
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f1 _fl X:fl

xz = fo z2 = fa
1'1 =T
a:2 = T2 X =z
””2 ‘x /N
= X = X = 2:
¢(x1,x2 d(x2, 1) 1'1,1'2) o(zh, zh)

[Initial SSA] [CSSA after Sreedhar] [Our solution]

Figure 9: Comparison on example6: Sreedhar’s algorithm generates copies that cannot be reused in the rest of the
process.

input ay, by input ay, by input a, b
as = ¢(ai,as) a2‘=
by = ¢(b1, b3) by =
ah =
N ’ l
az = ¢(az,bo) az =
b3 = ¢(ba,as) b3 =

'

return as, bs return as, bs return a, b
[Initial SSA] [CSSA after Sreedhar] [Our solution]

Figure 10: Comparison on example8: the superiority of using parallel copies.

bo = f1

[Initial SSA] [CSSA after Sreedhar] [Our solution]
[and ABI treated separately]

Figure 11: Comparison on exampleABI: if ABI is treated afgefunction translation, even optimally, the result is
generally worth.
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Here we compare our approach against the algorithm from Sreedhar et al. in [13]. Sreedhar’s algorithm uses what
is called aConventional SSA (CSSA) form, which has the following important properg}t variables which appear
in a same ¢-function can be replaced by a representative variable. In other words, in the translation out of CSSA
form, all occurences of a variable that appears as an argument-biraction are renamed into the definition of that
¢-function, and thep-function is discarded. In the examples Figure 8-11, appart from renaming and remaval of
functions, no other instruction is added or removed.

The translation from a general SSA form to a CSSA form may create new variables and insert copy instructions
to eliminate¢ variable interferences that would otherwise result in an incorrect program after renaming. Sreedhar
proposes three algorithms to convert to CSSA form. We only consider the last one which uses the interference graph
and liveness information to minimize the number of generated copy instructions. Below are cases where his and our
algorithms produces different results.

e Our algorithm considers thgfunctions for a whole block together in order to compute pinning. Figure 8 shows
a case where this results in one less copy instruction than Sreedhar’s algorithm which consigéeiueations
one after the other.

e Our algorithm performs pinning using interferences information on an unchanged SSA form, whereas Sreedhar’s
process creates different variables that may hold the same value. Figure 9 shows an example where this process
yields to a situation where interferences cannot be removed.

e In addition to the two points above, Figure 10 illustrates the advantage we have by generating move instructions
after the pinning phase is complete. This example also demonstrates the use of parallel copies.

e Finally, because our SSA representation is at machine level, we need to take into account ABI constraints.
Figure 11 shows an example where a better choice of which variables to coalesce together can be taken if the
ABI constraints are considered.

4.3 Limitations

ot = ... Tr=... r=...

1= ¢(wo,71) ) )
z' = x (repair) Ro = z (repair)

1=z +1 r=xz+1 r=x+1

!

T
f(Ro) - = f(Ro)

R
- f(ITRo) 0

[Initial SSA code] [Our solution] [Optimal solution]

Figure 12: Limitation of Leung’s repairing process: the repairing variablis not coalesced with further uses.

Below are several points that expose the limitations of our approach:

e Our algorithm is based on Leung’s algorithm that imposes the place where copy instructions are inserted. Also,
we use an approximation of the cost of an interference compared to the gain of a pinning. Hence, even if we
could provide an optimal solution to our formulation of the problem, this solution would not necessarily be an
optimal solution for the minimization of copy instructions.

e As explained in section 2.2, the main limitation of Leung’s algorithm is its incapacity to coalesce a non-
constrained definition and a resource to which a used operand is pinned. This can be worked-around using
a prepass pinning of concerned variable definitions. But as illustrated by Figure 12, repairing variables that are
introduced during Leung repairing phase cannot be handled this way.
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e Another pointis, as explained in Appendix B, that our formulation of the problem is NP-complete. Note also that
a simple extension of the proof shows the NP-completeness of the number of move instructions minimization
problem.

e The last point is that in case of strong register pressure, the problem becomes different: coalescing (or split-
ting) variables has a strong impact on the colorability of the interference graph during the register allocator
phase (e.g. [8]).

Because our algorithm relies on the mark and reconstruct phases of Leung’s algorithm, a refinement of this algo-
rithm is provided in Appendix A.

5 Results

We conducted our experiments on different sets of benchmarks represented in LAl code. Since the LAI language
supports predicated instructions, the LAO tool uses a special form of the SSA representationyrasad12],

which introduceg)-functions to represent predicated code under SSA. Without going into the details of theyout-of-
SSA algorithm, we can say thatfunctions introduce constraints similar to 2-operands constraints, and are handled
in our algorithm in a special pass where they are converted inte@hform” SSA form.

In the following tables/ALccl andVALcc2 refer to the same set of C functions compiled into LAI code with two
different ST120 C compilers. These sets include about 40 small functions with some basic digital signal processing
kernels, integer Discrete Cosine Transform, sorting, searching and string searching algorithms. The benchmarks
examplel-8 are small examples written in LAl code specifically for the experiment. The berexaegple7 and
example8 are presented respectively in Figure 8 and Figure 10. The bexaofpleb is a variant of Figure 9, since
a basic block with three successors cannot be expressed in the LAl landufddearge is a set of larger functions,
most of which come from the efr 5.1.0 vocoder from the ETSI [3]. Fin&BECint refers to the SPEC CINT2000
benchmark [11].

benches | U+C | B+C | S+C
VALccl 193 +59 +3
VALcc2 170 +44 +13

examplel 1 +0 +0
example2 1 +0 +0
example3 3 +0 +0
example4 1 +0 +0
example5 3 +0 +0
example6 1 +1 +1
example?7 1 +0 +1
example8 3 +2 +1

LAl _Large | 438 +44 +48
SPECint | 6803 | +3135| -59

Table 1: Comparison of copy instruction count with no ABI constraint.

In order to perform experiments with Sreedhar’s algorithm (S+C, S+L+C and S+A), we have implemented a
modified version of this algorithm to include support for low level SSA representation with ABI constraints. This
version is correct in most cases, but it still performs some illegal variables splitting on some code. This results in
missed interferences, and the final code contains less copy instructions and is incorrect. Such cases mainly occurred
with SPECint, and thus SPECint figures after Sreedhar’s algorithm must be taken only as an optimistic approximation
of the number of copy instruction.

Comparison without ABI-constraints Table 1 shows the variation in number of copy instructions of SSA rename
back coalescing algorithms based on Briggs or Sreedhar compared to our algorithm, when ABI renaming constraints
are ignored. In this table, U+C, B+C and S+C corresponds respectively to our algorithm (U), Briggs’ algorithm (B)
and Sreedhar’s (S) algorithm, all followed by a repeated register coalescing (+C). In this experiment, our algorithm is
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better or equalin all cases, except for the SPECint benchmark with Sreedhar’s algorithm. However, as explained above,
dedicated register constraints and predicated definitions cannot be trivially ignored and repaired in a further pass, and
our implementation of Sreedhar’s algorithm produces incorrect code in some cases. In absence of ABI constraints,
this experiment is interesting on two points. One point is the interest of optimizing the coalescing gnfaactions

instead of running a greedy coalescing on each move. This is the comparison between the optimizing algorithm
from Sreedhar (S+C) and the simple algorithm from Briggs (B+C). The other point is the interest of performing the
coalescing and the repairing phases separately instead of doing these two operations fefueatibns together.

This is the comparison between our algorithm (U+C) and the algorithm from Sreedhar (S+C).

benches | U+C | S+L+C | L+C | B+A+C
VALccl 242 +7 +3 +386
VALcc2 220 +15 +29 +449
examplel 1 +0 +0 +2
example2 1 +0 +0 +2
example3 3 +0 +0 +2
example4 2 +0 +0 +1
example5 3 +0 +0 +2
example6 1 +1 +1 +3
example7 1 +1 +0 +2
example8 3 +1 +2 +4
LAl _Large | 1085 +26 +62 +634
SPECint | 23930 | +413 | +482 | +38623

Table 2: Comparison of copy instruction count with ABI constraints on all benches.

Comparison with renaming constraints Table 2 shows the variation in number of copy instructions of various SSA
rename back coalescing algorithms, with ABI renaming constraints. In this table, (U) corresponds to our algorithm i.e.
¢ renaming and ABI constraints treated together. (S+L) corresponds to Sreedhar followed by Leynggrianing
optimization separated from the treatment of ABI constraints. (L) corresponds to Leung alone ¢.€otidescing is

left to the repeated register coalescing (C). Finally, (B+A) corresponds to Briggs followed by a naive treatment of ABI
constraints i.e. all the coalescing is left to (C). Our algorithm performs better in all cases. In second position comes
the Sreedhar + Leung algorithm, i.e. phi and ABI optimized renaming performed separately. However, as already
mentioned, our modifications to Sreedhar’s algorithm do not handle ABI constraints correctly in all cases, resulting
in optimistic figures in our experiments. The results show the interest of treating ABI constraingsfandtion
coalescing together.

Compilation time  As explained in Section 3.5, our solution is better than a simple repeated register coalescing in
terms of time and space complexity because interference graph in SSA form is simplified (see [5] for more details).
Table 3 gives an evaluation of the number of copy instructions that would remain after the SSA rename back phase
if only naive techniques would be applied for theunction replacement or ABI constraints. In addition, it gives an
evaluation of the cost of running a repeated register coalescer after one or the other simple SSA rename back phase. We
did not provide timing figures for the overall out-of-SSA and register coalescing phase for the different experiments

benches U S+A L

ABI PHI
VALccl 277 +593 +690
VALcc2 245 +926 +749

examplel-8| 16 +38 +34

LAl _Large | 1447 +4543 +6161
SPECint | 36882 | +249481| +260095

Table 3: Order of magnitude.
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benches base depth | opt pess
VALccl 1109 +1 +4 +1484
VALcc2 877 +1 +8 +1716
examplel-8 32 +0 +0 +4
LAl _Large | 17594 +60 +7 +22116
SPECint | 1652065| -1798 | +7258 | +3038712

Table 4: Weighted count of move instructions on test versions.

because our implementation is too experimental and not optimized enough to give usable results. In this table, (S+A)
represents the number of move instructions introduced by a naive correction of ABI constraints, (L) the number of
move instructions introduced by a naive replacemeg-fifnctions, all relatively to our algorithm (U).

Variations on our algorithm ~ Table 4 compares small variations in the implementation of the algorithm. This table
reportsweighted move count, where move instructions are given a weight equal‘aod being the nesting level, i.e.
depth, of the loop the move belongs to.

Our first variation (depth) is based on the simple remark that in our initial implementation we prioritizedhthe
structions according to their depth, instead of the depth of the move instructions they will generate. For this variation
we use a nevCreate _affinity_graph procedure (Algorithm 12) with a depth constraint which cBitegram pinning
with decreasing depth. This results in a very short improvement on SPECint and a small worseninglardeAl
This result confirms the observation we made that affinity and interference graphs are not complex enough to moti-
vate a global optimization scheme. Our second (opt) and third (pess) variations use fuzzy definitions of interferences,
respectively optimistic (Algorithm 10) and pessimistic (Algorithm 11). It is interesting to note that optimistic inter-
ferences only incur a relatively small increase in number of move while reducing significantly the complexity of the
computation of the interference graph.

Algorithm 10 Optimistic definition of interferences

Variable kills_optimistic(Variable a, Variable b)
let Node.a: (Defa)a=...
let Node b: (Defb)b=...
if (a # b) and (Def_h dominates Def_a) and
(b € liveout(Node a))
return true {Case 1}
if a is defined as a = ¢(a1 : By, ...
fori=1ton
if bis live out of B; and b # a;
return true {Case 2}
return false

Bn)

O, -

Algorithm 11 Pessimistic definition of interferences

Variable kills_pessimistic(Variable a, Variable b)
let Node.a: (Defa)a =...
let Node b: (Defb)b=...
if (a # b) and (Def_b dominates Def_a) and
((b € livein(Node_a)) or (Node_a = Node b))
return true {Case 1}
if a is defined as a = ¢(a1 : Bi,. ..
fori=1ton
if bis live out of B; and b # a;
return true {Case 2}
return false

B)

yAn t

16



Algorithm 12 Construction of initial affinity graph with a depth constraint.
Create_affinity_graph(CFG Node current node,

Integer depth)
(Ea V) = (0a @)
for each X = ¢(z1,...,x,) of current_node
V =V [J{Resource_def(X)}
foreachz € {z1,...,2.}
let Nodex: z = ...
if depth(Node r)#£depth
continue

V =V [J{Resource_def(z)}
e = (Resource_def(X), Resource def(z))
if (e ¢ E) multiplicity(e)=0
E = E [ J{e}, multiplicity(e)++
return G = (E, V)

6 Conclusion

This paper presents a pinning-based solution to the problem of variables coalescing during the out-of-SSA renaming
phase. We explain and demonstrate why consideringthctions renaming and ABI constraints together results

in an improved coalescing of variables, thus reducing the number of copy instructions before instruction scheduling
and register allocation. Hence, we show the superiority of our approach both in terms of compile time and number of
copies compared to solutions composed of existing algorithms (Sreedhar, Leung, Briggs, repeated register coalescing).
These experiments also show that the affinity and interference graphs are usually pretty simple, which means that a
global optimization scheme would bring very little improvement over our local approach. Finally, we implemented
small variations of our algorithm and an interesting remark is that an optimistic implementation of interferences, using
live-range analysis, already provides good results while reducing significantly the complexity of the computation of the
interference graph. During this work we also improved slightly the mark and reconstruct phases of Leung’s algorithm
which we rely on. A refined version of this algorithm is provided in Appendix A.
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Appendix A: Limitations and refinement of Leung’s algorithm

Once pinning has been performed, our algorithm relies on Leumnayk andreconstruct algorithms to restore the
code into non-SSA form. Critical edges are subject to a particular treatment in Leung’s algorithm. But as illustrated
by Figure 13, the solution is not robust enough when dealing with aggressive pinning. The goal of this appendix is to
propose a clearest semantic fofunctions, and to modify Leung’s algorithm accordingly.

T 4 expri

T < erpra T1 < erpri

yer T1 < exrpry r < expra
r r<T T2 ¢ erpra r < x

Vi Vi

T4<—¢T’1,1‘1 <~ To

— Ty
Original code SSA code with copies folded Leung’s solution to replace
r; are pinned tor ¢-functions is incorrect:

the inserted copy kills the previous
definition ofr.

Figure 13: Thep-function replacement conflict problem

To begin with, let us consider @ definition B : y = ¢(...). The semantic used by Leung et al. is that this
definition is distributed over each predecessoBofHence, in a certain sense multiple definitiong’otoexist and
therefore may conflict. Because conflicts for simple variables (not resources) are not taken into account in Leung’s
algorithm, the lost copy problem has a special treatment that corresponds to the lines bé(tfix theblem related
to critical edge*)”. Here, the copyps := c¢ps3 |J{w « z} is incorrect (probably a typo) and it is difficult to fix to
obtain a correct and efficient code. Instead, that whenever the definitiois abt pinned to any resource, we propose
to create a virtual resourgeand to pin this definition to it. This fix takes place in tB®LLECT procedure.

Another consequence of Leungsfunction semantic is that whenevghas to be repaired, the repairing copies
are also distributed over each predecessors.dfience conflicts can occur and those repairing copies cannot be used
further B (which explains the need to introduce another repairing eopyBecause we found no a priori motivation
to do so, we propose to place the repairing copy aist after its definition instead. Hence, our new semantic of a
givenB : y1t"= ¢(z; : By,...,x, : B,) (Wherey is always pinned to a resourggdefinition is the following:

e atthe end of each block;, there is a new virtual instruction that defines no variable but thatuggs
e at the beginning of the blocR, the¢ instruction contains no use arguments, but defirfes
e all the “virtual uses” of the end of each block have a parallel semantic i.e. are considered all together.

The consequence is a simplification of the code: whenever instructions of a block have to be travergédrtben
tions definitions, normal instructions uses, normal instructions definitiongduadctions uses (of each successors)
are considered consecutively.

The refined code is given below, modified code is written using thign.

Finally, we would like to outline the problem with dedicated register pinning. Indeed, we could find in Le-
ung’s collect phase the cod# % was renamed from some dedicated register r during SSA construction then
must_defly] = r...". As illustrated by Figure 14 copy-folding performed on dedicated register definition can lead
to an incorrect pinning. Because of its non local property, this inconsistency is not trivial to detect while doing the
optimization. Freezing optimizations when dealing with dedicated registers is a solution to this problem. On the other
hand the semantic is not necessarily strict enough to justify such a decision and pinning may be performed correctly
while being aware of this specific semantic. Hence because dedicated registers related pinning that is semantic aware
can be very complex, we have intentionally removed this part from the COLLECT procedure and delegated it to a
previous pinning phase.
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procedure COLLECT

initialize all entries of must_def and must_useto L

R:=0
for b € basic blocks do
for i € ¢-functions in b do
leti =y« ¢(z1...20)
> if pinned_def(i, 1)

> then let r be the dedicated register required
> else letr =y

must_def[y] =r

R :=RU{r}

for i € non-¢-functions in b do
leti =y1...ym < op(x1...2n)
for j :=1tom do
if pinned_def(i,j) then
let r be the dedicated register required
must_defly;] :=r
R:= Ru{r}
for j :=1ton do
if pinned_use(i, j) then
let r be the dedicated register required
must-useli|[j] :==r

procedure MARKINIT
for b € basic blocks do

for r € Rdo
sites[r] :== 0
for r € Rdo

last[b][r] :==T
philb][r]:=T
for i € ¢-functions in block b do
leti =y« é(z1...2n)
if must_defly] =r # L then
philb][r] = last[b][r] = y
sites[r] := sites[r] U {b}
for i € normal instructions in block b do
leti=y1...ym < op(z1...20)
for j:=1ton do
if must_use[i|[j] =r # L then
last[b][r] := x;
sites[r] := sites[r] U {b}
for j:=1tom do
if must_defly;] =r # L then
last[b][r] := y;
sites[r] := sites[r] U {b}

R := Ru{r} > for b’ € succ.fq(b) do
> let b be the jth predecessor of ¢/
>  for i € ¢-functions in & do
> let r = must_def[y]
> last[b][r] = x;
> sites[r] := sites[r] U {b}
procedure USE(i, 7, ©)
procedure MARK in_place[i][j] = false
MARKINIT() if must_use[i|[j] # L and avail[must_use[i][j]] = = then
for re Rdo

repair_namelr] = L
repair_sites[r] = ()
for b € basic blocks do
for r € Rdo
avail[r] := avin[b][r]
for i € normal instructions in b do
leti=y1...ym < op(z1...2n)
for j:= 1ton do USE(s, j, ;)
for j:=1tom do DEFINE(y;)
for b’ € succerq(b) do
let b be the jth predecessor of b’
for i € ¢-functions in " do
leti=y <+ o(...a;...)
USE(27J7 xk‘)

zif lastb][r] =z # T

avout[b][r] = {(wm[b][r] otherwise

in_placeli][j] = true
return
if must_def[z] # L and avail[must_def|[z]] # x then
if repair_namelz] = L then
repair_name[z] := a new SSA name
repair_sites[z] := repair_sites[z] U {i}
if must_use[i][j] # L then
avail[must_useli][j]] := x

procedure DEFINE(z)
if must_def[z] # L then avail[must-def[z]] := x

avin[b][r] =
L if bis the entry
x if phili][r] = « # top
Ny epred.,, v wout[t'][rlif b € DF* (sites[r])
avout[idom(b)][r] otherwise
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procedure LOOKUP(i, x)
if stacks[z]is empty then
if must_def[z] # L then
return must_de f[z]
else return
else
let (y, sites) = top(stacks|[z])
if i € sites then return y

else ifmust_de f[z] # L then return must_de f[x]

else return z

procedure RENAME_USE(4, 4, z, copies)
let y = LOOKUP(%, )
let r = must_usel[i][j]
if in_place[i][j] then

rewrite the jth input operand of 7 to r
else ifr # L then

copies := copies U {r < y}

rewrite the jth input operand of 7 to r
else

rewrite the jth input operand of i to y
return copies

procedure RENAME_DEF(i, j, y, copies)

let r = if must_def[y] = L theny elsemust_def[y]

rewrite the jth output operand y to r

if repair_-namely] = tmp # L then
push (tmp, repair_sites[y]) onto stacks[y|
copies := copies U {tmp < r}

return copies

procedure RECONSTRUCT(b)
for i € ¢-functions in b do
leti =y + ¢(z1...2n)
> cpa=10
> ¢ps = RENAME_DEF(i,1,y,cpa)
> insert parallel copies cp4 after ¢
for i € normal instructions in b do
(* rewrite instructions *)
leti =y1...ym < op(z1...%n)
cpr =0
for j:=1ton do
cp1 := RENAME USE(i, j,;,cp1)
insert parallel copies cp; before ¢
cpr =10
for j:=1tom do

cp2 := RENAME_DEF(i,j,y;,cp2)

insert parallel copies cp2 after 4
Ccp3 = 0

(* compute ¢-copies *)

for b’ € succ.fq4(b) do
let b be the kth predecessor of ¥
for i € ¢-functions in b’ do

leti =y + ¢(z1... 2 ... Tn)
for j:=1tondo
cp3 := RENAME_USE(, j,x;,cp3)

insert parallel copies cp3 at the end of block b
for b’ € sucegom (b) do
RECONSTRUCT(b')

Restore stacks|] to its state
at the beginning of this call

T Y — T4
T
T(—y
r<x
\J \
—r —r
Original code

(I
Tr1 < .
TL— oy Py r « Pparallel copies:,. .
r1 — T Y1
r T
\/ \J
r3 = ¢(ri,y1) ra=¢(z1,r2) “r “r
—r3 —Tg

SSA form after
copy folding and
dead-code elimination

Code generated by
Leung’s reconstruction algorithm
(incorrect parallel copies)

Figure 14: Theparallel-copies conflict problemis generated by a too constrained pinning
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Appendix B: NP-completeness results

This appendix is devoted to the proof obCAL PINNING NP-completeness. Also, because this proof can be
extended to the global problemLGBAL PINNING the corresponding proof is provided. Remark that the result is
valid with or without renaming constraints. For simplicity, proofs are made without renaming constraints.

We start with a few definitions.

Definition 1 (GLOBAL PINNING ) Consider a SSA program P containing no initial pinning and a set of ¢ defini-
tionin = ¢(in71, v ,ximi). Let us denote by DEFS = {Xl, cee ,Xn}, ARGSl = {$i71, cee ,inmi}, ARGS =
U; ARGS;andV = DEFS U ARGS.

Find a partitioning of V into digoint sets Ry, - - - , R,,, such that

(CK): | Resource killed({v}) = | ] Resourcekilled(R;) (nomorekilled variable)

veVY 1<j<m

(CS): V1< j<m,V(x,y) € R?,ﬁVariabIe_stronegInterfere(x,y) (no strong interference)

is maximized
1<i<n 1<i<m

(CM): card[( U DEFSxARGSi) m( U Rf)

Definition 2 (LoCAL PINNING ) Consider a program P with some pinning already performed and a set of ¢ defi-
nitions X; = ¢(x;1,- -+, %, ) Within the same block B. Let usdenoteby DEFS = {Xy,---,X,}, ARGS; =
{Zi1, -, xin, }, ARGS = |J; ARGS;,V = DEFSUARGS and z the set of variables pinned to the same resource
thanz € V. Find a partitioning of the set of resources V into disioint sets R4 , - - - , R, such that

|J Resource killed(v) = | | Resourcekilled(| JR;) (nomorekilled variable)
veY 1<j<m

V1<j<m,V(z,y) (UR ) , "Variable_stronglylnterfere(x,y) (no strong interference)

card[( U DEFS x ARGS¢> N ( U (U&)Q)

Theorem 1 GLOBAL PINNING is NP-completein the size of ¢ functions.

is maximized

Proof of Theorem 1 We prove the theorem using the reduction te MMUM -INDEPENDENFSET. Hence, let us
consider a grapty = (V, E) whereV = {z4,...,z,}. We aim to find a maximum independent $&tC V i.e.

cardV’ is maximum
for each(z;, ;) € V2, (z5,2;) ¢ E

Let us build the corresponding instance af@BAL PINNING :
e Forallz; €V, consider a block3; which contains a definition af;
e Forall(z;,z;) € E consider

1. adefinitiona; in block B;
2. adefinitiona;; in block B;

3. ablockB;; with predecessorB; andB; and containing the code
Cij : Bij - ¢($l : Bi,ai]' : Bj)
Cji : Bij - ¢(a'ji : Bi,l'j : Bj)
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e Ablock B, with predecessorB, ..., B,, which contains the instruction
X:B=¢(zxy:By,...,x, : By)

For this program,

e there is an affinity betweeX and allz; and for all(z;,2;) € E there are affinities betweef};; andz; and
betweer(';; anda;;

e interferences are between all couplg andz;;

Consider an optimal solution tol®BAL PINNING with X the resource containing. First, we show by contra-
diction thatX? " E = (i.e. X — {X} is an independent set. Hence,suppose(thatr;) € X* ) E. Then, because
of condition (CK),a;; ¢ z; = X. Otherwise the componefit;;, z;, X, z; } would contain an interferende ;;, z;).
Identicallya;; ¢ x; = X. Hence, consider the modified solution whergeis removed fromX, z; = {Cj, zi, a5}
and{Cj;,z;,a;;} C ;. This solution is strictly better since it increases by two the objective function (CM). Which
contradicts the hypothesis that the solution is optimal.

Hence, X — {X} is an independent set 6f. Finally, because maximizing the cardinality & maximizes the

cardinality of kept affinity withX, X — { X} is an Maximal Independent Set. [ |
Bll :: B22 :: BSB:: — - - - - Affinity edge

o = = .. 3 = ... — |Interference edge

1 32 = ...
Bis : / 323\\

T Ci2 = ¢(z1, a2 C23 = @(T2,a23

Ca1 = ¢(a21,x2 Cs2 = ¢(as2, x3
z3

9
[Initial Graph for] [Corresponding program for] [Corresponding affinities] [X — {X}isan]
[MAX-INDEPENDANT-SET] [GLOBAL-PINNING] [and interferences] [independant set]

Figure 15: Example for the NP-completeness proof 0b8AL PINNING

Theorem 2 LOCAL PINNING is NP-complete.

Proof of Theorem 2 The proof uses the same reduction than feoBAL PINNING : for a given grapl? = (V, E)
we consider the same program and suppose that biB¢gkbave already been performed. BloBkremains. At this
stage we have; = {C;;,z;,a;;} foralli andX = {X}. Hence(z;,z;) € E if and only if z; interfere withz ;. So,
the optimal partitioning of X, z4, ..., z, } provides withX — {X} an independent set fc¥. o n

Remarks Remark that for the program ofl@BAL PINNING and LOCAL PINNING proofs, the solution provided
is strictly optimal in term of move coalescidgptimization and move instructidrminimization. This proves the
NP-completeness in the size @functions for those two problems.

3The coalescing problem consist of coalescing a maximum number of move instructions already placed so that the remaining program is still
correct
4The move instruction minimization has more freedom than a simple coalescing since it can perform partial coalescing, code motion, etc.
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