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Abstract

Live range splitting techniques improve global
register allocation by splitting the live ranges of vari-
ables into segments that are individually allocated reg-
isters. Load/store range analysis is a new technique
for live range splitting that is based on reaching def-
inition and live variable analyses. Our analysis local-
izes the profits and the register requirements of every
access to every variable to provide a fine granular-
ity of candidates for register allocation. Experiments
on a suite of C and FORTRAN benchmark programs
show that a graph coloring register allocator operating
on load/store ranges often provides better allocations
than the same allocator operating on live ranges. Ex-
perimental results also show that the computational
cost of using load/store ranges for register allocation
is moderately more than the cost of using live ranges.

1 Introduction

Register allocation maps variables in an inter-
mediate language program to either registers or mem-
ory locations in order to minimize the number of ac-
cesses to memory during program execution. Due to
the significant difference between access times of reg-
isters and memory, a good register allocation scheme
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can produce appreciable speedup in program execu-
tion time[14]. Various compiler optimizations such
as procedure inlining and code scheduling further in-
crease the demand for good register allocation.

Register allocation is divided into two subprob-
lems: register spilling and register assignment[l].
First, register spilling determines which live ranges
will be assigned to registers (allocated live ranges) and
which live ranges will be assigned to memory (spilled
liwwe ranges). Then, register assignment maps allocated
live ranges to registers so that no register contains
more than one live range at each program statement.

Graph coloring on interference graphs of live
ranges 1s an established paradigm for register
allocation[6, 7]. The nodes of an interference graph
are live ranges, and there are edges between nodes
that are simultaneously live at any statement in the
program. Colors represent physical registers, and the
nodes of the graph are assigned colors such that neigh-
boring nodes do not share a color. Nodes that cannot
be colored have to be spilled. Thus, under the graph
coloring paradigm, the register assignment problem
becomes the the coloring problem, which determines
whether all nodes of a given interference graph can be
colored with a given number of colors. Similarly, the
spilling problem becomes the node deletion problem
which finds the minimum number of nodes to spill such
that the resulting interference graph can be colored.
Since both the coloring and the spilling problems are
NP-complete[12], heuristic algorithms are employed to
obtain a good register allocation.

Register allocation requires a weaker constraint
than that imposed by interference graphs of live
ranges, namely, two variables cannot share a regis-
ter at any particular statement in the program. Thus,
segments or partitions of a live range of a variable
may be assigned different registers or even spilled to
memory in different regions of the program. These
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partitions are connected to one another by register—
register or register—-memory transfer instructions, and
the resulting allocation is valid even though it may
not correspond to a valid coloring of the interference
graph. To produce better register allocations, live
range splitting techniques that partition live ranges
have been implemented to solve both the spilling
problem[5, 8, 18] and the assignment problem(8, 9].
Although live range splitting is promising, there is no
theoretical or empirical evidence that these techniques
provide better allocations than the graph coloring al-
gorithm using live ranges. Further, there is no guar-
antee that the improvement in register allocation out-
weighs the connection costs, where connection costs
represent the execution cost of the instructions that
are inserted to connect the split live range segments
of a variable that are assigned different registers.

In this paper, we present a new technique,
load/store range analysis, that addresses the register
spilling problem by splitting live ranges into partitions
that can be independently and profitably allocated {(or
spilled). Load/store ranges are computed using a stan-
dard iterative data flow analysis algorithm that is sim-
ilar to live variable analysis[1]. We construct the inter-
ference graph of a program using load/store ranges in-
stead of live ranges, and use existing heuristics to spill
and color the nodes of this graph. We incorporated our
load/store range analysis into a register allocator that
uses Chaitin’s graph coloring scheme[7] with delayed
spilling[3] and the Haifa suite of spill heuristics[2], and
compared it to a similar register allocator that used
live range interference graphs. Experiments on a small
suite of well known C and FORTRAN benchmark pro-
grams show that the allocator operating on load/store
ranges often produces better spilling than the one op-
erating on live ranges.

The main benefit of our approach is that, un-
like live ranges that are coarse and do not adequately
account for clustered accesses of variables[8, 15}, our
technique provides a fine granularity of candidates for
register allocation that are based on the access pat-
terns of variables. Additionally, our load/store ranges
can be used instead of live ranges with any existing
graph coloring algorithms, and our technique can even
complement other live range splitting schemes.

In the next section, we give background informa-
tion. Section 3 describes the load/store range anal-
ysis technique. In Section 4, we discuss the use of
load/store ranges with an existing register allocation
scheme. Section 5 presents our experimental results.
Related work is briefly discussed in Section 6. Finally,
section 7 presents conclusions and future work.

BO X:= ...

Figure 1: For variable X, Namel contains {B0,B1},
and Name2 contains {B2,B3,B4,B5}.

2 Background

A control flow graph is a directed graph in which
nodes represent program statements and edges repre-
sent flow of control between statements. A subpath
in a control flow graph is a finite sequence of nodes
(n1, ng,...,ng) such that for i = 1, 2, ..., k—1, there is
an edge from n; to n;+1. A subpath (i,n1,...,nm,J)
is definition-free with respect to a variable v from
nodes ¢ to j if there is no definition of v in any of
the n; on the path. A use U of variable v is reachable
from statement S if there is at least one definition-free
subpath with respect to v from S to U. A variable v
is live at program statement S if there is a use of v
that is reachable from S. The live range of variable
v is the set of all statements over which v is live[l].
The live range of a variable may contain a number of
non-contiguous regions, called names[6], where each
name is a set of connected statements.

For example, Figure 1 shows a program with
variable X defined in B0, B2 and B3, and used in
Bl, B4 and B5. Live range analysis reveals that X
is live in all basic blocks except B6, and hence the live
range of X is Li(X)={B0,B1,B2,B3,B4,B5}. However,
since X is not live on the edges (B1,B2) and (B1,B3),
the live range Li contains two non-contiguous regions
(names). These two names are Namel={B0,B1} and
Name2={B2,B3,B4,B5}, and they are shown in Fig-
ure 1. Although names are not identical to live ranges,
we traditionally use the two terms synonymously.
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Two live ranges interfere with each other if they
are simultaneously live at any statement. The degree
of live range Li is the number of live ranges that in-
terfere with Li. If we assume that a memory access
(load or store) takes one CPU clock cycle, the cost or
profit associated with a live range is the weighted sum
of the number of definitions and uses of the variable,
where the weights are the the execution frequencies of
the definitions and uses.

Chaitin’s heuristic for deciding which live ranges
to spill[7] chooses the candidate with the lowest
profit/degree ratio. Briggs, et al.[3] introduced the
idea of delayed spilling, which always produces allo-
cations that are at least as good as those produced
by Chaitin. Bernstein, et al.[2] developed the Haifa
register allocator and refined Chaitin’s spilling heuris-
tic to produce a set of three complementary heuris-
tic functions: cost/degree?, cost/(areax degree), and
cost/(areax degree?). Their experiments showed that
although none of these three heuristic functions con-
sistently dominated one another, the “best-of-three”
always outperformed Chaitin’s heuristic for spilling.

3 Load/Store Range Analysis

The goal of load/store range analysis is to
achieve better spilling by localizing profits and register
requirements of the accesses to variables. Register re-
quirements are the statements over which a register is
required. Accesses are the definitions and uses of the
variable. The store range of a definition is the set of
statements over which the variable must be allocated
a register to avoid a store at the definition. The load
range of a use is the set of statements over which the
variable must be allocated a register to=avoid a load
at the use. A store range may contain a number of
load ranges, and there is at least one load range for
every use in the store range. Store ranges are based
on the observation that, in order to avoid a store at
a definition, it is necessary and sufficient to allocate
a register only to those statements in the live range
of a variable where the definition reaches. The main
observation used to construct load ranges is that allo-
cating a register over all statements between the use
of a variable and the “most recent” accesses of the
variable is necessary and sufficient to avoid a load at
the use.

Load ranges and store ranges are partitions of
live ranges that can be independently and profitably
allocated or spilled. Independent allocation means
that the allocation, including the computation of the
heuristic function for spilling costs, of a partition of

a live range is independent of all other partitions of
that live range. Profitable allocation means that ev-
ery live range segment has a positive savings in pro-
gram execution time if it is allocated. An additional
desirable property for a live range splitting scheme is
that it produce minimum size partitions. Minimum
size partitions are the smallest sets of statements that
are profitable and independent, and hence every live
range results in the maximum number of such parti-
tions. Although load and store ranges usually satisfy
the requirement of minimum size partitions, it may be
possible to obtain finer partitions based on the sub-
paths within the ranges.

3.1 Examples of load and store ranges

Example of load ranges: Figure 2 illustrates
the usefulness of load ranges of a variable. There is
a definition of X at statement S1, and uses of X at
statements S2, S3, and S4. X is live between S1 and
S4, and hence, the live range of X is Lil:{S1,...,54}.
Assuming that the basic block is executed once, the
profit of allocating Lil is 4 because it has 1 defini-
tion and 3 uses. Store range analysis produces the
store range St1:{S1,...,54} that also has a profit of
4. Load range analysis produces the load ranges
Lol:{S1,.. .52}, Lo2:{S2,...,S3} and Lo3:{S3,...,54}.
The profit of allocating Lol to a register is 1 because
a load is saved at S2. The profit of allocating Lo2 is 1
because we assume that a load is used to access X at
S2 and a register is used to access X at S3 and thus,
we save a load at S3. Similarly the profit of Lo3 is 1.

Li1 Lol
S1: X := ...
4 1
Lo2
S52: ... :=X
1I
e Lo3
83: .. =X
- 1I
S4: ... =X
Basic Block Live Range Load Ranges

Figure 2: Load ranges Lol, Lo2 and Lo3 are profitable
and independent of one another. Store range St1 is not
shown.
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S0: if (..)

S1: X:= ...
else — I Lil St1 St2
S$2: X := ... fl 2 9
endif
Program Fragment Control Flow Graph Live Range Store Ranges

Figure 3: Store ranges St1 and St2 are profitable and independent of each other.

If there is a sufficient number of registers avail-
able in the basic block, allocating store range St1 is the
same as allocating live range Lil and yields a profit of
4. On the other hand, suppose there are too many live
variables in the region between statements S2 and S3,
and variable X must be spilled. If we spill the live range
of X, Lil, there is no profit, but if we spill load ranges,
we may be able to allocate the load ranges Lol and
Lo3 to obtain a profit of 2. Load ranges Lol, Lo2 and
Lo3 are independent partitions because the allocation
as well as the computation of the profit for any one
of them does not depend on that of the others. When
the entire live range lies within a single basic block,
load ranges are minimurm size partitions because it is
not possible to find smaller partitions that yield any
profit.

Example of store ranges: The program frag-
ment shown in Figure 3 illustrates the usefulness of
store ranges. Variable X is defined at statements S1
and S2, and is used at statement S3. The live range
of X is Lil:{S1,...S2,...S3}. Assuming that S1 and
S2 are each executed once and S3 is executed twice,
the profit of Lil is 4. Store range analysis produces
two store ranges: St1:{S1,...,S3} and St2:{S2,...83}
each with a profit of 2. Suppose a register is not avail-
able in the region S1,...,S3, but a register is available
in the region S2,...,83. Then, considering store ranges
as candidates for spilling is beneficial because only St1
is spilled while St2 is allocated a register. The load X
for Stl can be placed on the edge between blocks Bl
and B2. It is clear that St1 and St2 are the minimum
size partitions that are independent and profitable.

3.2 Computation of load and store ranges

The store range (St) of definition D of variable v
is the set of all statements S that D reaches such that
there exists a reachable use U of v at S.

St(D) = {S | D reaches S A 3 U reachable from S }

We introduce additional terminology to define a
load range. An access of a variable v is either a defini-
tion or a use of v. An access-free subpath with respect
to variable v and two statements S; and S; is a subpath
from statement S; to the statement S; that contains
no accesses of the variable v. An access of variable v
at statement S; arrives at statement S; if there is at
least one access-free subpath with respect to v from S;
to S;. Use U of variable v is ezposed at statement S if
there is at least one access-free subpath with respect
to v from S to U. A definition of a variable is never
exposed. The load range (Lo) of two accesses a; and
a; in a store range is the set of statements between a;
and a;.

Lo(ai,a;)={ S | a; arrives at S A a; is exposed at S }

Computing store ranges requires reaching def-
inition and reachable use analyses, which are per-
formed using standard iterative data flow analy-
sis algorithms[1]. After store ranges are computed,
we assign unique subscripts to the definitions and
uses of the variables in order to identify the ac-
cesses within store ranges. Then we use algorithm
ComputeLoadRanges, given in Figure 4, to compute
load ranges.
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algorithm ComputeloadRanges
input: store range G with set of statements S and edge set E
output: load ranges Lo of store range G
declare: A_IN, AOUT, E_IR, E_OUT, GEN, USE and KILL are sets of accesses
such that there is one such set for each statement s € S;
begin
/* step 1 : initialization of sets %/
for s € 8 do
GEE [s] := { a | a is an access in s };
USE [s] := { a | a is a use in s };
KILL [2] := { 2 | a is an access of a variable that occurs in s };
AIR [8] := ¢;

A OUT s8] := GEN [s];
E.IE [s] := USE [s];
EOUT [s] := ¢;

/% A_IN is set of arriving accesses at a point just before s #/
/* ADUT is set of arriving accesses at a point just after s */
/% E_IN is set of exposed accesses at a point just before s */
/+ E.OUT is set of exposed accesses at a point just after s */

endfor
/* step 2 : compute arriving accesses by iterating until a steady state */
AIN [] := U  Aour [pl;
P 18 o prede-

cessor of s
ADOUT [8] := GE¥ [s] U (A_IN [s] - KILL [s]);

/* step 3 : compute exposed uses by iterating until a steady state #/
EOUT [s] := U E_IN [t];
t is a suc-
cessor of 8

EIN [s] := USE [s] U (E.OUT [s] - KILL [s]);

/* step 4 :

end ComputeLoadRanges

compute load ranges for all pairs of accesses in S %/
Lo (a,, &) :={ 8 | a; € A.IN [s] A a, € E_.IN [s] }

Figure 4: Algorithm to compute load ranges.

In step 1, ComputeLoadRanges initializes the sets
for the data flow analysis. For program statement s,
GEN[s] is the set of accesses in s, and USE[s] is the
set of uses in 8. KILL[s] is the set of accesses that,
if exposed at the point after s will not be exposed at
the point before s. The GEN[s], USE[s], and KILL[s]
are computed locally for each statement s. A_IN[s] is
the set of arriving accesses that reach the point just
before s, and A_OUT[s] is the set of arriving accesses
that reach point just after s. A_IN[s] is initially empty
and A_0UT[s] is initially GEN[s]. Similarly, E_IN[s]
is the set of exposed accesses at the point just before
s and E.OUT[s] is the set of exposed accesses at the
point just after s. E_IN[s] is initially USE[s] and
E_OUT[s] is initially empty.

In step 2 of ComputeLoadRanges, the arriving
accesses are computed using forward data flow anal-
ysis and solving the data flow equations by iterating
over the statements until a steady state is reached.

Similarly, in step 3 of ComputeLoadRanges, the ex-
posed uses are computed by iterating over the state-
ments and solving the equations until a steady state is
reached, except that flow is in a backward direction.

Finally, in step 4, the arriving accesses and the
exposed uses are considered for each pair of accesses
to determine the load ranges.

4 Register Allocation with Load/Store
Ranges

Register allocation using graph coloring involves
constructing the interference graph of the program,
applying the spilling and coloring heuristics to the in-
terference graph, and assigning registers to the allo-
cated ranges.

Constructing the interference graph of a program
using load/store ranges requires the usual three steps:
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Step 1: compute the nodes
Step 2: compute the weights of nodes
Step 3: compute the edges between the nodes

The first step of constructing an interference
graph computes the nodes representing sets of state-
ments in the load/store ranges using the techniques
described in section 3.2. The second step attaches
weights to the nodes that represents the profits of
allocating the nodes. To compute the profits of the
ranges, we estimate that each access is executed 109
times where d is the loop-nesting depth at which the
access occurs. The profit associated with a store range
is the sum of the number of definitions and uses in the
store range that have been weighted by the execution
frequencies of the definitions and uses. The profit as-
sociated with load range Lo(as, a;) is the number of
times that an access-free subpath from a; to a; is ex-
ecuted. We statically estimate the profit of Lo(as, a;)
as the quotient of the execution frequency of a; and
the number of accesses that statically reach a;.

The third step of conmstructing interference
graphs determines the edges between nodes by com-
puting the interferences among the load and store
ranges as follows. Load and store ranges of the same
variable do not interfere with one another. The load
and store ranges of distinct variables interfere with one
another if they intersect at some statement. Thus, the
degree of a range of a variable is the number of other
variables with which the range interferes.

For a graph coloring register allocator, the com-
putational expense of using load/store ranges instead
of live ranges is the additional time required to com-
pute the load/store ranges and the increase in alloca~
tion time due to the increased number of nodes han-
dled by the allocator. If we assume that each state-
ment of the program defines one result and uses at
most two operands, then the number of accesses in
the program is at most three times the number of def-
initions in the program (and at most one and a half
times the number of uses in the program). Since the
time required by the iterative data flow analysis algo-
rithm is linear in the size of the set of values being
propagated, the times required for computing reach-
ing definitions, reachable uses, arriving accesses and
exposed accesses are roughly similar. Thus, the time
required for computing store ranges is close to that for
liveranges. Although computing arriving accesses and
exposed uses with the method given in steps 2 and 3
of Figure 4 is efficient, the execution time of algorithm
ComputeLoadRanges is dominated by step 4 where all

possible pairs of accesses are examined. An enhance-
ment to ComputeloadRanges is to perform step 4 in a
lazy manner in which we compute the load ranges of
only those store ranges that might be spilled by the
coloring/spilling heuristics of the register allocator.

The number of store ranges in a program is
roughly equal to the number of live ranges in the pro-
gram, but the number of load ranges in a store range
can be as large as the square of the number of accesses
of the variable in the store range. Though the total
number of load ranges in the program is potentially
large, in our experiments, we found that the num-
ber of load ranges is between two and three times the
number of live ranges. Thus, the increase in register
allocation time due to the use of load or store ranges
is not prohibitive.

5 Experimental Results

We implemented two register allocators that are
based on Chaitin’s graph coloring scheme[7] with the
delayed spilling enhancement[3] and the Haifa spill
heuristics[2]. One allocator uses live ranges as the
nodes of its interference graph and the other uses
load/store ranges. We experimented with a few well
known C and FORTRAN programs in order to com-
pare the two allocators, and give our results in Tables
1 and 2. The C programs that we considered include
linpack, which is a linear algebra kernel, lloops,
which is a kernel containing the 14 Lawrence Liver-
more loops, nsieve, which is the sieve of Eratosthenes.
We also examined the dhrystone, whetstone and
dhampstone synthetic benchmarks, but do not report
the results because both allocators produced nearly
identical allocations. The FORTRAN programs that
we considered are the tomcatv mesh generation pro-
gram and the matrix300 matrix multiplication pro-
gram from the SPEC benchmarks suite. Further de-
tails of our experiments can be found elsewhere[16].

The live ranges and load/store ranges of the C
programs are computed from the definition/use infor-
mation obtained from a modified version[13] of the
GNU C compiler gec[19]. The definition/use informa-
tion of the FORTRAN programs is obtained by using
f2¢ to translate the programs into C[11], and then
compiling the resulting C programs with the modified

gcc compiler.

Table 1 compares the two allocators for both
C and FORTRAN programs. The first and second
columns contain the names of the program and its
procedure respectively. The third column lists the
weighted number of loads and stores in the procedure
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Program | Procedure Total | Number | Using | Using | Gain %) |
Loads/ of Live | Lo./St.
Stores | Registers | Ranges | Ranges
C Programs

nsieve main 328 1 156 136 30 12.8% |
2 91 36 5 5.5% |

7 40 36 4 10.0%
8 0 0 0 0% |
sieve 12042 T 4696 4384 | 312 6.6% |
2 3491 3447 34 1.3% |
4 1087 809 | 278  25.6% |
8 76 35 —9  —-34.6% |

Hoops main 190057 1 | 108547 | 105814 | 2733 2.5%
2 | 68866 | 64010 | 4856 7.1% |
4| 34138 | 34822 | 684  —2.0% |
8 8247 6841 | 1406  17.0% |
nit 98290 T | 55988 | 54380 | 1608 2.9% |
3| 35847 | 33445 | 2402 6.7% |
4| 10262 8986 | 1276  12.4% |
8 0 0 0 0% |
linpack main 2191 1 744 722 22 3.0% |
2 305 278 27 89% |
4 26 29 =3 -11.5% |
8 0 0 0 0% |
matgen 10290 1 5249 4879 | 370 7.0% |
2 3719 3158 561 15.1% |
4 2178 1934 | 244  11.2% |
8 642 305 | 337 52.5% |
dgefa 9567 1 4665 4310 | 355 7.6% |
p) 3728 3206 | 432  11.6% |
1 2156 1923 233 10.8% |
8 464 224 | 240  51.7% |
daxpy 2090 i 1169 1070 99 8.5% |
2 786 684 | 102  13.0% |
4 442 377 65  14.7% |
8 75 78 -3  —4.0% |
ddot 1940 1 1070 1003 67 6.3% |
2 699 515 84 12.0% |
7 389 335 54 13.9% |
8 54 27 27 50.0% |
dscal 1579 1 797 714 83 10.4% |
2 515 464 51 9.9% |
7] 203 155 8 23.6% |
8 0 0 0 0% |

FORTRAN Programs

tomcatv main 162852 1| 63876 | 62390 | 1486 2.3% |
2 38620 36646 | 1974 5.1% |
4 19726 15745 | 3981 20.2% |
8 6629 4766 | 1863 281% |

matrix300 | main 6828 1 2632 2503 | 129 4.9%
2 1798 1621 177 9.8% |
2 517 505 12 2.3% |
8 4 3 2 50.0% |
prot 1688 1 982 761 221 22.5% |
2 550 465 85  15.5% |
1 257 266 9 —3.5% |
8 11 11 0 0% |
sgemv 1252 1 618 555 63 10.2% |
3 470 409 61 9.9% |
4 293 274 19 6.5% |
) 156 157 -1 0.1I% |

Table 1. Allocations for C and FORTRAN programs.
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Program | Procedure Store Load | Single | Loads/ Live
Ranges | Ranges | Ranges | Stores | Ranges

nsieve main 24 30 19 35 21
sieve 34 80 18 96 28

lloops main 1261 1964 1116 2109 1219
init 163 335 130 368 147

linpack main 376 430 353 453 368
matgen 51 136 33 154 43

dgefa 91 250 79 262 89

daxpy 101 210 81 230 93

ddot 96 189 74 211 86

dscal 67 142 55 154 64

tomcatv main 1037 1645 944 1738 1013
matrix300 | main 203 229 192 240 204
prut 25 56 14 67 23

sgemv 93 174 68 199 85

Table 2. Number of nodes in the interference graphs.

and the fourth column gives the number of general
purpose registers available for allocation, We exper-
imented with 1, 2, 4 and 8 registers to get our re-
sults. The fifth column contains the weighted number
of loads and stores obtained after allocating R reg-
isters to the live ranges of the procedure; the sixth
column shows the corresponding number for the al-
location of load/store ranges. The last two columns
show the absolute difference and the percentage differ-
ence between the two allocations respectively. In cases
where the resulting number of loads/stores is small,
such as nsieve with 8 registers, linpack, matgen
with 8 registers, matrix300, main with 8 registers
and matrix300,saxpy with 8 registers, the percent-
age gains appear extreme. However, even for other
cases, the allocations with the load/store ranges usu-
ally results in a reduction in the number of loads and
stores in the program.

To determine the growth in the size of the inter-
ference graph using load/store ranges, we recorded the
number of nodes produced in each allocator. Table 2
compares the number of nodes in the load/store inter-
ference graphs of our test programs with the number
of nodes in the live range interference graphs of the
same programs. The third column in Table 2 lists the
number of store ranges and the fourth lists the number
of load ranges. The fifth column gives the number of
store ranges that contained only one load range. We
optimized the number of load/store ranges by elimi-
nating the load ranges that were the only members of
their store ranges from the interference graph. The

resulting number of load/store ranges is shown in the
sixth column. The last column in Table 2 shows the
number of live ranges of the procedure. Comparing the
last two columns of this table reveals that the number
of load/store ranges is generally less than three times
the number of live ranges. Although there are a few
programs where the ratio of the number of load/store
ranges to the number of live ranges is higher, these
are small programs with few live ranges. These re-
sults lead us to believe that, in practice, the cost of
allocating load/store ranges is much less than the the-
oretical worst case estimates.

6 Related Work

Bernstein et al.[2] proposed that spilling of live
ranges be performed only in the “busy regions” instead
of over the entire program as in Chaitin’s implementa-
tion. Callahan and Koblenz[5] proposed a scheme that
computes the spill costs of variables based on variable
usage patterns between spills and reloads rather than
the usage over the entire program. Their hierarchical
graph coloring scheme first covers the program with a
set of “tiles” that reflect the control flow of the pro-
gram, then computes the interferences and allocates
registers in the tiles in a depth first manner, and fi-
nally assigns registers in a top-down manner in the tile
tree. Although this scheme is intuitively appealing, it
is much more complex than Chaitin’s original scheme,
and there are no theoretical or empirical results to
demonstrate its effectiveness.
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Chow and Hennessy presented an alternate
graph coloring scheme called priority-based coloring(8,
17]. Nodes of the interference graph are assigned pri-
orities using a cost/size function that is similar to
Chaitin’s cost/degree heuristic. Nodes are colored in
order of decreasing priority, and a node that cannot be
colored is split into partitions that can be colored. Al-
though the live range splitting can produce colorings
where Chaitin fails, the greedy coloring approach may
split live ranges that might have been assigned a single
color by Chaitin’s coloring heuristic. Thus, it may in-
troduce unnecessary register-register transfer instruc-
tions. Further, it is not clear whether the priority-
based coloring produces any improvement in spilling
over Chaitin’s heuristic. Bernstein’s team reports(2]
that their modification to Chaitin’s spilling heuris-
tic universally outperforms the priority-based coloring
approach, but they do not provide any statistics.

Cytron and Ferrante[9] presented an algorithm
for live range splitting to improve the colorability
of interference graphs. They described an algorithm
that guarantees a coloring using MAXLIVE colors,
where MAXLIVE is the maximum number of variables
that are simultaneously live at any program state-
ment. If the number of available registers, is less than
MAXLIVE, the assignment pass is preceded by an al-
location pass which uses weights on the nodes such as
Chow and Hennessy’s priorities. However, the tech-
nique for determining such an allocation is not de-
scribed. Like the priority-based coloring, this algo-
rithm can produce colorings where Chaitin fails, but
it may also split live ranges where Chaitin’s coloring
heuristic would have worked.

Proebsting and Fischer[18] presented a global
register allocation technique called probabilistic regis-
ter allocation in which the spilling heuristic uses prob-
abilities that estimate the chances of live ranges being
spilled. These probabilities serve the same purpose as
the 1/degree?, 1/(areax degree) and 1/(areax degree?)
components of the Haifa spilling heuristics. They con-
centrated on reducing the number of loads by split-
ting live ranges in a manner that is equivalent to our
computation of load ranges. Unlike our scheme, their
heuristic further splits load ranges at loop boundaries.
After load ranges are allocated registers, they allocate
registers to store ranges which have no spilled load
ranges. It would be interesting to compare the allo-
cations produced by their probability based heuristic
for spilling with those produced by the Haifa spilling
heuristics operating on load/store ranges.

Briggs et al.[4] suggested various schemes for
splitting live ranges such as splitting live ranges

around loops and splitting at forward and reverse
dominance frontiers[10]. They report that in spite of
comprehensive experimentation, they were unable to
find a live range splitting scheme that consistently pro-
duced better allocations than using live ranges.

7 Conclusions and Future Work

We have presented a new technique to split live
ranges into load/store ranges that provide a finer gran-
ularity of candidates for register allocation than using
live ranges. Our algorithms to compute load/store
ranges are standard iterative data flow algorithms.
Our experiments show that the computational cost of
our technique is only moderately more that the cost
of using live ranges but we get a better allocation in
most cases.

In this paper, we concentrate on using live range
splitting to improve the spilling of variables in regions
of high register pressure. The problem of assigning
registers to the live range segments and inserting the
minimum possible connection statements still remains.
Two possible approaches to solving this problem are
to use conservalive coalescing in which the connected
segments of a live range that can be coalesced without
spilling are coalesced[4], and biased coloring in which,
when possible, a live range segment is assigned the
same color as its connected segments[4].

Load subpaths are sets of statements within load
ranges such that each statement (except the last one)
contains exactly one control flow successor in the load
subpath. Load subpaths contain statements between
a use and a “most recent” access, instead of all most
recent accesses as in the case of load ranges. Thus,
load subpaths represent an even finer granularity than
load ranges, and we plan to experiment with register
allocators that use these.

It is well known[4, 5, 18] that moving loads and
stores out of loops is beneficial. At present, load/store
range analysis implicitly assumes that the loads are
avoided only at uses and stores are avoided only at def-
initions, and hence it does not take loops into account
when constructing the ranges. We plan to extend our
analysis to initially assume that all live variables are
used (with execution frequency 0) at all loop bound-
aries, and study the effects of this extension on register
allocation.
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