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Abstract

This diésenaﬁon examines subprogram inlining, a widely-known code optimization iechnique
whose effects were not well understood prior to this study. For a set of test programs on several
compuier systems, the sizes and runtimes of executable files produced using a tool that automatically
substitutes subprograms inline were compared with those of versions in which ca}l sites were not
expanded inline. Issues raised by this experiment’s results led to the formulation of equations
hypothesized to estimate the execution time performance of noninlined and inlined versions of a
program. The accuracy of the equations’ description of inlined program execution time behavior was |
demonstrated on four computer systems. Investigation with the equations provided insights of interest to

machine and compiler designers.

Using the equations, knowledge about the influence of certain factors on the speed of inlined code
was gained. Contrary t0 a number of published reports in the literature, the increased size of inlined code
was not found to affect its execution time performance on a set of demand-paged virtnal memory
machines. In addition, a modest improvement in the caching and paging behavior of test programs’
inlined versions was noted. Situations in which inlining was not beneficial, which were associated with -

its interactions with register allocation, were characterized.

Furthermore, in connection with developing the inlining tool, discoveries were made: an efficient
way of organizing an inliner was devised, a new optimization for supplementing inlining’s effects was
invented, inlining issues related to particular C constructs were identified, and a novel approach to

inlining recursive subprograms was conceived.
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CHAPTER 1 )

Introduction

L1. Introduction to Subprogram Inlining

Subprogram inlining is a code transformation in which a subprogram call is replaced by a copy of
the subprogram’s body, with suitable substitutions for parameters and conflicting identifiers. The subpro-
gram inlining transformation, when done properly and applied judiciously, can shorten a program’s exe-

cution time, Examples of an inline transformation are given in the four figures that follow, Figure 1.1

Original Vezsion Inlined Version

int power (num,exponent)
int num;
int exponent; {
register int result;
int ont;
if {exponent < ) main{)
result = 0} {
else lf {exponent == {) int x;
result = i; x = 7

else { {
result = num; register int resuic;

for {cnt=2; cnt<=exponent; cnt++} int ent;

result = result * num; {
¥ ' result = x;

for (ent=2: cnt<=2; cnt++i)
result = result * x;

return{result);

}
}
main{} | {
int =x;
% = 13 ' }
{vold)print £ (*%d sguared is %d\n",x,powerix,2}}; 1]
return{0);

{veld)printf("%d squared is %d\n"“,x,resuit};

return{d);

Figure 1.1: An Inline Transformation given in C




Original Version

Inlined Version

integer function power {num,exponent). .
integer num
integer exponent
integer cnt
1f (exponent .lt, 0) then
power = 0
else if (exponent
power =+ 1

.eq. 9} then

else
power = num
do 30 ent=2,exponent
10 power = power * num
end 1f
return
end
program malnprog
integer X,power

program malnprog
integer x
integer result
integer cnt
& =7
result = x
do 10 ent=2,2°

% =7 10 result = result * x
print *,x,’ squared Ls ',power(x,2) print *,x,’ squared 1s ‘,result
stop stop
end end
Figure 1.2: An Inline Transformation given in Fortran 77
Criginal Version Inlined Version
program maln{output);
var % 3 integer;

functlon power (num:lintegex;exponent:integer) :
var cnt,result : integer;
vegin
1f exponent < O then
power = 0
alsa Lf exponent = 0 then
powexr t= 1
alse hegin
result = num;
for ent := 2 to exponent do
result := result * num;
poWaer 1= result
end
end;
begin
F -
writeln(x,’
end,

integer;

squared ls ‘', power{x,2)}

program maln{output);

var ® : integer;
cnt, result : integer;
regln
x 1= 73
result = x;
for ent := 2 to 2 do
result := result * x;
writeln({x,” squared is ‘,result)
end.

_Figure 1.3: An Inline Transformation given in Pascal




Crginel Version Inlined Version
Lext
.glopl _power
_power: iink  ag, $-8 #allocate stack space
movl d7,spd #save reglster d7
tstl a6@ (12}
jge Ll4
moveq #0C,d7
ira 115
Li4: tstl a6@ {12)
ine 116
maves #1,d7
jra Ll5
L16: movl abR(8),d7
moveq &2,dl
movi di,a68 {-4)
jra LYOOOQ
LYQUO0l: mulsl a6g(B8),d7
addgl #1,a60{~4)
LYROCGO: movl ab@ (~4),d0
ompl aeilzy,do
4le LYGoo1 .datal
1152 movi d?,dé #zet return register Ll8: .asehl "%d squared is %4\012\0“
movl a6k (~-8),d7 #restore reglster d7 SLext
unlk af #deallocate stack space .globl main
rts f#return from subprogram | main: link ab, §=-12 #allocate stack space
.datal movl d7,spk #save reglster d7
L2517 .ascli "$d squared is %d\0I2\0" moveq #7,d7
.text movl d7v,a6d {~4)
.gicbl _main moveq #2,d1
_mainy link ab, #-4 $allocate stack space movl dl, agd (-8)
moveq #7,dl jra LYODOO
movl dl,a6@ (~4) LYCU01: mulis: a6@({-4),d7
pea 2 f#pass parameter value ‘ addgl #i,a6@ (B}
movl dl, sp@- fpass parameter value LYDOC0: cmpl 2,268 (~8)
jbsx _power fcall subprogram ile LYOOO1
addgw #B,sp #delete parameters movl a7, sp@-
movi 40, sp~ movl abg (~4}), spl~-
movi a6@ {~4) ,spl~ pea L1B
pea L25 jbsr  _printf
jbsy _printf moveq #0,d40 fset return register
moveq #0,d0 fset return register movi a6@ {~12},d7 #restore reglster d7
unlk a6 #deallocate stack space unlk ab #deallocate stack space
rts #return from subprogram rts freturn from subprogram

Figure 1.4: An Inline Transformation given in MC68020 Assembly Language

shows the original and inlined versions! of a program, written in the C programming language, that uses a

power function to compute the square of a number. Figure 1.2 presents the two versions coded in Fortran

77, while Figures 1.3 and 1.4 contain the versions coded in Pascal and in MC68020 assembly language

respectively. The assembly code in Figure 1.4 was produced from the C example by the Sun-3 C

!An inlined version of a program is a version in which some subset of the program’s call sites have been expanded inline.




compiler with its optimizer enabled; similar assembly code is produced for the Fortran 77 and Pascal

examples by the corresponding Sun-3 compilers.? (In fact, inter-language calls between subprograms

written in these three high-level languages are supported on the Sun-3 [Sun86a, Sun86b).)

The primary reason for inlining subprograms is to reduce program execution time, Inlining elim-
inates the overhead associated with a subprogram call. This overhead, illustrated by the commented lines
in Figure 1.4, consists of four components: transferring control to the subprogram and returning from it,
along with the requisite storing and retrieving of the return address; passing any parameters specified and
deleting them at the appropriate point; allocating and deallocating space for the callee’s local variables;®
and saving and restoring certain machine registers used, according to the target computer system’s con-
ventions. The overhead is significant; subprogram calls and returns have been cited [PaS82] as the most
time-consuming operations in a high-level language program, based on their frequency of occurrence and
on the number of machine instructions and memory references they include. Despite the overhead

incurred, programmers are encouraged to use subprograms for software engineering aims, such as clarity,

modularity, and software reuse.

In addition to the execution time saved by eliminating subprogram call overhead, inlining can
decrease program execution time by augmenting the opportunities to employ other code improvement
techniques. For instance, in the examples given in Figures 1.1 through 1.4, two code improvement tech-
niques were applied to the inlined versions of the code which could not have been applied, in general, to
the original versions. First, since the formal parameter exponent was replaced by the constant value 2 m
the inlined versions of the subprogram power, a technique called compile-time expression evaluation was
used to map each comparison of 2 (i.e.. exponent) with O into the appropriate constant value, Then,
because the comparisons became constant values, a technique called dead code elimination was used to
remove the statements that were conditional on constants of value false. (Further enhaﬁcemem of the

code is possible, as will be shown in the next section.)

*The chief difference is that, for Fortran 77, the address of each actual parameter is pessed rather than its value.
3Fortran 77 need not dynamically allocate the space for a subprogram’s locals.



Subprogram inlining can shrink the size of a program’s executable code. If a subprogram that is
invoked from a single call site is inlined and its callable body is deleted, then the resulting object code is
smaller than the original object code, because the subprogram call overhead code has been omitted.
However, inlining usually increases the size of a progrétn’s executable code. When a subprogram’s body
is expanded inline at more than one call site, the size of the object code grows (unless the subprogram’s

inlined body is shorter than the call overhead code that was located at the call sites).

Although subprogram inlining is a well-known code improvement technique, understanding of the
technique has been based largely on intuitive supposition. This dissertation addresses the need for a more
rigorous treatment of subprogram inlining by exploring, in detail, the answers to several questions con-
cerning inlining, The pivotal question is: What are the effects of subprogram inlining on program
behavior? Factors that determine the speed of inlined code as compared with that of noninlined code are
identified and their relative influence on inlined code performance is examined. The manner in which
code placement changes in size and locality affect inlined programs’ behavior is investigated. Another
question considered is: What are the repercussions of expanding subprograms inline? The intcractioﬁs
between inlining and register allocation (widely recognized as an important code improvement technique,
particularly since the advent of Reduced Instruction Set Computers [Pat851) are discussed. Observations
about inlined code that are of value to machine and compiler designers are offered. A third question
probed is: How should inlining be done? A bottom-up algorithm for performing inline substitution
efficiently is developed. Also, a new code improvement technique supplementing inlining’s effects is

presented. Furthermore, a novel approach to inlining recursive subprograms is invented.

1.2. Related Work

Subprogram inlining is not an idea that was recently conceived. In 1969, Lowry and Medlock
reported that the OS/360 Fortran H compiler was using inline coding for many mathematical function
subprograms {LoM69]. Source code directives for designating subprograms to be inlined have appeared

as macro facilities [KeR78] and as subprogram attributes [Mac84, MMS79, Uni83].



The use of macro facilities or subprogram attributes to specify inline expansion can present
difficulties. Both mechanisms burden the programmer. Specifying an inline attribute on subprogram
declarations is tedious. Coding the definitions of subprograms to be substituted iniine as macro
definitions requires extra work, because macro definitions employ a distinct syntax from that of subpro-
gram definitions. More importantly, macros differ semantically from subprograms in significant ways.
Macro parameters are typically call by name (rather than call by value or call by reference), meaning that
expression arguments are recomputed at each parameter reference in the macro body, Local scoping is
not customarily supported with respect to macro bodies. Macro invocations are not interchangeable with
subprogram calls; a macro may only be used at points in a program where textual substitution of the
macro body would result in legal code. For these reasons, a C preprocessor macro could not be con-

structed that would replace any call to the subprogram power shown in Figure 1.1.

Compilers which automatically decide which call sites to inline have been developed by several
researchers. For simplicity and to lmit the impact on code size, Hecht’s SIMPL-T quad improver only
inlined calls to non-recursive static subprograms that contained a single return point at the end of their
bodies and that were invoked from a single site [Hec77). Scheiffer formulated an algorithm for selecting
call sites to inline, which was intended to minimize program execution time subject to 2 code size con-
straint [Sch77]. Ball suggested that Scheifler’s method of estimating inlined code’s size and execution
time be modified to account for any constant value copy propagation and test code elision enabled by
inlining [Bal79]. In all of this work, the code size increase associated with inlining was treated a priori as
detrimental to execution time performance® and inlining was assumed to be advantageous in all other
respects. For the research described in this dissertation, the influence of various factors on inlined code
behavior was determined via experimental investigation. Inlined code size was not found to affect execu-
tion time on the computer systems stﬁdied. However, it was discovered that certain commonly-used
register allocation schemes interact with inlining, in some cases yielding programs that run slower than

their original, noninlined counterparts.

*“The increased size of inlined code is clearly a problems if programs become 100 latge to fit within the addressable memory ot
the target machine.



The implementation of a subprogram inliner has been outlined in previous work. MaclLaren
discusses an inliner that forms part of the VAXELN Pascal compiler [Mac84]. The inliner operates on an
intermediate representation of Pascal code. To support the work presented in this dissertation, a source-
to-source inliner fqr C code was designed [DaH88). In conjunction with the development of this C
inliner, functional aspects of source-to-source translation for inlining were explored, including the res-
tracturing of siatements, the renaming of data items, and the merging of multiple input modules into a
single output module. (These aspects are handled similarly by Hall’s source-to-source Fortran inliner
{CHT9Q].) Also, particular inlining issues related to C constructs, such as Iocal static variable definitions
and call sites at which more parameters are passed to a functio;n than it is declared 1o expect, were
addressed. A botiom-up method for efficiently performing inlining was created, in which subprograms

are processed in sorted order according to the relation *‘callee precedes caller””.

Researchers have identified code improvement techniques that dovetail with inlining. As noted in
Section 1.1, inlining can introduce opportunities for applying code improvements. The two improve-
ments applied to the inlined code in Figures 1.1 through 1.4, compile-time evaluation of constant expres-
sions and elimination of dead code, were suggested by Harrison [Har77). Chow finds a number of global
optimizations that capitalize on inlined code, 'inciuding common subexpression elimination, strength
reduction, loop-invariant code motion, and general copy propagation [Cho83]. Loop-invariant code
motion, general copy propagation, and compile-time expression evaluation could be used to map the

inlined code in Figure 1.1 into the code shown in Figure 1.5; the for loop is removed after the invariant

main{)

{
{
{(voldyprintf{*%d squared is %d\np",7,49};
}
}
return {0}

Figure 1.5: An Improved Version of the Inlined Code in Figure 1.1



statement in it is moved out, the constant 7 is copy propagated, and the resulting multiplication of 7 by
itself is evaluated and replaced by 49. Huson employs inlining o extend the Parafrase system’s ability to
vectorize Fortran DO loops [Hus82]. Parafrase’s data dependence analysis [Kuc78] is hampered by the
presence of CALL statements, at which the system makes worst case assumptions concerning the callee’s
accesses to parameters and COMMON variables. Interprocedural data flow analysis [ASU86, CKT86]
could be used to track subprogram data references, but Huson chooses 1o utilize subprogram inlining
instead, because inlining allows the exploitation of parallelism to be tailored to the calling environment.
For example, interprocedural data flow analysis would support the vectarization of the single DO loop in
the subprogram sgvect in Figure 1.6, whereas inlining .;'qvect into main permits the veciorization of the
two nested DO loops together. In the same vein, Allen and Johnson profitably combine subprogram
inlining with vectorization and parallelization in a C compiler for the Titan processor {AU88]. They find
that, in addition to precluding conservative assumptions about the effects of subprogram calls on parame-
ters and global variables, inlining can expose argument aliasing and can allow induction variable substi-
tution to produce code amenable to vectorization. For the original code in Figure 1.7, the loop in the sub-

program daxpy cannot be vectorized safely because x, y, and z could be pointers into overlapping parts of

Original Version Inlined Version
subroutine’ sqvect {vect, len)
integer vect {len)
integer 3
de 1 J = 1,%en
vect {1} = vect (J) * vecl{j}
1 continue
return program mainprog
end Integer square(4,4),1,3
program malnprog v
integer square{4,4),i,3 do 2 1 = 1,4
e go 1 4= 1,4
do 2 1 = 1,4 square{l, 1) = square{j,i} * square(i,i)
call sqvect {squara{l,l),4) i continue
2 continne 2 cont inue
stop stop
end end

Figure 1.6 An Inline Transformation that allows Additional Vectorization



Oniginal Version Inlined Version

vold daxpy(x,y,z,alpha;ﬁ)
fleoat *x, *y, *z, alpha;
int n;
{
if {n <= 0)
return;
for {;n;n-—}
kx++ = *y++ + (alpha * *z+d): | maln()
} {

main{) float a[l00}, b[lOOj, «{100};
{ .
ficat a[106}, b{ioe), o[loc}); for (p=0,m=31} p<=99; p+=32,memin(99,p+31}) /*parallelized*/
e for (vi=p; vi<=m; vi++) /*vectorized*/
daxpy {a,b,¢,1.0,100); alvi] = blvi} + civi];

} }

Figure 1.7: An Inline Transformation that allows Vectorization & Parallelization

the same array. However, after daxpy is inlined into main, the compiler recognizes that the loop is
operating on three distinct arrays and it produces code to implement the loop as a set of vector operations

done in parallel,

The salatary effects of inlining are boosted when it is performed in conjunction with other code
improvement techniques. Harrison notes that inlining benefits from being combined with copy propaga-
tion of actual parameter values [Har77], Parameter copy propagation was included in the iﬁline transfor-
mation examples given in Figures 1.1 through 1.4. Without parameter copy propagation, the quality of
the inlined versions would have suffered; Figure 1.8 shows how the inlined versidn of the program in
Figure 1.1 would have appeared without it. In the course of the rescarch described in this disseﬁation,
additional code improvements that supplement inlining’s effects, pertaining to the handling of an inlined

function’s return value and to the allocation of registers when inlining, were invented,

The efficacy of subprogram inlining relative to that of other subprogram code improvement tech-
niques is examined in ongoing work. Richardson and Ganapathi have found that interprocedural data
flow analysis yields much less savings in program execution time than inlining [RiG89b). Hall is investi-
gating how inlining and interprocedural data flow analysis compare with cloning, in which variants of a

subprogram are fashioned to suit different classes of calling environments [Hal89].
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mairn{}
{
int x;
x = 73
{
int num;
int exponent;
num = X7
exponent = 27
{
reglister int result;
int enty
1f (exponent < 0}
rasult = 07
else if (exponent == 0)
result = 1;
elsae |
result = num;}
for {(¢nt=2; cnt<=giponent; cnt++}
result = result * num;
}
t o
(vold)printf{"%$d sguared is %d\n",x,result);
i .
}
H
return (0};

Figure 1.8: Inlined Version of Code in Figure 1.1 without Parameter Copy Propagation

1.3. Organization of this Dissertation

On thelwhole, scant formal study of the effects of subprogram iniining on prograny execution time
has been included in previous work, In this dissertation, equations representing the execution time per-
formance of nonintined and inlined Qersions of a program are formulated, and their validity is verified.
Through the use of these equations, an understanding of how their terms contribute to the execution time
of inlined code is acquired. Two commonly-held notions about inlining are dispelled: first, the notion
that the increased size of inlined code negatively affects its execution performance on demand-paged vir-
tual memory machines [Sch77] and second, the notion that, aside from the detrimental effect ascribed to
the increased size of infined code, inlining i§ always beneficial [Bal79]. In addition, trace-driven simula-
tion is employed to monitor the caching and paging behavior of noninlined and inlined code. Inlined

code is shown to have slightly improved caching and paging behavior, using new measures designed for
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comparing this behavior across versions of a program.

The dissertation is organized as follows. In Chapter 2, the tool created to perform inliniﬁg is
described, and discoveries made during its development are noted. Program size and execution time
measurements collected for noninlined and inlined code are given. In Chapter 3, equations that estimate
the execution time behavior of noninlined and inlined versions of programs are presented, followed by a
discussion of the experimental validation of the equations’ accuracy on four computer systems. The
influence of various factors on the speed of inlined versions of programs is examined. In Chapter 4, the
negative impact on inlined program execution time of register save and restore overhead and of cenam
register allocation approaches is addressed. In Chapter 5, the effects of the code placement changes that
can cause size increases and locality modifications in inlined programs are considered. Chapter 6 con-

cludes the dissertation with a summary of the results reported and with areas for future work.



CHAPTER 2

Description of INLINER

To support the investigation of the effects of subprogram inlining, an inlining tool for C, called
INLINER, was developed. Results found using INLINER are expected to apply to other procedural
high-level languages that share with C the four basic components of subprogram cail overhead.! In this
chapter, a functional specification of INLINER is given, the implementation of INLINER is outlined, and

measurements of code transformed by INLINER are presented.

2.1. Functional Specification of INLINER

Although the substitution of subprograms inline at call sites is a well-known method for improving
a program’s execution time, few available compilers perform the operation, and fewer still perform it
without requiring explicit direction from the programmer. INLINER is a source-to-source filter that, for
one or more input modules, astomatically places C functions inline in the ountput module [DaH88].
INLINER can also be directed to scarch specific modules solely for needed function definitions in a
manner similar to that used by linkers on archives of object files; these modules are called source
libraries. Some calls are not expanded by INLINER; these include calls through function pointers,
directly recursive calls, selected indirectly recursive calls, and calls to subprograms for which the source
code is not input to INLINER, as may be the case with runtime library routines. INLINER provides

options for controlling which functions are inlined.

"These components, listed in Section 1.1, are: transferring control 1o the subprogram and returning from it, along with the re-
quisite storing and retrieving of the return address; passing any parameters specified and deleting them at the appropriate point; alio-
cating and deallocating space for the callee’s local variables; and saving and restoring certain machine registers used, according to
the target computer system's conventions.

12
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Input to INLINER is expected to be syntactically correct, and ought to be semantically correct as
well, because of the difficulty of debugging code produced by INLINER. INLINER's output C code is
ugly, with spacing compressed and comments removed, INLINER’s inlining transformations interfere
with the use of symbolic debuggers: function breakpoints are likely to be ineffective, variable names may

be altered, and statements can be restructured, with new variables introduced.

In the following sections, INLINER's source code mappings for inlining are considered, First, its
changes to C statements are described, and then its effects on C data declarations are discussed. Finally,
certain code improvements made by INLINER in association with its inlining transformations are

presented.

2.1.1. INLINER’s C Statement Transformations

C has eleven statement types [KeR78]: expression, conditional, switch, retumn, iterative (while, do,
and for), break, continue, null, compound, labeled, and goto. In this section, INLINER’s source code
transformations for each statement type are examined. Note that the C language distinction between
statements and expressions complicates the transformations; in general, the statements comprising a C
function body canriot directly replace a subprogram call in an expression. For an expression language
like BLISS [WRH71], in which such substitutions are supported, simpler statement transformations could

be employed.

INLINER’s transformations for expression statements containing calls to be inlined are considered
first, Inlined versions of the functions in the expression are placed immediately before the statement, and
the statement itself is modified so that ocal variables, holding what wbuld be the values returned by the
inlined functions” callable versions, supplant the calls. An example is given in Figure 2.1. The order in
which inlined function bodies precede an expression statement depends on the composition of the expres-
sion. When the expression contains function calls to be inlined that are nested, i.e., the return value of

one call forms part of an argument expression for another call, the inlined version of the function in the
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Original Version Inlined Version
int strien(s)
reglster char ¥s;
{
register int n;
n = 0; /* function strlen deleted */
while {*s++) n++; :
return{n);

}

void func{) void func{)
{ ) {
{ .
register int AAQ02; /* temp for strien’s return value */
{ /* inlined version of strien */
register char *s; /* formal param mapped to local var */
s = gtring; /* actual param assigned to local var */
{
register int n;
n = 0;
while {*s++) n++;
{ AADOZ = (n);:: }
} -
}

datarec, len = datarec.len =
strlen{string)+1; AAQO2+1;

Figure 2.1: Inline Transformation of Expression Statement

argument expression is output before the inlined version of the other function, as shown in Figure 2.2.
Aside from expressions including nested calls to be inlined, the evaluation order of operands in C expres-
sions is undefined (allowing the inlined versions of functions called in an expression to be produced in
any order), except with respect to expressions containing the comma operator or the short-circuit opera-

tors.

. For the comma operator, the left and then the right operand are evaluated, and the result is the
value of the- right operand. When calls to be inlined occur in an expression siatement containing a
comma operator, the statement is divided into two expression statements, the first consisting of the
comma operator’s left operand and the second consisting of the original expression statement with the

comma operator and its left operand deleted. C’s short-circuit operators are && (logical and), |1 (logi-
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Original Version Inlined Version
int square{a)
int a;
{
return{a*a); /* function square deleted ¥/

}

int cube(a)

int a;
{
return{a*a*a); /* function cube deleted */
}
void fune(} void funcf)
{ {
{
register int AAQQ0G; /* temp for sgquare’s return value */
{{ /* inlined version of square */
{ 22006 = (x*x)r; }
H)
{{ /* inlined version of cube */
{ v = (AAQOG*AACGO6*ARO0E) ;s }
1}
y = cube{square(x)}; /* stmt deleted; y set in inlined version of cube */;

Figure 2.2: Inline Transformation of Expression Statement with Nested Function Calls

calor), and ? (conditional seiection). Operands for the && and | | operators are evaluated from left to
right, and evaluation stops as soon as the value of the expression can be determined. When transforming
expressions in which these operators are combined with calls to be inlined, INLINER introduces integer
variables, assignment statements, and control structures as necessary (o ensure that inlined function
bodies are not executed unless the proper conditions are met. The ? operator uses the value of its first
operand to select which of its second and third operands to evaluate as its result, with the type of the
result determined by analysis of the second and third operands’ types., When calls to be inlined occur in
either of the latter two operands, INLINER duplicates the semantics of the operator by adding a control
structure (in which the value of the first operand is tested and into which functions from the second and
third operands are expanded inline) and a local variable of the appropriate type (to which the resulting
value is assigned). Figure 2.3 presents the iniinc transformation of an expression statement including two

short-circuit operators.
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Original Version

Inlined Version

int iscntl{ein) char cin;

{ /* ASCII chars */
return{cin<SPACE) ;

}

char uppercase {cin} char cin;
{
return{{{cln>=’a’)&& (cinc="27))?
{{cin~’a*)+'A")} : cin);
i

chay func{s) c¢har *s;
{

achar = {{s==NULL}|{ {iscntl{*s))?
SPACE : uppercase({*s);

char fun¢({s} char *s;

{

{ register int AAQQ2; /* ? operator result, type convertad */
[ register Int AAKD03; /* || operator result */
AROOZ = 1;
if {1{s == NULL}) .
{ register int AROGY9; /* isentl’s return val temp */
{ /* inlined version of iscntl */
char AAOO7;
RADOT = *g;
{
{ AAGQY =
]

{AAQOT<SFACE);; )

i
1€ {1{AA0G9})
ARAGC3 = Q;
}
1f {ARCO3)
AADCZ = SPACE;
elsa ‘
[ [ /* Inlined version of uppercase */
char RAGOS;
AROOS = *g;
{
{. AADOZ = {{{AADQS>="a’)&s {AAQOS<="2*))7?
{(AADDS~’a*}+'A%) 3 AROCS);; |}

bl
}
achar = AAOOZ;

Figure 2.3: Inline Transformation of Expression Statement with Short-Circuit Operators

The transformations for conditional and switch statements whose test expressions contain calls to

be inlined are similar to those for expression statements with calls to be inlined. Inlined bodies of func-

tions called in a conditional or switch statement’s test expression are placed in front of the statement,

with variables that hold the inlined functions’ return values substituted for the function calls in the state-

ment. The entite statement is positioned within the scope of these variables’ definitions, Figure 2.4 illus-

trates the inline transformation of 2 conditional statement.
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Original Version

Inlined Version

int stremp(sl, s2)
register char s1[}, s2[);
{
while (*sl == *g2++})
1f (Fslete==r\Dr)
return (0} ;
return{*sl - ¥~--g2};

}

vold func{}
{

if {!stromp(strl,str2))

/* function stromp deleted */

void fune{)
{
{ register int ARD0Z2; /* temp for stremp’s return value */
{ /* inlined version of strcmp */
register char *sl, *s2; /* formal type coercion */
sl = stri; /* actual parm assigned tec local var */
s2 = str2; /* actual parm assigned to local var */
{
while {*sl==¥g++)
if (*sl+d=="\0")
{ AAGDOZ = (0); goto ARDO3; )
{ AADD2 = (*s]l = *mws2):; }
}

3
AADO3:

if {(!AnDO2)

Figure 2.4: Inline Transformation of Conditional Statement

A return statement which includes calls to be inlined is also handled in the same way that an

expression statement which includes such calls is handled. Inlined function bodies are put immediately

preceding the statement, and variables into which the inlined functions’ return values are deposited sim-

ply subrogate the corresponding calls in the return statement. On the other hand, return statements in

inlined function bodies are modified significantly, A return statement not containing an expression is

replaced by a goto statement to a label introduced by INLINER to mark the end of the inlined function

body. A return statement containing an expression is mapped into a statement assigning the expression to

the appropriate return value variable, followed by a goto statement to the end of the inlined function

body. Any goto statement to its own execution flow successor statement is eliminated. Figures 2.1

through 2.4 show various transformations of return statements in inlined functions,
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The inline transformations for iterative statements are coxhplicated. As is the case with inline
transformations for most other kinds of statements, function bodies for inlined calls in an iterative
statement’s initialization expression are placed directly before the iterative statement. However, function
bodies for inlined calls in an iterative statement’s test or update expressions must be positioned within the
statement’s loop body, and the statement itself must be restructured to force proper control flow to occur
on each repetition and on termination of the loop. An iterative statement’s restructuring necessitates the
mapping of any break or continue statements in its loop body into goto siatemems to labels inserted by

INLINER at the appropriate locations. Figure 2.5 presents a for loop’s inline transformation.

Null statements are not modified by inlining. Inlining affects compound statements to the extent
that the statements comprising them are affected. For inlined code, the label identifier in a labeled state-
ment may need to be changed to avoid name conflicts; goto statements must be altered correspondingly to

refer to the correct label identifier.

2.1.2. INLINER’s Effects on C Data Declarations

INLINER changes an inlined function’s formal parameters into local variables to which the inlined
function’s actﬁal parameters are assigned,” as illustrated in Figure 2.4. The source-10-source mapping of
a formal parameter declaration to a local variable declaration consists solely of placing a copy of the for-
mal parameter declaration in the block into which the function is expanded intine, with two exceptions.
One exception occurs for formal parameters that are not declared. In C, a formal parameter need not

“have an explicit declaration, and if it is undeclared, it is assumed to be of integer type. However, local
variables must be declared, s0 when mapping formal parameters to local variables, INLINER inserts
declarations for any uhdeciared farmal parameters. The other exception arises when a formal parameter
is declared to be of an array type. For formal parameters, C automatically treats array type declarations

as pointer type declarations, INLINER mimics this formal parameter type coercion in inlined code by

*C allows a function’s actual parameters 10 be evaluated in any order; for an inlined call, INLINER simply outputs the assign-
ments of the actuals to the Jocals replacing the formals in the order in which the actuals appeared in the original function call.
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Original Version

Inlined Version

int getchbuff{)
{register int ch;
if {{ch=getchar{}) != RBOF}
chbuff [char_indext+]=ch;
chbuff [char index]='\0';
return {ah) ;

}

int isdigit{x) int x;
{

retarn{ {(x>='0%) && (x<=9')};
}

int strtei ()’

{

register int val, c¢;
val = 0;

for{ c=getchbuff{);
isdigit {c);
wgetchbuff {} }

val = val*1l0 + g«'0r;

return{val);

}

/* function getchbuff deleted */

/* function isdigit deleted */

int strtoil)
{
register int val, ¢;
val = 0;
{
{ { /% inlined version of getchbuff */
{register int ch;
if {(ch = getchar()) != EOF}
chbuff{char_indext++] = ch;
chbuff{char index] = "\0*;
{ ¢= (ch):; }
}
i}
{ /* body of restructured loop */
register int AR007; /* return value
An008:
{ /¥ inliped version of isdigit */
{ { ARDOT = ((c >= '0"}) && (o <= *97));; } }

for isdigit */

}
1f (AADOT)
{
{
val = val*10 + ¢-'07; b
{ { /* inlined version of getchbuff */
{register int ch;
if {{ch = getchar(}} != ECF}
chbuff{char_index++] = ch;
chbuff[char index] = 7\0’;
{ e = (ch):; }

bl
}
goto AADCSE;
}
}
}
return{val};

)

Figure 2.5: Inline Transformation of Iterative Statement
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appropriate transformations of the types of formal parameters when they are mapped into local vari-

ables,? as shown in Figure 2.4,

The C language does not require a function’s actual parameters to match its formal parameters in
number or type, and this feature can preclude inlining. A caller supplying fewer parameters than a callee
is declared to accept does not present an obstacle to inlining. INLINER produces assignments of the
actual parameters 1o the local variables representing the formal parameters. Any local variables
representing formal parameters for which there are no corresponding actual parameters are uninitialized,
just as such formal parameters are in the noninlined code. However, when a caller provides more param- -
eters than a callee declares, inlining can result in code that does not operate as desired. Problems occur if
the callee accesses arguments in addition to those declared by using positions on the call stack relative to
the declared arguments, This method of coding is often used in the implementation of printf in the C
standard I/O library. The routine prinif is described as taking an argument containing a format string, fol-
lowed by a variable number of arguments of any types. Written as shown in Figure 2.6, prinif calls
_doprnt, which exémines the format string argument and fetches the actual argumen.ts from the call stack
using the address of the single integer argument specified as following the format string in the definition
of prinf. This technique does not work if printf is inlined; actual parameters other than those correspond-
ing to formals are not available (since they have no locals to v;rhich to be assigned), and the assignment of

the actual parameter following the format string 10 a local variable of type integer may engender an

printf({fmt, args)
char *fmt;
{
_doprnt {fmt, &args, stdout);
return{ferror{stdout)? BOF: 0);:

}

Figure 2.6: Definition of printf Function

*The type of a formal parameter may be expressed a3 s fypedefname. If that name refers to a fypedef of amay type, INLINER

replaces the fypedef name in the formal parameter declaration with its type definition and then performs the coercion 1o pointer type.



21

unwanted type conversion. INLINER does not expand any call sites at which the number of actual

parameters exceeds the number of formal parameters declared for the function.

In some cases, INLINER alters the names of defined entities. A global name accessible to a func-
tion is hidden from an inlined instance of that function, if the function into which the instance is substi-
tuted defines the name locally. To maintain the visibility of global names in inlined code, names defined
in calling functions are made distinct from names defined globally. Similarly, inlining can make global
or local names used in a function’s actual parameter expressions inaccessible in the statements that assign
those expressions to the local variables derived from the function’s formals, if the global or local names
match any of the formal names. When inlining a function, to prevent the Jocal variables replacing the
function’s formal parameters from concealing the names used in its actual parameters, formal parameter
names that are employed for other items within the input code are mapped to unique identifiers at the
function’s inlined sites. Also, since label names have function-wide visibility, inlining can result in labels
being declared multiple times within a function. An inlined function’s label names, if any, are mapped to
avoid conflicts, Finally, a static function or global variable in an input module is renamed if its name is

the same as that of a static or external function or global variable from another input module.

In C, automatic and register variables may be initialized using expressions containing function
calls. Source-to-source inlining of such calls presents problems. Initialization expressions for a block’s
automatic and register variables must be evaluated in the order in which the variables are declared,
although substituting a function inline within a block’s declaration list violates the syntax of C. A general
method for supporting the inlining of these calls is to remove the initialization expressions associated
with a block’s automatic and register variable declarations, and then to add statements at the beginning of
the block’s statement list to assign the initialization expressions to the appropriate variables in the proper
order, handling the function calls to be inlined in the assignment statements in the usual manner. Figure
2.7 gives an example of this mapping. From a practical standpoint, however, function calls seldom

appear in initialization clauses, and INLINER currently does not inline these calls,

Variables declared static within the scope of an inlineable function are promoted to static global

variables with names unigue in the output module, so that the variables can be referenced by all of the
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Oxiginal Code Modified Code
{ {
int x = f{a): int x;
int ¥y = %; int y;
x = f£(a);
¥y = X
} }

Figure 2.7: Example of Code Modification to Support Inlining Calls in Initializations

function’s inlined versions as well as its callable version (if any). This transformation ensures that after
inlining, these variables behave like they did as local statics in the noninlined program, i.e., they retain
their values across executions of the function’s code. If a static local variable is declared using a local
typedef, then prior 1o making the variable global, the typedef in the variable’s declaration is replaced by
the definition of the typedef in terms of C's built-in types. Correct type compatibility is maintained by
this mapping, because typedefs are considered to be synonyms for their definitions, not new types. If a
static local variable is declared using a local struct, union, or enum type, then the situation is complicated.
Since each definition of these types is treated as a new type, preserving the type compatibility qualities of
the original code when promoting a local static defined using one of these types to a global static requires
that the corresponding type name definition also become global, with its name modified if a conflict with
the name of some other program entity occurs. The constant names in an enwn definition may have to be
altered as well. Moreover, field declarations for a local struct or union type might in turn depend on local
typedefs, which would need to be replaced with their definitions, or on local struct, union, or enum
declarations, which would again need to be promoted to global level and possibly renamed. INLINER
does not change static local variables declared using local struct, union, or enum types to static global

variables and does not inline functions containing such static locals.

When inlining is performed across more than one input module, several issues related to drawing
global declarations from different modules affect INLINER’s operation. First, the C language dictates
that no two distinct external global variables may have the same name, and this rule also applies to global

typedefs and type tags for structs, unions, and enums. However, C compilers typically process each of a



23

program’s modules independently, and since typedefs and type tags are (uswally) strictly compile-time
objects, redefinition of their names in different modules is generally not flagged as incorrect. Such
redefinition is considered to be erroneous input to INLINER. Next, to make a particular external global
variable name visible to more than one module, most dialects of C allow any number of referencing
declarations* for the name, but only one defining declaration® for it [HaS84]. Nevertheless, if an external
global variable is given multiple defining declarations in separate modules, these redundant definitions
are not detected by the compiler, and some linkers resolve them into a single data item without reporting
an error, INLINER supports this common extension to the C language by combining duplicate external
global variable definitions from separate source files into one definition in the output source file. Simi-
larly, C permits global typedef and struct, union, and enum type tag names to have only one defining
declaration,® although replicated defining declarations across modules are ordinarily not caught at com-
pile or link time. As with external global variables, INLINER combines multiple definitions of global

typedef and type tag names into a single definition,

2.1.3, INLINER’s Improvements to Inline Transformations

Certain code improvements which may enhance inlining’s effectiveness can naturally be performed
in conjunction with inlining. These improvements involve the transmission of parameter values to and
return values from inlined function bodies, as well as the allocation of registers and string constant space.

INLINER includes such optimizations, as discussed in the paragraphs below.

An inlined function’s actual parameter values are sometimes copy propagated, as is recominended
by Harrison {Har77]. If a formal parameter is never writien, its address is never taken, and the

corresponding actual parameler meets certain conditions, then the actual parameter replaces the formal

“In a referencing declaration for & variable name, the variable is marked extern and is not initialized.
5in a defining declaration for a variablc name, the variable is not marked extern end may be initialized.

“Any typedef name declaration is 2 defining declaration. A defining declaration for a struct or union type tag name is one that
includes the specification of component fields, and a defining declaration for an erim type tag name is one in which a Hst of the
enumeration constants appears.
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parameter in the inlined function body, and the local variable representing the formal parameter along
with the assignment of the actual parameter to that local variable are elided. The conditions 10 be met by
the actual parameter value are designed to ensure that its copy propagation does not change the semantics
of the code or increase the cost of accessiﬁg the parameter value. The actual cannot be a general expres-
sion, because of the expense and possible sid¢~effects associated with evaluating the expression more
than once; the actual may be either a simple variable or an integer, character, or string constant. Since
the vatues of global class variables (excluding those of array type which are actually array addresses)
may be altered by direct reference in the inlined function body, such variables are not copy propagaied.
Also, global and static class variables are typically costlier to access than locals of automatic class.
Finally, if the formal parameter is of register class, then the actual parameter must be of register class as

well.

Copy propagation of constant parameters into inlined code is complemented by compile-time con-
stant expression evaluation [Har77]. INLINER computes arithmetic and logical operations on constant
operands, and substitutes the resulting vatues for the calculated expressions. In addition, INLINER elim-
inates dead code [Har77]. Conditional statements based on control expressions with constant values,
often swmﬁmg from constant parameter copy propagation and compile-time constant expression evalua-

tion, are replaced by any dependent statements that are always executed.

INEL.INER makes several improveménts in the handling of inlined function returns. When inlining
a void function, a function that contains no retum statements, ﬁ functon whose return value is ignored by
its caller, or a function that always returns a particu!af constant value, the local variable defined to hold
the inlined function’s return value and any assignments to that local are omitted. (In the case of an
ignored return value, code is produced to evaluate return expressions for side-effects, and in the case of a
constant return value, the constant value replaces the call site in the caller’s code.) The local for an
inlined function’s return value and the assignments to that local are also deleted when a single inlineable
call occurs in an expression or return statement. The caller’s expression or return statement is moved
back into the inlined callee’s code; a copy of the statement is placed at each of the inlined callee’s retum

statement sites, with the intined callee’s return statement expression substituted for the call to the inlined
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function.” For example, INLINER actually produces a revised version of the inlined code presented in
Figure 2.1, in which the local variable AA0G2 is not declared, the assignment to datarec.len located out-
side the inlined code for strlen does not appear, and the assignment to AA002 in strlen’s inlined body is

replaced by the assignment datarec.len = (n) + 1, Finally, using limited fiow analysis, INLINER

removes any redundant goto statements produced when transforming an inlined function’s return state-

ments. These gotos thwart some C compiler optimizers.

The callable functions in inlined code, since they arise from a combination of the functions in the
original input, tend to contain more variables than the functions occurring in noninlined code. The
increased competition in inlined code of a function's variables for the allocable registers may cause vari-
ables assigned to registers in the noninlined version of a program to be assigned to stack memory loca-
tions in an inlined version. This displacement of variables from registers can hurt the performance of
inlined code relative to noninlined, as will be discussed in detail in Section 4.2. INLINER, using
knowledge ¢t the target compiler’s register allocation scheme and the target computer system’s register

set(s), will optionatly forgo inlining that results in register variables becoming stack memory variables.

Many C compilers generate a new copy of each string constant found in the source code, even
when a string constant is identical to one already encountered. To save space, INLINER promotes any
string constants in functions that are inlined to static global arrays, so that the strings are not replicated

for every inlined instance of the functions.

2.2. Implementation of INLINER

. INLINER is composed of the four processing phases shown in Figure 2.8. The C preprocessor is
run first, to expand macros and 1o input text from include files, Then, the Function Definition phase

parses the input C source code, gathering symbol table information. Next, the Function Analysis phase

"For both Fortran 77 [Pra84] and Pascal [JeW?78], a function’s retum value is spemfied by assigning it 1o the function
identifier and the assignment need not directly precede exiting the fonction, so this code improvement would not be applicable to
code written in these languages in some cases. .
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Figure 2.8: INLINER Organization

determines which call sites to inline. Finally, the Function Output phase performs the inlining transfor-
mations and produces callable versions of some functions. The last three phases are described in more

detail in the following sections.

2.2.1. The Function Definition Phase of INLINER

INLINER’s Function Definition phase parses the C source modules specified as input, optionally
searching source libraries for any functions not defined in the input modules. Extensive information for
INLINER’s symbol table is‘co!lected, particularly with respect to three constructs: function definitions,
function references, and global non»funclipn declarations. For each function dei_ined in the input, a tree is
built to store the function’s body, with a pointer to that tree placed in the function’s symbol table entry.
Call sites iﬁ the function that ére prospects for inlining are indicated in the tree. Several actions related to
the function’s formal parameters are performed. Array type formal parameters are coerced to pointer .
type, and declarations are inserted for undeclared formal parameters. Any formal parameter to which a
value is assigned or of which the address is taken is marked so that any corresponding actual parameter is

not a candidate for the copy propagation optimization.

A number of issues are considered when a reference to a function is encountered in the input. If
the reference elicits the address of the function, then the need for producing a callable version of the
function is noted, since the function may be invoked through the pointer. If the reference is a call to an
explicitly named function, data representing the count of actual parameters .passed to the function is

stored in the function’s symbol table entry for later comparison with the count of formal parameters
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declared for the function. For a directly recursive call, the necessity for a callable version of the function
is logged. For any other call not executed through a pointer, the call site is added to the list of those that
are potentially inlineable, and the site’s caller and callee pair are recorded for use in a sort performed by

the next phase of INLINER.

Global non-function declarations are placed in the symbol table, with duplicate variable, typedef,
struct, union, and enwm name declarations combined as described in Section 2.1.2. The declarations are

output at the end of the Function Definition phase, after all of the input code has been read.

2.2.2. The Function Analysis Phase of INLINER

INLINER’s Function Analysis phase uses the data collected in the Function Definition phase to
sort the functions referenced in the input and to select which call sites to inline. The functions are sorted
according to the relation “‘callee precedes caller”. A cycle in the ordering indicates the presence in the
code of indil;ect recursion, and is broken by arbitrarily choosing one of the call sites in the cycle and
deleting it from the list of inlineable call sites. INLINER couid be improved if it selected for removat

from the list of inlineable call sites the least frequently executed call site in the cycle, based on typicat

call frequency data.®

After sorting the functions, INLINER calculates the information needed to decide which call sites
in a function to inline, processing the input functions in sorted order so that when the inlining of a call
site is considered, the callee’s characteristics have already been computed. A call site at which more
actual parameters are supplied than the callee is declared to accept is not inlined. The decision not to

inline a call site may be based on the restriction that inlining not cause variables allocated to registers in

the noninlined version of a program to be assigned to stack memory locations in an inlined version.?

INLINER implements this option using knowledge of the target compiler’s register allocation method

*For the set of 1est programs vsed to study inlining, indirectly recursive paths were seldom executed,

?Also, the decision not to inline a call site may be based on a static program block nesting level depth limit. This option is
used when inlining on the MC68020, since the Sun-3 C compiler imposes such a limit.
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and the target computer system’s available registers. At the same time, statements containing both
short-circuit operators and potentially inlineable calls are restructured, as described in Section 2.1.1,
because any local variables introduced to support the restructuring may affect the allocation of registers
in inlined code. In addition, the issues of the applicability of copy propagation for actual parameters at a
call site and the handling of the return value (if any) from the called function are resolved, since these

issues also influence the placement of variables in registers in inlined code.

2.2.3. The Function Output Phase of INLINER

INLINER’s Function Output phase considers each stored function in *‘callee precedes caller’
sorted order, mapping the function’s data, producing a callable version of the function (if needed), and
creating an inlineable version of the function (if needed). With respect to the function’s data, if the func-
tion contains inlineable calls, the function’s locals and formals are mapped to unique names, so that they
will not hide globals from inlined function bodies. If the function itself will be inlined, its static locals

are mapped to static globals and its string constants are mapped to static global character arrays.

If warranted, a version of the function that can be called is then output. The question of whether or
not a function needs to exist in callable form is a complicated one to answer. In C, a function has exter-
nal visibility by default, and the presence of an external call is typically not detected until Link time.
These facts imply that a function should be output in callable form, unless the function is decfaréd static
and all of its call sites are inlined. However, this approach will often produce unneeded callable versions
of functions, because programmers seldom declare static functions as such, and because, when all of a
program’s user-defined modules are input to INLiNER together, almost no programmer-defined functions
are called from code external to that being processed by INLINER. INLINER uses the following algo-

rithm to decide when to write out a callable version of a function.

(1)  If the function is directly recursive, or a call to the function is designated as not inlineable in order
to break an indirectly recursive call cycle, or the address of the function is taken, or the function is

called with more parameters than it is defined to accept, or at least one call to the function is not
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intined because doing so would cause the displacement of register variables to stack memory,!® or
an option to INLINER specified that the function not be inlined, or a static local in the function
cannot be promoted 10 a static global, or there is a call to the function from a variable initialization

clause, then a callable version of the function is output.
(2) Otherwise, if the function is declared to be static, a callable version is not output.

(3y Otherwise, if the function is never called in the input code, a callable version of the function is out-
put, on the assumption that the function is not redundant and therefore must be called from a func-

tion in 2 module not input to INLINER. A common example of such a function is main.

4y Otherwise, if an option to INLINER directed that all functions be treated as though they were by

default static, a callable version of the function is nof output.
{5) Otherwise, a callable version of the function is output.

After the matier of providing a callable version of the function is addressed, the function may be
converted 1o inlineable form. If the function will be inlined at one or more call sites, preparatory inlining
transformations are applied to the tree denoting the function’s body. These transformations include posi-
tioning a label at the end of the function’s body, replacing the function’s return statements with assign- .
ments and gotos as appropriate, deleting any resulting gotos that are redundant, inserting a node to indi-
cate where the assignments of actual parameters to local variables representing formal parameters should
be placed, and introducing a block enclosing the function’s body in which the formal parameters are
declared as local variables. Whenever an inlineable call to the function is encountered while writing out
some function’s callable version, call site specific inlining transformations are done as the inlined func-
tion body is being output. These transformations include changing labels in the inlined function body to
unique names, handling each of the call site’s actual parameters either by copy propagation or by assign-
ment 1o a local variable holding the inlined function’s corresponding formal parameter, performing
compile-time expression evaluation and dead code elimination, and declaring a Iécai variable, if neces-

sary, for the inlined function’s return value.

¥0r at least one call to the function is not infined because doing so would cause the static program block nesting level depth
to exceed & specified Hmit.
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2.3. Measurements of Code Transformed by INLINER

Timing and size measurements were gathered using the four computer systems and compilers listed
in Table 2.1 for noninlined and inlined versions of the test programs given in Table 2.2. The VAX-8600
and MC68020 computer systems are considered to be complex instruction set computers, while the
Clipper and Convex computer systems are classified by their manufacturers as reduced instruction set
computers. When compiling the test programs, target compiler optimization was enabled, using the

appropriate compiler option. The target compilers’ code optimizers ranged in capability from that of the

Processor Operating Systemn C Compiler

VAX-8600 | UNIX 43BSD Portable C Compiler
MC68020 SunOS Release 4.0.1 Sun-3 C Compiler
Clipper | CLIX System V Release 3.1 | Green Hills-C Compiler
Convex Convex UNIX Release V6.2 | CONVEX C Compiler

Table 2.1: Computer Systems used in Inline Experiments

Name Description Source Modules
cache Cache Usage Simulator User Code 8
calls Produce Static Call Graph User Code 3
compact | Huffman Coding File Compression UNIX System 1
diff File Difference Utility UNIX System 2
dry Dhrystone Benchmark Program Synthetic Benchmark 1
extract Derive Design Material from Comments | User Code i
grep Search for Pattern UNIX System 1
inltest C Function Inliner (old version) User Code 8
invert Create a Reference Database for bib UNIX System 3
mincost VLSI Circuit Partitioning User Code 1
nroff Text Formatting Utility UNIX System 11
sed Stream Editor UNIX System 3
sort Sort or Merge Files UNIX System 1
tsp Traveling Salesperson User Code 1
vpce Very Portable C Compiler User Code 13
whetstone | Benchmark Program Synthetic Benchmark 1
yace Create Parser Tables from Grammar UNIX System 4

Table 2.2: Test Programs used in Inline Experiments
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Portable C compiler, which performs some local optimizations, to that of the Green Hills C compiler,
which performs certain local and global optimizations, including passing parameters in registers and
automatic register aliocation. Two kinds of inlined versions of the programs are examined: intramodule
inlined, in which inlining is performed separately within each module in the program, and intermodule

inlined, in which inlining is performed across all the modules in the program.

The test programs are drawn from application, system, and benchmark code. Table 2.3 presents
size and call frequency data for the test programs. The size data includes lines of code, subprograms
defined, and average lines per subprogram. The lines of code value given for each program is a count of
the lines in the program’s C source modules {not including runtime library modules), minus any empty or
comment lines. Dividing that value by the number of subprograms defined in the modules yields the
program’s average lines of code per subprogram. The call frequency data for each program is comprised
of total calls executed, total call sites exercised, average calls per call site, percentage of call sites execut-
ing 1 call, and percentage of call sites executing 1000 or more calls. These quantities were collected on

the MC68020 with respect to the test data input to the programs. The average number of calls per call

Lines | Sub- Ave Lines | Total Total Average % Sites % Sites

of programs | per Sub- Calls Cali Sites | Callsper | Executing | Executing
Name Code | Defined program Executed Exercised ; Call Site 1 Call >=1000 Calls
cache 484 32 15 5,184,136 79 65,622 44 41
calls 615 17 36 465,070 68 6,839 10 15
compact 37 5 74 84,981 12 7,082 42 33
diff 821 28 29 819914 79 10,379 62 23
dry R 13 25 850,021 31 27,420 42 52
extract | 2,396 30 80 33,543 110 305 23 9
grep 460 7 66 12,389 12 1,032 67 8
initest 6,401 186 34 853,702 566 1,508 i 17
invert 285 12 24 505,023 74 6,825 49 2
mincost 412 16 26 972,145 53 18,342 13 62
nroff 5267 27 3 610,135 497 1,228 18 13
sed 1,467 21 70 659,122 29 22,728 41 21
sort 850 20 43 854,794 59 14,488 53 14
isp 352 13 pA 37265,742 121 307,981 17 7
vpee 6,781 169 40 3,130,671 609 5,141 8 38
whetstone 27 8 p4j 693,042 9% 7.219 200 75
yace 1,828 48 R 98,581 176 560 41 4

Table 2.3: Size & Call Frequency Data for Test Programs



32

site is the quotient of the total number of calls executed and the total number of call sites exercised (both
including runtime library calls). Since the number of calls per call site in a program varies widely, two
call frequency percentages (the percentage of call sites at which only 1 call was executed and the percen-
tage of call sites at which 1000 or more calls were executed) are also presented. A representation of exe-
cution call site trees for the test programs run on their data sets is given in Figures 2.9a-c. The rows in
the figures correspond to dynamic call nesting depths and each character in a row signifies an exercised
call site of unique parentage at that depth. (Call sites in the runtime library are included.) The particular
character indicates call frequency and call graph structure information as explained in the figure’s legend.
Ellipsis is designated in wide or long trees using the string "...". Table 2.3 and Figures 2.9a-c show the

diversity of the test programs’ composition and behavior.

For constructing the test programs, several machine-independent routines from C’s runtime
libraries were supplied to INLINER in source library modules for inline expansion. Callable versions of
the routines were placed in an archive file for access when linking the noninlined versions of the test pro-
grams as well as for access when linking the inlined versions of the test programs, since not alt of the
routines” call sites are necessarily inlined. The runtime library routines included are enumerated in Table

24.

In addition, when building the test programs, INLINER was directed not to expand any call sites
which, if intined, would cause variables placed in registers in the nonintined version of the program to be
placed in stack memory locations in the inlined version. To implement this restriction, INLINER keeps a
running tally of the variables in a function that the target compiler will assign to registers, and does not
inline a call site in the function when that action would result in the tally exceeding the number of alloca-
ble registers on the target computer system. Counts of the allocable registers on the target systems under
consideration are shown in Table 2.5. Note that the available registers on the MC68020 and on the
Clipper are divided into two sets, according to the kind of information the registers are designed to con-
tain. For each of the target compilers, INLINER knows which types of variables are allocated to regis-

ters, fo what kind of register a variable of a particular type is assigned, and whether the variable must be
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Input/Output Routines Siring Processing Routines Other Routines

fgetc fputs  gets | index strchr strepy atoi atol mktemp
fgets  fread  puts | rindex  strrchr stencpy
fputc  fwrite strcat  stremp  strlen
stricat  strnemp

Table 2.4: Runtime Library Routines Supplied for Inlining in Inline Experiments

Target Computer System Allocable Registers Register Allocation Factors
Processor Compiler Count Kind Candidate Types for Registers Class
VAX-8600 Portable C 5 General pointer,integer,long,unsigned, register
unsigned long
MC68020  Sun-3C 6 Data integer,long,unsigned,unsigned long, register
char short,unsigned char,unsigned short
4 Address pointer register
Clipper Green HillsC | 9 General pointer,integer, long, any
unsigned,unsigned long,enum
4 Float float,double any
Convex CONVEXC | 4 © General pointer.integer.long,unsigned, register
unsigned long,char,short,
unsigned char,unsigned short,
float,double,enum,union,struct

Table 2.5: Register Allocation Data for Computer Systems used in Inline Experiments

declared register class in order to be associated with a register.!! Table 2.5 also contains this information
for the target compilers. The number of allocable registers and the variety of types of candidate variables
vying for those registers influence the relative number of call sites inlined on each of the target computer

systems.

Inlining was also restrained on the MC68020, because the Sun-3 C compiler imposes a limit on the
static program block nesting level depth allowed in C source code. The limit is 50 units, where each {
represents 1 unit, each while or do represents 2 units, and each for or switch represents 3 units. On the

MC68020, INLINER avoided substituting functions inline whenever the limit would be overstepped.

YThe Green Hills C compiler performs automatic register allocation, while the other three compilers simply atempt 1o place
register class variables in registers.
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When inlining the test programs, the decision to yield a callable version of a function was made as
described in Section 2.2.3, with certain options stipulated. For intramodule inlining, INLINER was run
with a switch instructing it to assume functions were static class by default. Consistent with this piremise,
any functions for which a needed callable version would not otherwise be output were explicitly defined
to be external. For intermodule inlining, INLINER was run with a switch instructing it to treat all defined

functions as static, even those specifically declared external.

A difference between noninlined and inlined programs, distinct from the differences attributable to
the inlining transformations, is that the order of callable functions in noninlined and inlined executable
files varies. The functions in noninlined executable files are in user-specified order, i.e., the functions
occur in the order they appear in the user’s source modules, with the modules arranged in the order they
are listed in the user’s link command, INLINER outputs functions in ““callee precedes caller’” sorted
order, as explained in Section 2.2, Hence, in intramodule inlined executable files, although the user’s
modules are still arranged as given in the link command, the functions within those modules are situated
in sorted order. In intermodule inlined executable files, all of the user’s functions occur in sorted order.
The reason that INLINER sorts functions in “‘callee precedes caller”” order is to enhance the efficiency of
certain of its operating phases. However, it is possible for the relative positions of functions in an execut-

able file to affect program runtime [HaG71].

To see whether, on a commonly-used system, the execution speed of programs whose functions are
located in sorted order diverges from the execution speed of programs whose functions are located in
user-specified order, the performance of three noninlined versions of the test programs was compared on
the MC68020 system: a user-ordered version, with the functions in uvser-specified order as described
above; an intramodule-reordered version, in which the modules are positioned in the order dictated by the
user's link command, but the functions within those modules are sorted in *‘callee precedes caller”
order; and an intermodule-reordered version, in which all of the user’s functions are placed in sorted
order, All three versions of each program ran at essentially the same speed on the MC68020 system, To
constrain the differences between noninlined and inlined versions of the test programs to be those intro-

duced by inline substitutions, the noninlined versions of the programs are sorted in *‘callee precedes
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caller” order just as the inlined versions are.!? For the timing and size measurements given shortly, the
following policies are employed. For test programs with a single user module, the execution time of the
- intramodule inlined version is compared with the execution time of the intramodule-reordered noninlined
version, and the code section size of the intramodule inlined version is weighed against the code section
size of the intramodule-reordered noninlined version. For test programs with multiple user modales, the
execution times of the intramodule and intermodule inlined versions are compared with the average of
the execution times of the intramodule- and intermodule-reordered noninlined, versions, while the code
section size of the intramodule inlined version is weighed against the code section size of the
intramodule-reordered noninlined version, and the code section size of the intermodule inlined version is

weighed against the code section size of the intermodule-reordered noninlined version,

The volume of code produced by INLINER for certain programs taxed the target translation utili-
ties. Several probléms were encountered in building the intermodule inlined version of vpee. For that
version of vpee on the VAX-8600, an assembly option was required to cause word-offset branches to be
replaced by long jumps, and a special tool was employed to map certain word-offset jump tables to long-
offset jump tables, When constructing that version of vpcc on the MC68020, the use of a compiler option
was necessary to force long-offset jump tables to be substituted for word-offset jump tables. On the Con-

vex, that version of vpec would not compile, due to a bug in the CONVEX C compiler.

As one would expect, inlined versions of programs nearly always took longer to build than nonin-
lined. Table 2.6 contains noninlined and infined program build times and ratios collected on the Sun-3.?
The build time quantities given are the average of three wall-clock elapsed-time values, measuring the
time consumed by the combination of inlining, compiling, and linking, under the direction of the UNIX
make uatility. “The ratios of inlined to noninlined build times found in this experiment are lower than those

reported by Richardson and Ganapathi [RiG89b], whose average ratio of inlined to noninlined compile

) 270 sont the functions in the noninkined versions, INLINER is invoked on the modules. in those versions with a command line
parameter which instructs it to sort the functions in the input modules without inlining any of the call sites.

P is interesting to observe that, for programs with multiple source files, the intermodule-reordered noninlined version built
in less time than the intramodule-reordered nonintined version. This may be due to savings in system task and file overhead; foran -
intramodule-reordered noninkined build of & program with n source files, n compilations of & total of n separate files are executed,
whereas for an intermodule-reordered noninlined build, only 1 compilation of a single source file is performed.



39

Time in Seconds . Ratio of Inlined to Noninlined Time

intramodule Intermodule ) Inramodule Intermodule
Reordered  Intramodule  -Reordered  Imemmodule Intined Inkined
Nonintined Inlined  Noeninlined Inlined Imodule >1module | >} module
cache 57 62 33 40 1.09 1.21
calls 51 93 39 T 1.82 1.82
compact 31 36 L.1s
aiff 67 164 67 179 245 2.67
dry 22 19 0.86
extract 90 350 3.99
grep 18 b 128
inltest 194 325 157 388 1.68 247
invert 33 41 22 a5 1.24 1.59
mincost 26 32 . 1.23
nroff 241 348 205 1461 1.44 699
sed 67 93 53 109 1.39 206
sort 32 67 2.00
1sp 28 1 118
vpee 289 523 %7 2854 1.8t 11.55
whetstone 35 41 1.17
yace 109 280 85 312 257 3.67
AVERAGE . 1.62 1.72 k)3

Table 2.6: Program Baild Times on the Sun-3 for Test Programs

times was 4.8. One reason their ratios were worse may be that, unlike the Sun-3 C compiler, their com-
piler performs subprogram-level global optimization, and they indicated that their global optimization
algorithms were strained by the increased size of subprograms after inlining, Another reason for the
difference may be that INLINERs method of processing subprograms in ‘‘callee precedes caller’” sorted

order is more efficient than the method used by Richardson and Ganapathi’s inliner.

Percentages of the test programs’ executed calls that were eliminated by inlining are shown in

Table 2.7.1 These percentages were computed from counts (given in Tables A.2, A.9, A.14, and A.23) of

calls executed by the néniniined ang inlined versions of the test proé;éﬁns. The amount of inlining that
occurred varied across computer systems, due mainly u; differences in the systems’ register sets and
register allocation policies. On a particular system, the level of inlining varied across test programs,
depending largely on each program’s utilization of variables allocable to registers, calls to runtime library
routines unavailable for inlining, module stracture (when intramodule inlining was performed on multiple

module programs), and use of recursion, calls through pointers, and calls with extra actual parameters.

“The percentages for the intramodule inlined versions are subdivided into two columns one for programs comptised of & sin-
gle module and the other for programs comprised of multiple modules.
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VAX-8600 MC68020
Intramodule Intermodule Intramodule Intermodule
Inlined Intined Inlined Inlined
i1 module >1module | >1module 1module >1module | >1 module
cache 53 77 58 84
calls 10 10 69 69
compact 100 100
diff 91 93 93 96
dry 100 94
extract 82 80
grep 0 0
inltest 51 63 51 63
invert 82 88 82 88
mincost 96 96
nroff 52 44 41 50
sed 19 T2 7 68
sort 64 66
tsp 53 17
vpee 43 56 46 59
wheistone 66 7
yacc 46 51 53 53
AVERAGE 70 50 62 57 56 70
Clipper ~Convex
Intramodule Intermodule Intramodule Intermodule
Inlined Inlined Inlined Inlined
1module >1module | >1module 1module >1module | >1 module
cache 63 90 54 83
calls 97 97 4 4
compact 56 56
diff 99 6 2 4
dry 94 38
exiract 42 67
grep 0 0
inltest 67 68 48 59
invert 29 37 29 52
mincost T 94
nroff 54 58 26 18
sed i1 4 7 7
sort 0 64
tsp 43 53
vpee 49 62 35 *
whetstone 100 56
yace 54 52 45 45
AVERAGE 51 58 53 53 28 34

Table 2.7: Percentage of Executed Calls in Test Prégrams Eliminated by Inlining

* Due to a bug in the CONVEX C Cdmpiier, the intermodule inlined version of vpee could not be built on the Convex.



VAX-8600 MC68020

Tmramodule Intexmoduale - Intramodule Intermodule

Reordered  Intramodule  -Reordered  Intermodule | -Reordered  Tmtramodule  -Reordered  Intermodule

Noninlined Intined Noninlined Inlined Noninlined Inlined Noninlined Inlined
cache 10,768 11,108 10,760 12,952 35,584 35,896 35496 37,576
calls 13,644 19,240 13,652 19,240 24,720 31424 24,704 31,416
compact 11,656 13,740 2516 24,504
diff 26,540 38,500 26,536 39,260 51,024 75,240 50,960 76,144
dry 5720 5,624 18,664 18,472
extrict 24,880 81,012 40,464 100,936
grep 9,852 10,676 20,872 21,512
inltest 34,552 52,604 34,548 108,324 65,152 89,696 64,232 142,128
invert 11,600 12,232 11,59 12428 36,608 37,176 36,584 37,224
mincost 10,460 11,260 35,632 36,328
nroff 46,144 81,372 46,132 205,040 72,800 104,584 72,008 419,624
sed 16,536 31,028 16,532 33,892 30,680 42,104 30,664 49,856
sort 12,900 21,464 23,864 33,304
sp 11,856 12,128 61,792 61,504
vpee 51,268 84,624 51,256 331,532 81,744 148,368 80,380 684,072
whetstone 10,960 11,268 60,336 60,784
yRCC 26,004 58,760 26,000 78,176 41,232 79,800 41,080 98,560

Clipper Convex

Intramodule Intermodule Inttamodute Intermodule

-Reordezed  Inteamodule  -Reordered  Intermodule | -Reordered  Intramodvle  -Reordered  Intermodule

Noninlined Inlined Noninlined Inlined Noninlined Inlined Nonintined Inlined
cache 21,560 21,128 21472 23272 28,672 32,768 28,672 32,768
calls 19,768 29,344 19,744 28,680 36,864 40,960 36,864 40,960
compsact 16,848 18,400 . 28,672 32,768
diff 38,680 56,920 38,616 51,984 69,532 94,208 5,632 98,304
dry 12176 12,176 20,480 20480
extruct 34,752 56,664 49,152 110,592
grep 15296 16,238 28,672 32,768
inhest 53,480 74,824 52,824 158,224 86,016 110,592 86,016 196,608
invent 23,128 23,352 23,112 23568 32,768 32,768 32,768 32,768
mincost 21912 21,960 28,672 28,672
rroff 59,440 127,744 58,592 466,864 94,208 135,168 94,208 221,184
sed 24,112 29872 25,096 31,600 40,960 61,440 40,960 6] 440
sott 18,632 23472 32,768 40,960
“p 24,952 24,992 49,152 49,152
vpee 70,728 100432 70,016 287,616 122,880 151,552 * .
whetstone 19,160 19,128 32,768 32,768
yace 36,952 42,424 36,792 44,632 57,344 69,632 57,344 94,208

Table 2.8: Program Code Section Sizes (in Bytes) for Test Programs

* Due to a bug in the CONVEX C Compiler, the intermodule inlined version of vpce could not be bailt on the Convex.
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VAX-8600 MC68020
Intramodule Intermodule Intramodule Intermodule
Inlined Inlined Inlined Inlined

1module >1module | >1module Imodule >1module | >1 module
cache 1.03 1.20 1.01 1.06
calls 1.41 141 1.27 1.27
compact 1.18 1.09
diff 1.45 148 147 1.49
dry 0.98 0.99
extract 3.26 249
grep 1.08 1.03
inltest 1.52 3.14 1.38 2.21
invert 1.05 1.07 1.02 1.02
mincost 1.08 ' 1.02
nroff 1.76 4.44 144 5.83
sed 1.88 2.05 139 1.63
sort 1.66 : 1.40
tsp 1.02 1.00
vpee 1.65 647 1.82 8.46
whetstone 1.03 1.01
yacc 2.26 3.01 1.94 2.40
AVERAGE 1.41 1.56 2.70 1.25 142 2.82

: Clipper Convex
Intramodule Intermodule Intramodule Intermodule
Inlined Inlined Inlined - Inlined

1 module >1module { >1module 1 module >1module | >1 module
cache 1.01 1.08 1.14 1.14
calls 1.48 145 1.11 1.11
compact 1.09 1.14
diff 1.32 1.35 1.35 1.41
dry 1.00 1.00
extract 1.63 2.25
grep 1.06 1.14
inltest 1.40 3.00 ' 1.29 2.29
invert 1.01 1.02 1.00 1.00
mincost 1.00 1.00
nroff 2.15 797 143 2.35
sed 1.19 1.26 1.50 1.50
sort 1.26 1.25
tsp 1.00 1.00 ‘
vpee 142 4.11 1.23 *
whetstone 1.00 1.00
yace 1.15 1.21 1.21 1.64
AVERAGE 1.13 1.35 249 1.22 1.25

1.56

Table 2.9: Ratio of Inlined to Noninlined Program Code Section Size for Test Programs

* Due to a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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VAX-8600 MC68020
Intramodule  Intermodule Intramodule  Intermodule
‘ Noninlined Intined Inlined Noninlined Inlined Inlined
cache 160.7 140.2 134.0 137.0 128.1 124.3
calls 7.7 1.6 YN 88 84 8.0
compact 6.1 6.0 55 52
diff 66.3 6.5 60.5 564 49.0 489
dry 88 5.1 7.6 6.0
extract 1.7 1.7 1.7 2.0
grep 1.2 1.2 12 1.2
inltest 12,1 10.2 104 99 9.1 9.4
invert 239 224 222 21.0 204 203
mincost 10.6 6.6 10.6 8.5
nroff 8.0 7.0 79 8.1 7.8 8.8
sed 21.0 20.3 18.7 16.8 173 15.5
sort 18.0 157 19.2 18.1
tsp 265.5 2344 1426.6 1410.2
vpee 86.8 799 924 76.1 74.6 79.2
whetstone 6.2 5.7 523 515
yacc 6.2 59 6.1 6.8 6.7 6.7
Clipper Convex
Intramodule  Intermodule Intramodule  Intermodule
Noninlined Inlined Inlined Noninlined Inlined Inlined
cache 2376 226.7 230.7 173.6 167.3 153.8
calls 6.5 6.1 6.0 9.5 8.8 8.8
compact 8.3 59 6.4 6.6
diff 838 86.5 852 71.5 69.1 69.0
dry 92 7.8 11,7 10.1
extract 24 2.2 2.3 23
grep 1.6 14 1.3 1.2
inltest 22.7 22.1 212 15.2 13.0 12.7
invert 24.6 24.5 247 40.1 40.1 39.8
mincost 20.1 279 10.3 6.6
nroff 6.0 59 6.6 8.9 8.2 8.4
sed 16.9 7.1 17.7 204 204 21.0
sort 170 17.1 222 189
tsp 2410 2272 206.7 166.7
pee 96.5 98.5 100.1 943 94.9 *
whetstone - 59 5.5 36 32
yace 6.5 6.4 6.5 6.8 6.6 6.6

Table 2.10: Program Execution Times (in Seconds) for Test Programs

* Dae 10 a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.




YAX-8600 MC68020
Intramodule Intermoduie Intramodule Intermodule
Inlined Inlined Inlined Inlined

1 module >1module | >Imodule | 1module >1module | >1module
cache 0.87 0.83 0.94 0.91
calls 0.99 1.00 0.95 091
compact 098 0.95
dift 091 091 0.87 0.87
dry 0.58 0,79
extract 1.00 1.18
grep 1.00 1.00
inltest (.84 0.86 0.92 0.95
invert (.94 0.93 0.97 0.97
mincost 0.62 0.80
nroff (.88 .99 0.96 1.09
sed 0.97 0.89 1.03 0.92
sort 0.87 0.94
tsp 0.88 0.99
vpee 0.92 1.06 0.98 1.04
whetstone 0.92 0.98
yacc 0.95 0.98 0.99 0.99
AVERAGE | 086 (.92 0.94 0.95 0.96 0.96

. Clipper Convex
Intramodule Intermodule Intramodule - Intermodule
Inlined Inlined Inlined Inlined

I module >1module | >1module ITmodule >1module | >1module
cache 0.95 0.97 0.96 0.89
calls 0.94 0.92 093 0.93
compact 0.94 1.03
diff 1.03 1.02 0.97 0.97
dry 0.85 0.86
extract 0.92 1.60
grep 0.88 - 0.92
inltest 0.97 093 0.86 0.84
invert 1.00 1.00 1.00 0.99
mincost 0.96 . 0.64 '
nroff 0.98 1.10 0.92 0.94
sed 1.01 1.05 1.00 1.03
sort 1.01 0.85
tsp 094 0.81
vpee 1.02 1.04 1.01 *
whetstone 0.93 0.89
yacc 0.99 1.00 ' 0.97 0.97
AVERAGE 0.93 0.99 1.00 0.95 0.95

0.88

Table 2.11: Ratio of Inlined to Noninlined Program Execution Time for Test Programs

* Due to a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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For the computer systems and test programs considered, an average of 53% of a test program’s executed
calls were eliminated by inlining,

The code section sizes for the noninlined and inlined versiohs of the test programs are given in
Table 2.8.1° These valﬁes are computed as the difference between etext, which the UNIX linker sets to be
the first address beyond a program’s code section, and start, which is the program’s entry point and
which is always located at the beginning of the code linked.!S (Unfortunately, the Convex linker rounds
etext’s position up to the next 4K byte boundary, so the size quantities found on that computer system are
not as precise as those found on the other three systems.) Table 2.9 presents' the ratios of the test pro-
graiﬁs’ inlined sizes to their noninlined. The aQarage size ratio across the four computer systems for
intramodule inlined versions of the test programs comprised of a single module is 1.25 and of the test
perz‘ams comprised of multiple modules is 1.40. The average size ratio across the four computer sys-

tems for intermodule inlined versions of the (multiple-module) test programs is 2.39.

The execution times for the test programs are listed in Table 2.10. These values were gauged on
the four computer systems as the average of three runs of the test programs’ versions on particular test
data sets moritored by the UNIX timing tool /binftime. For each run, the sum of the user and system
times was recorded. Table 2.11 shows the ratios of the test programis’ inlined execution times to their
noninlined, The average execution time ratio across the fowr computer systems for intramodule inlined
versions of the test programs comprised of a single module is 0.91 and of the test programs comprised of
multiple modules is .96, The average execution .time ratio across the four computer systems for inter-

module inlined versions of the (multiple-module) test programs is 0.96.

The eﬁecution time and code section size data gathered for noninlined and inlined versions of the
test pmérams raises several interesting quesiions. Wha.t factors inﬂueﬁce the speed improvements usu-
ally associated with inlining? Why do some programs run slower after inlining? How does the increased
size of an inlined version of a program affect its performance? Chapters 3, 4, and 5 address these ques-

tions,

P*Programs composed of = single module do not have entries in the Jntermodule columns of the 1able.
¥The UNIX size utility was not used, because the values it reports sre rounded up 1o the next page boundary.



CHAPTER 3

The Effect of Inlining on Program Execution Time

Format study of the effect of inlining on program execution time has been lacking. To address the
need for such research, this chapter presents equations. created to represent the execution time perfor-
mance of noninlined and inlined versions of a program. The accuracy of the equations’ description of
inlined execution time behavior is demonstrated on fo.ur computer systems. Using the équations, the
influence of various factors on the speed of inlined versions of programs is examined. Insights of value

to machine and compiler designers, gained via investigation with the equations, are also presented.

3.1. Execution Time Behavior Equations

The execution time behavior of a version of a program, noninlined or inlined, can be approximated
by the equation

Program Execution Time = Call Overhead Timé + Constant Program Time
+ Secondary Inlining Effects Time + Errors

where

Call Overhead Time = Call and Return Operation Time + Parameter Stack Adjustment Time
+ Local Variable Stack Adjustment Time + Parameter Passing Time + Register Save and Restore Time

and

Call and Return Operation Time = Count of Call and Return Operation Pairs Executed
X Time Cost for each Call and Return Operation Pair

Parameter Stack Adjustment Time = Count of Parameter-Passing Call Operations Executed
x Time Cost for Removing the Parameters from the Stack after Returning from each Call !

Local Variable Stack Adjustment Time = Count of Calls Executed to Subprograms with Stack-allocated Locals
X Time Cost for Adjusting the Stack to Accommodate Stack-allocated Locals

Parameter Passing Time = Count of Parameters Passed during the Program's Execution
x (Time Cost for Passing a Parameter — Time Cost for Handling a Parameter at an Inlined Call Site)

Register Save and Restore Time = Count of Registers Saved and Restored during the Program's Execution
X Time Cost for Saving and Restoring each Register ‘

'On some machines (e.g., the VAX-11), this cost is incorporated into the cost for the return instruction.

46
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Constant Program Time is the amount of time expended by the portion of the program’s code that is not
altered by the inlining of its subprograms, Secondary Inlining Effects Time is the time consumed or
saved by changes associated with inlining other than the primary changes, which are incorporated in Call
Overhead Time. Such secondary changes include register allocation variations, widened jump offset
fields, widened frame offset fields, differences in the operation of the compiler’s code optimizer,
increases in code size, modified caching and paging behavior, subsumption of return values, restructuring
of shori-circuit expressions containing inlineable calls, and compile-time expression evaluation, along
with dead code elimination, enabled by constant propagation into inlined code. The Errors term
comprises errors in measuring and estimating costs, noise in the timing data gathered, and so on, For the
computer systems on which the execution time behavior equations were verified, the Errors term was

found to be small and it is treated as if equal to zero in the remainder of this section.

Two instances of the Program Execution Time equation are used 1o capture the effects on a particu-
lar program’s execution time of inlining a certain set of call sites: one describes the program’s noninlined
execution time and the other describes the execution time of the specific inlined version of the program.
The time cost components of Call Overhead Time for the equations are gauged empirically for a selected
computer system; the count components of Call Overhead Time for the equations are collected by moni-
toring runs of the noninlined and inlined versions of the program. Using a measured value of the nonin-
lined version’s Program Execution Time, along with the fact that Secondary Inlining Effects Time is zero
for the noninlined version, the eﬁuation representing the execution time of the noninlined version is

solved for Constant Program Time as shown below.

Constant Program Time = Program Execution Time — Call Overhead Time

noninlined noninlined
The calculated Constant Program Time is then substituted into the inlined version's Program Execution
Time equation, Hence, the equation representing the inlined version’s execution time can be solved for

Program Execution Time as follows.

Program Execution Time,,, = Call Overhead Time,,. .+ Constant Program Time
+ Secondary Inlining Effects Time

Comparison of the computed Program Execution Time,, , with its actual value indicates the accuracy
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of the equation-form description of the inlined version’s execution time.

3.2, Experimental Validation of the Execution Time Behavior Equations

The descriptive power of the equations was tested on the four computer systems and compilers
listed in Table 2.1. The VAX-8600, MC68020, and Clipper systems use the callee-save convention,
meaning that a called subprogram saves and restores the values of any non-scratch registers it uses, while
the Convex system uses the caller-save convention, meaning that a calling subprogra;n saves and restores
register Qalues across calls. Automatic source-to-source C function inlining was performed by INLINER

[DaH88], which was discussed in Chapter 2, The test programs on which the experiments with the equa-

tions were run are enumerated in Table 2.2,

Although C was chosen for these experiments, the execution time behavior equations are intended
to apply to other procedural high-level languages as well. Some languages present fewer obstacles to
inlining than C. For instance, Fortran 77 [Pra84] does not support recursion, and neither Fortran 77 nor
Ada [Uni®3] admits calls through pointers, so in these cases, the inlining restrictions that may be imposed
for such language constructs need not be considered. The counts in the Call Overhead Time,,, . term of
the Program Execution Time, . . equation reflect the amount of inlining performed for any particular
program. There are languages whose subprograms may contain additional overhead which can be
removed via inlining. For example, Pascal [JeW78] and Ada allow subprograms to be defined within the
lexical scope of other subprograms’ definitions, so the inlining of a subprogram can transform that
subprogram’s references to variables outside its Iocal stack frame into cheaper references to variables
inside the local stack frame of the routine into which the subprogram is expanded. The Secondary Inlin-
ing Effects Time term of the Program Execution Time,,, ,,equation should include inli:_ling’s elimination
of this overhead. In contrast, attributes of languages other than C may afford less improvement from
inlining than is achieved with C. A case in point is that the inlining of a Fortran 77 subprogram with mul-
tiple entry points could lead to the need for a goto at the inlined call site. Again, the Secondary Inlining

| Effects Time term of the Program Execution Time,, . equation should include this inlined program
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behavior change.

To validate the execution time behavior equations’ accuracy, the execution times projected by the
equations for inlined versions of the test programs on the four computer systems were compared with the
actual execution times for the inlined versions. To perform the comparison, a number of data items were
_ gathered. Program Execution Time, .1, (used in solving the execution time behavior equations) and
Program Execution Time,, . (used to check the accuracy of the equations’ projected values) were meas-
ured on the aforementioned computer sysiems as the average of three runs of the test programs® versions
on particular test daa sets monitored by the UNIX timing tool /bin/time.2 The resulting values are
presented in Section 4.1, The counts in the Call Overhead Time terms of the execution time behavior
equations’ noninlined and inlined instantiations were collected for runs of tﬁe test programs’ versions on
their test data, and the time costs ih the Call Overhead Time terms were gauged for each target system.3
A detailed account of the collection of the Call Overhead Time counts and time costs is presented in
Appeiidix A. The Secondary Inlining Effects Time component of the execution time behavior equations
for inlined programs was initially assumed to be negligible, and investigation into the inaccuracy of the
conSeQuent projected inlined execution times uncovered the constituents of Secondary I};lining Effects

Time that had measurable impact.

One percéptible secondary inlining effect, mentioned in Chapter 2, arose from the fact that a vari-
able allgcated 10 a register in the noninlined version of a program may not be allocated to a register in an
inlincd vcrsion of that program. When a register variable in noninlined code is assigned 1o a memory
location in inlined code, the change in the cost of referencing the variable can cause far-reaching reper-
cussions on the inlined code’s overall execution time réiative to the nor_linlined. The results given in Sec-
tion 4.2 suggeé{ that inlining is more effective when a noninlined version’s register variables are retained

in registers after inlining, rather than being displaced to storage addresses. Hence, for this study, inlining

2Although the target éompmer systems have Jow resolution clocks, the test programs with their associated data sets execute in
times at least two orders of magnimde greater than the clock resolution times.

3For each computer system, almost every time cost had multiple values, depending on characteristics of the data 1o which the
corresponding machine-level operation was 1o be applicd. (For example, Time Cost for Saving and Restoring each Register hinged
on the number and type of the registers involved.) The frequency counts were gathered in sccordance with the relevant data quali-
ties,
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is restricted so that register variables are protected, i.¢., a call site is inlined only if any associated caller
and callee variables placed in registers in the noninlined version of the program are also placed in regis-

ters in the inlined version.

Other palpable secondary inlining effects originated from interactions between inlining’s place-
ment of code within an executable program and a computer system’s span-dependent instructions.
Span-dependent instructions have limited application or vary in speed based on the number of bits needed
to represent the distance to the target address. For the intgxmodule inlined version of vpce on the VAX-
8600, inlined funétion code placed in the case bodies of switch statements caused some switch statements
to ;equire long-offset jump tables. Since the machine’s case instruction, which is used to iﬁplement
jurﬁp tables, only allows w_ord~offset Jump tables, a more expensive set of machine instructions was
required to imﬁlement the long-offset tables necessary. Also for the intermodule inlined version of vpce
on the VAX-8600, the long jlump instruction was sometimes needed to replace the byte- or word-offset
branch instruction which sufficed in all other cases. In addition, the VAX-8600’s instruction set contains
only byte-offset cénditionél branches; when a longer offset conditional branch is needed, a two-branch
sequence is produced (consisting of a short conditional branch with t_he originai test nega;ed‘_ around a
word-offset or long uncbnditionai bﬁnch té the” original target). Function bodies expanded between a
branch and its target sometimes forced a byte-offset conditional brénch in the noninlined version of the
code to be mapped into a two-branch sequence in the inlined. Similaﬂy, the VAX-8600’s byte-offset
aobleq, aoblss, sobgeq, and sobgtr iﬁstruciions had 1o be replaced in inIinéd code bf their cémponent
oper_ations, when the distance to their target addresses iﬁcreased sufficiently, On the Convex, code
moved by inlining between a branch and its target caused some byte-offset brahches in noninlined pro-
grams 10 become word- or long-offset effective address jumps in inlined versions. Machine designers
should be aware of inlining’s changes in the placement of code when ésﬁmaﬁng typicalrdistances to tar-

get addresses.
The impact of span-dependent instructions on code speed is difficult to capture, because detecting
the instructions requires machine code analysis and determining their frequency of use requires collection

of execution information at a very low Ievel, i.e., at the level of control paths through the code. For this
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study, the effect of span-dependent instructions was removed from the code, allowing other issues related
to intining’s effects on execution speed to be examined. In both the noninlined and inlined versions of
vpce on the VAX-8600, all switch statements were mapped to code sequences employing long-offset
jump tables and all byte- and word-offset branches were mapped to long jump instructions. The VAX-
8600's conditional branches were always implementad as two-branch sequences, and the appropriate
component operations were always substituted for its aebleg, aoblss, sobgeq, and sobgtr instructions. On
the Convex, byte-offset bmnche;s were, in all cases, replaced by word- or long-offset effective address

jumps.

Additional noticeable secondary inlining effects were due to conflicts between the structure of
inlined code and the design of the target compilers’ code optimizers. Figure 3.1 illustrates an optimiza-
tion performed by the VAX-8600 Portable C compiler which saves space but, by introducing an extra
jump, can cost time, This common-seguences-before-jumping optimization was disabled for all compila-
tions of both noninlined and inlined code, since inlining provided more opportunities to apply it. This
transformation was also performéd by the CONVEX C compiler optimizer, and since its source was not
available to the authors, the optimizer was not used in compiling any versions of the test programs on the
Convex. The Sun-3 C compiler sometimes did not apply certain optimizations of unconditional jumps to

inlined code, apparently because of optimizer limits on the size of the window of machine instructions

C Code Fragment | Unoptimized Assembly Code | Optimized Assembly Code
switch (x) {
case I: L27: 127
status = 1; movl  $1-8(ip) | 1L2000000: movl  $1,-8(fp)
break; jor L25 jbor  L25
case 2: L28: 1.28:
status = 1;  movl  $1,8(tp) jbr L2000000
break; jbr L25
} L2s: L25:

Figure 3.1: Example of an Optimization which Saves Space and Costs Time
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considered for the optimizations; such optimizations were disabled when building noninlined and inlined
programs. These issues suggest that compiler writers need to consider the effects of inlining when
developing code optimization strategies.

After the elimination of these secondary effects, no others were found to generally alter inlined
program execution time discernibly. Table 3.1 contains, for the three computer systems affected, the
average ratio of the execution t.imé for a program with secondary effects removed to the execution time
for a program without these effects removed.* The table shows that eliminating these effects had nearly

the same overall impact on noninlined and inlined code.

Note that the additional opportunities in inlined code to apply compile-time expression evaluation
and retumn value subsumption were not cited as introducing significant secondary inlining effects.
Although thé effects of applying these techniques may explain errors in the projected times for some
inlined versions of the test programs, the techniques did not appear to change inlined program perfor-
mance across-the-board. Richardson and Ganapathi observed similar results for inlined code produced
by their optimizing Pascal compiler [RiG89b].

The ratios of the projected to actual execution times for inlined versions of the test programs on the
four computer systems are given in Table 3.2. Two kinds of inlined versions are included: intramodule
inlined, in which inlining was performed separately within each module in the program, and intermodule
inlined; in which inlining was performed across all the modules in the program. The equations accurately

described the execution times of the inlined versions of the test programs on the selected computer

Noninlined  Inlined

VAX-8600 1.08 L.07
MC68020 1.01 1.00

Convex 1.08 1.10

Table 3.1: Ave. Ratio of Time for Prgms. w & w/o Secondary Inlining Effects Removed

“Register variable displacement was prevented in both cases.



VAX-8600 MC68020
Intramodule  Intermodule | Intramodule  Intermodule
Intined Inlined Inlined Inlined

cache 0.99 1.00 1.01 1.03
calls 0.98 0.98 0.93 0.93
compact 0.98 1.01
diff 102 1.02 1.11 1.1
dry 0.85 1.00

extract 0.98 0.97

grep 1.08 0.93

inltest 0.96 0.91 1.00 1.00
invert 099 0.98 0.98 0.99
mincost 0.98 1.06

nroff 0,95 0.97 1.03 0.95
sed 1.01 0.99 0.98 1.00
sort 1.00 1.01

tsp 0.97 1.01

vpce 1.03 0.98 1.02 1.00
whetsione 1.00 1.01
yace 1.03 1.04 1.01 1.00
AVERAGE 0.99 1.00
STD DEV 0.04 0.04

Clipper Convex
Intramodule  Intermodule | Intramodule  Intermodule
Inlined Inlined - Inlined Inlined

cache 1.02 0.99 1.03 1.04
calls 0.96 0.98 1.01 1.00
compact 1.02 1.02
diff 0.93 0.98 1.02 1.02
dry 0.97 1.04

extract 1.08 1.01

-grep 1.15 0.94

inliest 0.99 1.04 1.04 0.98
invert 1.00 0.99 1.00 1.00
mincost 0.99 1.03

nroff .98 0.93 1.10 0.90
sed 1.01 1.00 0.95 1.04
sort 0.99 1.02
tsp 1.02 1.11

vpce 0.95 0.93 0.98 *
whetstone 0.98 0.89

- yace 1.00 0.99 1.00 097
AVERAGE 1.00 1.01

STD DEV 0.05 0.05

Tabie 3.2: Ratio of Projected to Acwal Time for Test Programs (Validation Build)

* Dme to a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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systems. The overall average ratio of projected to actual time was 1.00 with a standard deviation of

0.045. The quality of the results demonstrates that the value of the Errors term was reasonably low.

3.3. Examination of Factors Affecting the Speed of Inlined Code

The execution time behavior equations can be used to examine the influence of various factors on

the Speed of inlined versions of programs. For the experiments that were performed to validate the equa-
tions’ accuracy, the difference between a particular program’s Program Execution Time, . 1.; a0d IPra—
gram Execution Time, , . can be traced to variations in the values of the five factors comprising the Call
Overhead Time components in the noninlined and inlined instances of the _execution time behavior equa-

tions. These cost factors, labeled f* through f°, are as follows.

fL: Call and Return Operation Time

f: Parameter Stack Adjustment Time

f: Local Variable Stack Adjustment Time
f%: Parameter Passing Time

£°: Register Save and Restore Time

The change in each of these factors® values resulting from inlining some set of a program’s calls may be

expressed as
i = fronintined — Fotinea € {12,345}

and the total magnitude of the changes may be computed as

5
A:alal = Z|A,E

i=1

The percentage of the total difference that is attributable to each factor may be represented as

Jo; = X100 ie {1,2345)

total
where a positive value for %; indicates that the time consumed by the corresponding factor is diminished
in the inlined version of the program and a negative value for %; indicates that the time consumed by the

corresponding factor is increased in the inlined version of the program.



Type of VAX-8600 MC68020
Inlining %y oo Fos  Goy  Gos %oy Yoo By Py Fos
cache intramodule 81 0 1 10 8 68 7 0 2 23
intermodule 82 0 1 10 6 72 8 0 3 18
cailg intramodule 78 0 3 7 13 46 4 0 2 48
intermodule 78 0 3 7 13 46 4 0 2 48
compact intramoxdule ¥ 0 4 g 15 39 4 0 2 55
g intramodule 63 0 3 16 17 38 7 0 3 52
intermodule 64 0 3 16 17 38 7 0 3 52
dry intramodule " 0 H 12 10 58 6 0 3 34
exiract intramodule 7% 0 i 14 8 58 7 0 3 32
grep intramodule 1 0 0 0 -9 0 4 0 0  -100
inltest intramodule 82 0 1 10 7 69 6 0 2 23
imermodule 85 0 1 9 5 76 6 0 3 16
invert intramodule 75 0 0 10 16 44 4 0 2 50
intermaodule 14 0 0 10 15 44 4 4] 2 50
mincost intramodule 82 (I | 17 0 &8 10 0 5 0
nroff intramodule 87 0 -1 6 6 58 4 0 H -36
intermodule 89 0 -4 6 -1 63 4 ) 1 -32
sed intrarnodule 87 0 3 10 0 19 2 0 1 -19
intermodule T 0 3 il 14 48 4 0 2 45
sort intramodule &3 0 0 7 10 79 7 0 2 12
15p intramodule T 0 3 0 70 9 0 5 15
vpeo intramodule 87 0 0 .1 3 84 7 0 3 6
. intermodule 85 0 0 1 4 80 7 0 3 10
whetstone | intramodule 85 0 3 13 0| 100 0 0 0 0
yacc intramodule s 0 0 12 13 53 5 0 3 39
1_intermodule 75 0 0 11 14 53 ] 0 3 39
AVERAGE MAGNITUDE | 76 0 2 11 2 57 5 0 2 35
AVERAGE VALUE % 0 i i1 4 57 5 a2 16
_ Type of Clipper Convex
Inlming %; 702 9’03 %¢ %5 %1 %2 %3 %4 %5
cache intramodule 52 1 13 9 25| 83 5 1 5 5
mtermodule 52 1 9 8 7 4 1 5 10
calls intrarmodule 73 0 2 n 14 | 31 2 H 2 85
inteymoctule 73 0 2. 1n 4 1 31 2 i 2 65
compact intramodule 2 1 9 8§ 61|73 4 3 7 12
diff intramaodule 25 3 0 13 58 | 11 i 0 2 86
intermodule 42 0 8 6 44173 4 2 8 .12
dry intramodule 57 2 T 14 207176 4 1 5 14
extract intramaodule 64 0 10 10 15 ] 65 4 2 7 23
grep intramodule o o 2 ¢ 19166 4 1 3 26
inhest intramodule 79 0 2 8 11 | 75 4 1 5 -5
intermodule 87 0 2 9 1} 83 4 1 5 -6
invert intramodule 70 0 7 9 -4 | 42 2 1 4 50
intermodule 61 o 9 8 21 ¢ 63 4 2 7 24
mincost intramodule 65 1 4 15 15 | B2 5 ¢ 10 -3
nroff I intramodale 61 0 2 4 34| 84 5 0 5 -5
intermodule 41 0 -4 3 53| 58 3 -1 2 36
sed intramodule 14 0 -2 2 -82] 15 H 0 2 82
intetmodule 4 0 6 ¢ 91115 1 0 2 -82
son intramodule 5 0 2 3 19 | 60 3 0 3 33
tsp intramodule 44 0 11 it 33| 53 3 2 8§ .35
vpos intramodule 59 0 13 T 20| 88 4 0 6 1
intermodule 59 0 13 8§ 21 * * * * *
whetstone | intramodute 36 3 6 12 43 85 4 3 8 0
yace intramodule 61 0 2 10 264 84 5 i 8 -2
intermodule 61 4] -2 8 281 79 5 i 7 -8
AVERAGE MAGNITUDE | 5t 1 6 g 341 62 3 1 5 28
AVERAGE VALUE L) 1 5 8 6|62 3 1 5. 22

Table 3.3: Percentage of Inlined Code Speed Difference by Factor

* Due to a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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Table 3.3 presents the five factors’ %; value:s}s calculated for inlined versions of the test programs
run on the four computer systems considered in the previous section. For each ‘system, the table also

gives the average magnitude and value for the five factors’ %; quantities. Due to round-off errors, the

5
sum ¥ 1%;1 does not equal 100 for all versions of all programs. On the four systems, savings in factor

i=1 .
f}, Call and Return Operation Time, contributed most significantly to the speed of inlined code as com-
pared with noninlined. Averaged across the systems, the factor was responsible for 62% of the time
changes engendered by the inlining transformations. The next most influential factor was f°, Register
Save and Restore Time. Inlining sometimes reduced and sometimes augmented the time utilized for this
factor, with the factor’s fluctuations in sign causing its average value to diverge from its average magni-
tude. The time for this factor typically rose on the Convex after inlining, because the Convex is a caller-
save system on which all of the registers that are used by a function (rather thaﬁ just those that are live)
are saved and restored across call sites and on which the save and restore operations are not wisely placed
in the code. Section 4.1 addresses these problems. The factor dominated the percentages of inlined code
speed differences for test cases in which the time attributable to the factor grew and only a small propor-
tion of the executed call sites were infined.® For example, on the MC68020, grep’s time cost for the fac-
tor increased while, althongh a mean of 61% of the calls execnted by 2 test program on that system were
eliminated By inlining, fewer than 1% of grep’s executed calls were inlined. Register Save and Restore

Time will be discussed further in the next chapter.

*The %; values for factor f2 on the VAX-8600 and for factor £ on the MC68020 are all zero; the factors are considered to
have no costs on the specified systems, since the factors® costs on the systems are inextricably included in the costs for factor 1.

Calls remaining in inlined code include recursive calls, calls through pointers, calls to some runtime library routines, inter-
module calls in intramodule inlined code, and calls which, if inlined, would cause register variables to be displaced to memory.



CHAPTER 4

Interactions between Inlining and Register Allocation

Aside from the negative effects often ascribed o the increased size of inlined code, inlining is
believed to always be beneficial [Bal79]. However, this is not true. Interactions between inlining and
register allocation can cause an inlined version of a program to run more slowly than its noninlined coun-

terpart. This chapter discusses these interactions,

This chapter also identifies register allocation techniques suited to inlined code. Although these
generally-applicable techniques have previously been described in the research literature, they have not
become a standard feature of production compilers, in part because of concems that they may yield, for a
large increased expense in program compile time, only a slight incremental advantage in program execu-
tion time over the simple methods currently in widespread use. To some degree, however, the relative
effectiveness of simple methods is dependent on the subprogram structure of noninlined code. This
chapter discusses the characteristics of subprograms in inlined code that can amplify the need for more

sophisticated register allocation approaches.

4.1, Increased Register Save and Restore Overhead in Inlined Code

Table 4.1 contains the actual execution times for noninlined and inlined versions of the test pro-
grams, built as described in Section 3.2, and Table 4.2 gives, for each program, the ratio of its inlined
actual execution time 1o its noninlined. While on the average, inlined versions of the test programs ran
6% faster than noninlined, there are cases in which inlined code ran slower than noninlined. Using the
execution time behavior equations to examine the influence of various factors on inlined program speed,
the factor found to cause inlined code to run slower is Register Save and Restore Time. As shown in Sec-

tion 3.3, the time consumed by saving and restoring registers at calls in inlined code can exceed the time
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VAX-8600 MC68020
: Intramodule  Intermodule Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined Intined Inlined
cache 157.2 145.1 138.1 133.7 127.3 1234
calls 79 7.9 79 8.7 8.5 8.5
compact 64 6.1 5.5 52
diff 69.2 63.6 63.5 563 48.5 48.6
dry 94 6.1 8.1 6.4
extract 20 1.9 19 1.9
grep 14 L3 1.2 13 :
inltest 12.3 10.7 108 9.5 8.7 8.6
invert 24.1 22.5 224 217 211 20.7
mincost 11.0 6.8 10.1 8.2
nroff 8.7 1.7 79 8.1 1.7 83
sed 22.0 213 19,7 17.0 17.6 15.8
sort 201 17.6 183 17.3
tsp 267.0 237.7 1385.8 1364.9
vpce 117.5 108.6 1114 82.1 784 79.1
whetstone 6.3 5.6 519 51.2
yace 7.0 6.6 6.5 6.9 6.7 6.8

Clipper Convex
Intramodule  Intermodule Iniramodule  Intermodule

Noninlined Inlined Inlined Noninlined Inlined Inlined
cache 237.6 226,7 230.7 “186.6 1727 163.7
calls 6.5 6.1 6.0 8.6 8.6 8.7
compact 6.3 59 719 1.5
diff 83.8 86.5 852 76.7 754 75.1
dry 9.2 7.8 12.1 10.5
extract 24 22 2.6 2.5
grep . ¥ 14 ' 1.5 16
inltest 2.7 221 21.2 15.4 13.5 13.9
invert 24.6 245 247 40.1 40.1 399
mincost 29.1 279 11.0 7.1
nroff 6.0 5.9 6.6 10.5 9.0 11.5
sed 169 17.1 17.7 23.0 250 22.9
sort 17.0 17.1 25.4 21.7
tsp 241.0 227.2 195.3 162.0
vpee 96.5 98.5 100.1 107.4 105.1 *
whetstone 59 5.5 35 32
yace 6.5 6.4 6.5 7.8 7.6 7.9

Table 4.1: Program Execution Times (in Seconds) for Test Programs (Validation Build)

* Due to & bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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VAX-8600 MC68020
Intramodule Intermodule Intramodule Intermodule
Inlined Inlined Inlined Inlined
1 module  »1module | >1module 1module >1module | >1module
cache 0.92 0.88 0.95 0.92
{ calls . 1.00 1.00 0.98 0.98
compact 095 0.95
diff 0.92 092 0.86 0.86
dry 0.65 0.79
extract 0.95 1.00
grep 0.93 1.08
inhest 0.87 0.88 0.92 0.91
invert 0.93 0.93 : 0.97 0.95
mincost 0.62 0.81
nroff 0.89 0.91 0.95 1.03
sed : 0.97 0.90 1.04 0.93
sort 0.88 0.95
tsp 0.89 0.98
vpee 0.92 0.95 0.96 0.96
wheltstone 0.89 - 0.99
yace’ 0.94 0.93 0.97 0.99
‘AVERAGE 0.85 0,93 0.92 0.94 0.96 0.95
Clipper ~ . Convex
Intramodule Intermodule Intramodule Intermodule
B Inlined - ~ Inlined Inlined Inlined
1 module >1module | >1module Imodule >1module | >1module
cache 0.95 097 0.93 0.88
calls 0.94 0.92 1.00 1.01
compact 0.94 0.95
diff 1.03 1.02 0.98 0.98
dry 0.85 0.87
extract 0.92 0.96
grep 0.88 1.07
inltest 0.97 0.93 0.88 0.90
invert 1.00 1.00 : 1.00 1.00
mincost 0.96 : 0.65
nroff 098 1.10 0.86 1.10
sed 1.0 1.05 1.09 1.00
sort 1.01 0.85
1sp 0.94 0.83
vpee 1.02 1.04 098 *
whetstone 0.93 0.91
yace 0.99 1.00 - 097 1.01
AVERAGE 0.93 0.99 1.00 0.89 0.96 0.98

Table 4.2: Ratio of Inlined to Noninlined Program Execution Time (Validation Build)

* Due to a bug in the CONVEX C Compiler, the interhodale inlined version of vpee could not be built on the Convex.
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consumed by saving and restoring registers at calls in noninlined code. Iniining' can increase the number
of times that registers are saved and testored by moving the save and restore operations to more fre-

quently executed sites and by duplicating the save and restore o;ieré,tions.-

The fact that the number of times regisfers are saved and restored can be increased by inlining is an
artifact of the way compilers typically produce code. On callee-save systems, compilers usuaii& place the
instruction(s) to save the values of the registers used by a subprogram in that subprogram’s pﬁoicgue code
and the instructions(s) to restore the values of those registers in that subprogram’s epilogue code. When
a subprogram is inlined, its register save ahd restore operations are, in effect, moved to the prologue and
epilogue of the subprogram into which the code ‘is exbanded. If, in this new location, the inlined
subprogram’s register save and restore operations are executed more frequently than they were in their
location in the noninlined code, diminished performaﬁce can result. In this situation, if the compiler were
to save the registers used in the inlined subprogram immediately before entering the inlined body and to
testore them immediately after leaving it (thereby mimicking ihe save and restore behavior 6f the nonin-

lined code)}, inlined program performance would not suffer. Chow has devised an appropriate register
| save and restore operation placement scheme based on data flow analysis; he characterizes the scheme as

shrink-wrapping the saves and restores around the regions of the registers’ activity [Cho88).

To illustrate these points, Figure 4.'1 presents an éxample of some code in whiéﬁ inlining may
increase the number of times registers are saved and restored on a callee-save system, and shéws how the
increase can be avoided. If the code sketched in Fi_gure 4.1(a) is ransformed, via inlining subprogram c,
into the code sketched in Figure 4.1(b) and if the number of times A calls B exceeds the number of
times B calls C (i.e., m>n), then the registers used by C are saved and restored more often after C is
inlined (m times) than they were before it was inlined (n times). Were the compiler to place C’s register
save and 'restore operations adjacent to its inlined body, as shown in Figure 4.1(c), then C’s registers
would be saved and restored the same number of times when ¢ is inlined (n times) as they were when it

_was not.

On caller-save systems, compilers usually place the instruction(s) to save the values of a

subprogram’s registers before each call in that subprogram and the instruction(s) to restore the values of
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those registers after each call. If all registers used by a subprogram are saved and restored around each

call, inlining can cause the number of registers that are saved and restored to grow. The increase occurs

when some but not all of the subprograms in a caller are inlined; the registers used only within inlined

subprogram code are saved and restored across the calls not inlined, although the structure of the code

ensures that such registers are dead across these calls. Were only live registers saved and restored across

calls, this problem would not occur, Also, when a subprogram is inlined into a caller, the caller’s register

save and restore operations are moved and duplicated to surround any call sites in the inlined subprogram

that were not expanded. As with the callee-save case, if the register saves and restores are exercised

more often in the inlined code locations than they were in the noninlined code location, performance can

be adversely affected. When this happens, were the compiler to save the registers used by the code
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comprising what was the caller in the noninlined program immediately prior to entering inlined code and
to restore them immediately after leaving it (imitating the save and restore behavior of the noninlined
code), inlined program performance would not be penalized. An applicable general method using data
flow analysis to determine the placement of register save and restore operations on caller-save sysiems,

called smarter caller, was formulated by Davidson and Whalley [DaW89].

This section points out that, for both callee-save and caller-save systems, the diminished perfor-
mance of inlined code associated with Register Save and Restore Time can be avoided if register save and
restore operations are positioned as they would be in the noninlined version of the program. This is
because the scheme that is typically used by compilers for the placement of register save and restore
operations corresponds more closely in noninlined code to the registers’ regions of activity thén it does in

intined code. Inlined code is in greater need of schemes like shrink-wrapping or smarter caller to locate

the register save and restore operations appropriately than noninlined code is.!

4.2, Displacement of Variables from Registers in Inlined Code

A variable that is placed in a register in the noninlined version of a program may not be placed in a
register in a particular inlined version of that program. In producing the inlining results reported thusfar,
INLINER was invoked with an option that specified avoiding any inlining that would cause variables
assigned 10 registers in the noninlined version of a program to be displaced into memory locations in an
inlined version. When this restriction on inlining is removed, inlined versions of programs containing
frequently-used variables that are displaced from registers run measurably slower than projected by the
equations describing inlined program execution time. Table 4.3 shows, for three such programs, how the
ratio of projected to actual execution time diminishes when this re;txiction on inlining is not applied.

Also, inlined versions containing frequently-used variables that are displaced from registers do not run as

Noninlined code has littdle need for shrink-wrapping; Chow discovered that, on average, shrink-wrapping improved the exe-
cution time of noninlined code by less than 1% [Cho88). Davidson and Whalley found smarter caller to be somewhat more effec-
tive; although the scheme did not change the number of instructions execoted in noninlined code, it did reduce the number of
memory references by more than 10% [DaW89].
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Built on VAX-8600 Built on VAX-8600
with register without register
limitation on inlining limitation on inlining
Inramodule  Intermodule | Intramodule  Intermodule
Inlined Inlined Inlined Inlined
diff 1.02 1.02 0.96 0.93
sed 1.01 0.99 1.01 0.88
yace 1.03 1.04 0,92 0.86

Table 4.3: Ratio of Projected to Actual Time for Prgms. w. Register Vars. Displaced

quickly as inlined versions built using the régister imitation on inlining and, in fact, inlined versions with
displaced register variables sometimes run more slowly than their noninlined counterparts. The data
given in Table 4.4, which presents the three programs’ ratios of inlined to noninlined execution times,
demonstrates how inlined program performance can degrade when the register limitation on inlining is

not employed.

No variable placed in a register in the noninlined version of a program need be displaced to
memory in any inlined version. For example, noninlined and inlined versions of a program can always
employ the exact same allocation of registers, with register spills and reloads being executed in inlined
code at points corresponding to where register saves and restores are performed in noninlined code,
Moreover, it is possible to do a better job of allocating registers in inlined code than in noninlined.

Register assignments in inlined subprogram code can be tailored to the context of each site at which the

Built on VAX-8600
with register
limitation on inlining

Built on VAX-8600
without register
limitation on inlining

Intramodule  Intermodule

Intramodule  Intermodule

: Inlined Inlined Inlined Inlined
diff 092 092 0.98 1.00
sed 097 090 0.95 0.98
yace 0954 0.93 1.01 1.09

Table 4.4: Ratio of Inlined to Noninlined Time for Prgms. w. Register Vars. Displaced
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code is expanded, and the worst case assumptions compilers often make at a call site concerning the
callee’s accesses to parameters and global variables can be replaced with accurate information about such
accesses when the callee’s body is substituted for the call. However, achieving this hypothetical

improvement in the allocation of registers for inlined code is challenging.

~To perform effective register allocation for inlined code, several issues need to be addressed. First,
register allocators usually operate on one subpfogram at a time, aliccating the machine’s availébie regis-
ters to the set of variables belonging to that subprogram. Since inlining tends to cause‘ the number of
variables in each subprogram to proliferate, it increases the amount of competition for the available regis-
ters. Hence, inlining elevates the importance of carefully choosing which variables are placed in regis-
ters. Selection methods that incorporate variable usage counts [Fre74], ideally gathered by profiling the
program, are appropriate. Second, the inline substitution of subprograms from different branches of the
noninlined program’s call graph often results in the introduction of a number of additional local variables
with independent lifetimes. A technique such as register coloring {CACS1,Cha82], in which variables
with non-overlapping lifetimes may be allocated to the same register, would be beneficial in these situa-
tions. Finally, an inlined version of a program is likely to contain many local variables with nested life-
times, corresponding to the inlined bodies of subprograms from the same branch of the noninlined
program’s call graph. When tﬁere are too few registers to hold these variables simultaneously, a scheme
such as live range splitting [ChHR84, LaH86}, which can divide the relatively long lifetimes of the vari-
ables declared at shallow nesting levels into multiple shorter lifetimes (thus allowing the more deeply-

nested variables to share the registers), should be profitabie.

Register allocation methods employing variable usage counts, register coloring, and live range
splitting can be e)lcpensive. Computing variable usage counts requires measuring (or estimating) the exe-
cation frequency of all control flow paths in a program. Det;armining if a graph is n-colorable, where n is
a natural number greater than 2, is NP-complete [AHU74], as is splitting a live range to minimize the
number of jumps between blocks in the resulting live ranges [LaH86).2 Particular characteristics of

inlined code that were identified in this section may justify the costs of these methods.

?Researchers have inclzded heuristics in their algorithms for solving these two problems [BCKS9, LaH86].



CHAPTER §

Code Placement Changes in Inlined Programs

Inlining alters the placement of code within a program. Muitiple copies of subprograms expanded
inline can cause an inlined version of a program (o be long.er than the noninlined version. Substitution of
subprogram bodies for call operations can modify a program’s locality. The effects of these code place-

ment changes on inlined program behavior are addressed in this chapter.

5.1. The Effect of Inlined Code’s Increased Size

The increased size of inlined code is often cited as negatively affecting inlined code’s execution
time performance. In a principal paper on subprogram inining, Scheifler developed an inlining algorithm
intended to minimize execution time within program size constraints [Sch77}. Bal and Tanenbaum incor-
porated this algorithm in the Amsterdam Compiler Kit [BaT86], and 2 similar algorithm was devised by
Hwu and Chang [HwC89a). Interprocedural data flow analysis has been suggested as a space-cfficient
alternative 1o subprogram inlining [Hal89). The belief that there is inevitably a time cost associated with
the increased size of inlined code is challenged by the data presented in this dissertation. Clearly it is true
that if, as a result of inlining, a program becomes too large to fit in the address space of its target machine
or to be handled by the tools on ns host system, or if it consumes an unacceptable amount of space ona
secondary storage device or requires more time to be preloaded than the time saved by inlining, then the
increased size is detrimental to the inlined version of the program. However, these circumstances did not
occur on the demand-paged virtual memory supermicro- and mini-computer systems on which the equa-

tions projecting inlined program performance were tested.

For the aforementioned systems, the equations demonstrated good descriptive power [DaH89], and

did not include any factor which represented the inlined code’s increased size attribute. Table 5.1
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VAX-8600 MC68020
Intramodule Intermodule intramodule Intermodule
-Reardered  Intramodule  -Reordered  Intermodule | -Reordered  Intramodule  -Reordersd  Intermodule
Noninlined Inlined Nouinlined Inlined Noninlined Inlined Noninlined Inlined
cache 10,996 11,376 10,988 13,292 35,704 36,056 35,624 37,784
culls 14,392 20884 14,392 20,880 25,032 33,136 25,016 33,120 -
compact 11,972 14,208 22,688 - M6R2
diff 21,756 41,080 2,52 41,880 51,520 76,824 51,456 77,712
dry 5,808 5,73% 18,720 18,560
exirRet 2142 9,784 41,264 105,816
grep 10,184 11,268 20,976 22,064
inliest 41,108 61,976 41,100 127,292 68,144 94,904 67,128 149,080
invest 11,952 12,764 11,948 12,984 36,776 37416 36,760 37,448
mincost 10,712 11,508 35,760 36,480
nroff 49,704 89,564 49,700 223,060 70,432 108,240 69,664 431,304
sed 18,532 35,088 18,532 38,284 31,344 43,824 31,336 51,976
sort 13,628 23468 24,072 34,176
tsp 11,968 12,236 61,340 61,592
vpee 65,468 110,412 65,452 400,816 83576 154,616 82,760 730,184
whetstone 10,984 11,292 60,408 60,343
yace 28,068 68,072 28,064 88,188 42,016 87,024 41,872 106,816
Clipper Convex
Intramodule Intermodule Intramodule Intermodule
R fered Initrs dule - dered Int wiile ~Reordered Inquulg ~Reordered Intermodu}
Noninlined Inlined Noninlined Inlined Noninlined Inlined Noninlined Inlined
cache 21,560 21,728 21,472 23272 28,672 32,768 28,672 32,768
calls 19,768 29,344 19,744 28,680 40,960 45,056 40,960 45,056
compact 16,848 18,400 32,768 32,768
diff 38,680 50,920 38,616 51,984 69,632 106,496 69,632 106,496
dry 12,176 12,176 20,480 20,480
extract 34,752 56,664 53,248 126976
grep 15,296 16,288 32,168 32,768
inltest 53,480 74,824 52,824 158,224 102,400 135,168 102,400 233472
invert 23,128 23,352 23,112 23,568 32,768 32,768 32,768 32,768
mincost 21,912 21,950 28,672 28,672 -
nroff 59,440 127,744 58,592 466,864 98,304 151,552 98,304 249,856
sed 24,112 29,872 25,086 31,600 45,056 63,632 45,056 69,632
sort 18,632 23472 36,364 40,960 i
t5p 24952 24,992 49,152 49,152 :
vpee 70,720 100432 70,016 287,616 135,168 176,128 - *
whetstone 19,16 15,128 32,768 32,768
yace 36,952 42424 36,792 44,632 61,440 77,824 61,440 102400

Table 5.1: Program Code Section Sizes (in Bytes) for Test Programs (Validation Build)

* Due 10 a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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VAX-8600 MC68020
Intramodule Intermodule Intramodule Intermodule
Intined Inlined Inlined Inlined

1 module >1module | >1module lmodule >Imodule | >1module
cache 1.03 1.21 1.01 1.06
calls 145 1.45 1.32 1.32
COmpact 1.19 1.09
diff 148 1.51 1.49 1.51
dry 0.99 0.99
extract 331 2.56
grep 1.1 1.05
inltest 1.51 3.10 1.39 2.22
invert 1.07 1.09 1.02 1.02
mincost 1.07 1.02
nroff 1.80 4,49 149 6.19
sed 1.89 207 1.40 1.66
sort 1.72 1.42
tsp 1.02 1.00
vpee 1.69 6.12 1.85 8.82
wheistone 1.03 1.01
yace 243 3.14 2.07 2.55
AVERAGE 1.43 1.59 2.69 127 145 293

Clipper Convex
Intramodule Intermodule Intramodule Intermodule
Intined Inlined Inlined Inlined

1module >1module | >1module 1module >1moduie | >1module
cache 1.01 1.08 1.14 1.14
calls 1.48 145 1.10 1.10
compact L09 1.00
diff 1.32 1.35 1.53 1.53
dry 1.00 1.00
extract 1.63 2.38
grep 1.06 1.00
inltest 140 3.00 1.32 2.28
invert 1.01 1.02 1.00 1.00
mincost 1.00 1.00
nroff 2,15 7.97 1.54 2.54
sed 1.19 1.26 1.55 1.55
sort 1.26 1.11
tsp 1.00 1.00
vpee 142 4.11 1.30 *
whetstone: 1.00 1.00
yace 1.15 1.21 1.27 1.67
AVERAGE 1.13 1.35 2.49 1.19 1.31 1.60

Table 5.2: Ratio of Inlined to Noninlined Program Code Section Size (Validation Build)

* Due to a bug in the CONVEX C Compiler, the intermodule inlined version of vpee could not be built on the Convex.
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contains the code section sizes of noninlined and inlined versions of the test programs, built as described
in Section 3.2, and Table 5.2 presents the ratios of inlined to noninlined code section sizes for the test
programs.! While register variable protection limited the size of thé inlined code somewhat, certain
inlined programs were 3 to 8 times ﬁrger than their noninlined counterparts without noticeable impact on

their execution speed. Hence, on some computer systems, neither the use of an inlining algorithm that

includes program size constraints, which is likely to be expensive,? nor the substitution of interprocedural

data flow analysis for inlining, which is less beneficial in general [RiG89b], is warranted.

Interestingly, size differences between a program’s noninlined and inlined versions can cause
differences in the versions’ execution control flow. A program’s size can affect the location of its heap
variables, which in turn can affect its behavior. For instaqce, the addresses of heap items allocated by the
UNIX malloc routine depend, in many implementations, on the length of the program’s code section. In
the inltest test case, positions of symbol table entries are based on a hash function that operates on heap
addresses, and since the lengths of the noninlined and inlined versions’ code sections are unequal, the
symbol table entries’ positions in the versions are not the same. This variation causes the execution paths
taken through the versions to differ slightly. Also, a program’s size can affect the amount of heap space
available to it, which can alter its behavior. For example, the sort test program was originally writien
using the UNIX sbrk and brk calls to obtain as large a segment of heap memory as possible; on a number
of UNIX systems, code section length determines how much heap memory can be allocated in this
fashion, The amount of heap memory acquired by a version of sort influenced how that version parti-
tioned work and how it employed intermediate files. Because of the disparity in the code section lengths
of the noninlined and inlined versions, there were significant dissimilarities in their operation. These
differences interfered with measuring the basic effects of inlining on sort’s performance, and were elim-

inated by modifying sort to always allocate a 20K-byte block of heap space.

"Noninlined versions of the test programs are built with intramodule- and intermodule-reordering, as explained in Section 2.3.
In computing the ratios of inlined to noninlined code section sizes, intramodule infined sizes are divided by intramodule-reordered
nonintined sizes and intermodule inlined sizes are divided by intenmodule-reordered noninlined sizes.

?The problem of finding a sequence of inline substimtions that minimizes execution time subject 1 progmm size constrainis
was shown by Scheifter [Sch77] 1o be NP-complete,
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8.2. The Effect of Inlining or Code Locality

The phenomenon that a program’s past memory accesses are related to its future memory accesses
is a characteristic of program behavior called locality. Spatial locality denotes the tendency of a proéram
to refer to addresées near those recently referenced, and temporal locality denotes the tendency of a pro-
gram 1o refer to the same addresses as those recently referenced. The transformations comprising inlin-
ing can change a program’s locality. The replacement of executed calls by copies of the corresponding
subprogram bodies can improve a program’s spatial locality, while possibly diminishing its temporal
locality, when called subprograms are expanded at more than one site. Inline substitution for calls that
are not executed may decrease a program’s spatial locality. A program’s locality affects its behavior

with respect o caching and paging systems.

The effect of inlining on a program’s caching and paging be;ila\_rior was not found to perceptibly
alter its execution time. The execution time behavior equations, which were verified on machines with
caching and paging systems, accurately described the execution speed of inlined code without including
caching and paging behavior factors. To gauge inlining’s effects on caching and paging behavior pre-

cisely, measurement methods based on trace-driven simulation were used.

Due to the expense of obtaining a trace of the addresses referenced by a program,® a subsét of the
test programs listed in Table 2.2, displaying a range of relative sizes and speeds when inlined, was used
for the caching and paging behavior experiments. This study was not able to benefit from methods
developed for speeding up trace-driven simulation. Trace sampling [LPI88], which is a heuristic tech- |
nique employed to reducel:.he: size of trace files collected for assessing competing cache memory system
designs, eliminates the details of program operation needed to compare the caching and.paging behavior
of noninlined and inlined versions of a specific program. Statistical modeling of reference patterns
[Sto87] is not applicable, because it is not known how to characterize the differences in the address

sequences in noninlined and inlined code.

*Tracing (using UNIX ptrace system calls), along with caching and paging behavior simulation processing, took several days
per version of each program.
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§2.1. Address Reference Traces for Noninlined and Inlined Code

The address traces used in comparing the caching and paging behavior of noninlined and inlined
vérsions of test programs, built as described in Section 3.2, were gathered for runs on the programs’ test
data on the MC68020. Each memory address accessed by a version was reported, along with the size (1,
2,4, 8, or 12 bytes) of the item accessed, the stream (instruction, (non-stack) data, or stack) to which the
item belonged, and the kind of access (read, write, or modify) to the item. A particular machine instruc-

tion references one or more instruction locations and zero or more data and/or stack locations.

Table 5.3 contains the lengths of the address traces recorded. In all cases, inlined versions of the
programs executed fewer instructions than the corresponding noninimed versions, aithough for some pro-
grams, an inlined version’s use of longer variants of certain instructions caused the count of its instruc-

tion references to exceed the count of the noninlined version’s instruction references. The quantity of

Number of Counts of References by Stream ‘Number of
Instructions | Instruction Data Stack References
compact:
Noninlined 19643471 | 34.452,467 4,547.876 8,532,318 | 47,532,661
Intramodule Inlined | 18,989,540 | 34438960 4,547,708 7,485,627 | 46,472,295
extract: .
Noninlined 7,133,705 | 10,391,112 1,114,322 3,519,652 | 15,025,086
Intramodule Inlined 6,942,836 | 10,441,720 1,114319 3,048,310 | 14,604,349
grep.
Noninkined 5961,124 8,672,836 1,835426 174,813 | 10,683,075
Intramodule Intined 5,961,052 8,721,683 1835426 224,170 | 10,781,279
mincost:
Noninlined 32,197,544 | 57,656,590 7,952,753 20,796,210 | 86,405,553
Intramodule Tnlined | 24917450 | 50,057,900 9,311,379 10,801,419 | 70,170,698
nroff:
Noninlined 26,121,516 | 46,033,049 6,152,161 6,326,586 | 58,511,796
intramodule Inlined | 24,334,241 | 43,832,551 6,150,595 7002472 | 56985618
Intermodule Inlined | 23,958,622 | 43,289,514 6,148,898 6,701,184 | 56,139,596
] yace: .
Noninlined 26,867,541 | 44,266,682 9440,756 5,569,899 | 59,277,337
Intramodule Inlined | 26,459,530 | 43,696,328 9481826 5,157,816 | 58,335,970
Intermodule Inlined | 26,456,710 | 43,758,726 9,539416 5,042,144 | 58,340,286

Table 5.3: Lengths of Address Traces
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data references varied across a program’s noninlined and inlined instantiations, Inlining increased the
number of data references at expanded call sites for which globals used as acial parameters were copy-
propagated, and decreased the number of data references at expanded call sites for which accesses to glo-
bals used as retumn values were eliminated because the return values were ignored. For the majority of
programs, the stack reference count for an inlined version was less than for the noninlined, since inlining
removes the stack references related to subprogram linkage. However, the volume of stack references
sometimes increased for inlined versions in which the inlining transformations resulted in the execution
of more register save and restore operations than were performed by the original program, as discussed in

Section 4.1.

5.2.2. Caching Behavior of Inlined Code

Richardson and Ganapathi mention that an inlinéd program tends to have a higher instruction cache
miss ratio than its noninlined counterpart [RiG8%a]. However, the cache miss (or hit) ratio computed on
a program’s address trace, which is often used for evaluating alternative cache designs, is inappropriate
for comparing the caching behavior of nonlined and infined versions of a program, The reason the cache
miss ratio is not suited to this application is that the ratio does not measure the overall utilization of the
cache by a program’s noninlined and inlined versions, whose address traces are typically not the same
length. For example, suppose that the intramodule inlined version of the test program mincost has a
higher cache miss ratio (0.035) than the noninlined version (0.031). Applying these miss ratios to the
number of references in the address traces ‘for the versions, given in Table 5.3, the intramodule inlined
version would incur 2,455,974 misses and 67,714,724 hits, and the noninlined version would incur
2,678,572 misses and 83,726,981 hits, In this scenario, although the inlined version has a higher cache
miss ratio, it engenders fewer misses and fewer hits than the noninlined version, and can be viewed as
having better caching performance, since the two versions are functionally equivalent and the inlined ver-

sion requires less cache processing on its behalf,
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A caching behavior measure which captures the amount of cache processing done on behalf of a
program was developed. Reflecting published data on the relative costs of cache hits and misses {Smi82],
the caching #tork measure is computed on a program’s address trace as the sum of the number of cache
hits multiplied by one work unit and the number of cache misses multiplied by ten work units. The cach-
ing work measure can be caiculated for noninlined and inlined versions of a program, and the version

having the lowest value is said to have the best caching behavior.

For the comparison of noninlined and inlined code caching behavior presented in this paper, the
caching work measure was computed with respect to a set-associative cache of size 16K bytes, consisting
of 256 sets of 4 lines each, with 16 bytes per line. A 16K-byte cache is; smaller than many caches in
current use [DeS90], but a caching system with that size cache is considered to be more sensitive to pro-
gram behavior than a system with a larger cache. A unified instruction and data cache was atilized,
employing the least-recently-used replacement algorithm. As was done in Smith’s caching system stu-
dies [Smi82), context-switches were simulated by invalidating the entire cache every 10,000 units of
time, with each hit consuming 1 unit of time and each miss consuming 10 units of time. Write accesses

did not cause a line fetch on a miss, and all writes were considered to be write-through with no delay.

The caching work measure values found for noninlined and inlined versions of several test pro-
grams are listed in Table 54.% The cache miss ratios for some inlined programs were greater than the
ratios for their noninlined versions, but the caching work measures for all except oné of the intined pro-
grams were less than the measures for their noninlined versions. Table 5.5 shows the ratios of the cach-
ing work measures for the inlined versions 1o the measures for the noninlined versions. The ratios indi-
cate that the improvement in the inlined versions’ caching behavior is, in most cases, slight. These
resulis extend those of Hwu and Chang [HwC89b], who found that programs transformed using inline
expansion and several instruction placement techniques had better miss ratios for direct-mapped instruc-
tion caches of various sizes than the miss ratios suggested by Smith [Smi87] as design targets for fully-

associative caches of the same sizes.

*A version's number of cache accesses, given in Table 5.4, exceeds its number of references, given in Table 5.3, because
references that modify a location are treated as two cache accesses, a read access followed by 2 write access.
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Cache Cache Number of Cache Caching
Hits Misses Cache Accesses | Miss Ratio | Work Measure

compact:
Noninlined 48,076,861 969,353 49,046,214 0.020 ‘57,710,391
Intramodule Inlined | 47,075,440 910,408 47,985,848 0.019 56,179,520
extract:
Noninlined 15,389,792 406,956 15,796,748 0.026 19,459,352
Intramodule Inlined | 14,962,203 413,715 15,376,008 0.027 19,000,443
grepe
Noninlined ' 11,043,916 65,802 11,109,718 0.006 11,701,936
Intramodule Inlined | 11,140,453 67,469 11,207,922 0.006 11,815,143
mincost:
Noninlined 84910,138 2,733,665 87,643,803 0.031 112,246,788
Intramodule Inlined | 68,942264 2466,220 |° 71,408,484 0.035 93,604,464
nroff:
Noninlined 57973438 2,033,743 60,007,181 0.034 78,310,868
Intramodule Inlined | 56,346,933 2,135,320 58,482,253 0.037 77,700,133
Intermodule Inlined | 55,115,963 2,271,246 57,387,209 0.040 77828423
yace:
Noninlined 58,754 480 1,303,272 60,057,752 0.022 71,787,200
Intramodule Inlined | 57,867,813 1,248,118 59,115,931 0.021 70,348,993
Intermodule Inlined 1 57878424 - 1,235,629 59,114,053 0.021 70,234,714

Table 5.4; Caching Behavior Measurements

Intramodule  Intermodule
Inlined Inlined
compact 0.97
extract . 0.98
grep 1.0
mincost 0.83
riroff 0.99 0.99
yace 0.98 098

Table 5.5: Ratios of Inlined to Noninlined Caching Work Measure Values

5.2.3. Paging Behavior of Inlined Code

Like the cache miss ratio, the page fault rate, which is vsed to examine candidate virtual memory
system designs, does not lend itself to the comparison of noninlined and inlined program paging
behavior, because the rate does not embody the overall utilization of the paging system by the competing

versions of the program. A work measure for évaluating paging behavior similar to the one developed
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for evaluating caching behavior is desired, but formulating a work measure for paging behavior is more
difficult. Unlike the number of cache lines available to a program, which is fixed at the namber supplied
by the target machine’s hardware, the number of physical pages available to a program is usually fewer
than the number of hardware pages and depends on several factors, including the behavior of the pro-
gram, the policies of the operating system, and the demands of competing processes. However, regard-
less of the specific operation of a given virtual memory scheme, a fundamental goal of most schemes is to
keep a program’s working set of pages {Den80] in physical memory, Hence, a program’s working set
size can be adopted as a bound on its resident set size, and its paging behavior can be characterized by a

work measure based on the number of hits and misses to its resident set.

Using this idea, a paging behavior measure which represents the amount of paging work done on
behalf of a program was developed. Reflecting possible relative costs of resident set hits and misses, the
paging work measure is complited on a program’s address trace as the sum of the number of resident set
hits multiplied $y one work vnit and the number of resident set misses multiplied by one hundi'ed work
units.” Since a program’s working set size varies during its execution and since a virtual memory scheme
may not always be successful at keeping a program’s working set in physical memory, the paging work

measure is figured for several maximum resident set size values.

The paging work measuré values presented in this paper were calculated with respect 1o a paging
system with a page size of 4096 (2!?) bytes, which falls in the range of typical page sizes in available sys-
tems [PeS86, Tan87]. The chosen page size is consistent with the cache size specified in the previous
section, since certain aspects of cache look-up using the low-order 12 bits of an address (8 bits for the set
number and 4 bits for the byte within the line) could be performed on the hypothetical machine in parallel
with virtual address translation. The average working set size, the associated standard deviation, the
minimum working set size, and the maximum working set size were computed with respect to windows
of 10,000 references [MaD74, PeS86] in a test program’s trace, and are presented in Table 5.6. A paging

system which bounds the maximum size of a program’s resident set, removing the least-recently-used

A two order of magnitude difference between the cost of a resident set hit and of a miss implies that some misses do nat
engender secondary storage device accesses, i.e., that for some page faults, the referenced page is available in main memory, perhaps
in a buffer associated with the secondary storage device or on the free list.
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Average ' Minimum  Maximum
Working  Standard  Working Working
SetSize  Deviation Set Size Set Size
compact:
Noninlined 9 1 3 15
Intramodule Inlined 9 i 3 16
extract:
Noninlined 10 5 6 21
Intramodule Inlined 12 6 6 25
grep:
Noninlined 5 1 3 12
Intramodule Inlined 6 1 4 12
mincost:
Noninlined 9 2 5 13
Intramodule Inlined 10 2 5 13
nroff:
Noninlined 17 3 3 28
Intramodule Inlined 19 4 3 32
Intermodule Inlined 23 5 3 44
yacc:
Noninlined 13 6 3 29
Intramodule Inlined 13 6 3 34
Intermodule Inlined 13 6 3. 31

Table 5.6: Working Set Size Quantities Found for Reference Traces

page from the resident set whenever a page fault occurs and the size of the set is at its specified limit, was
simdlated.

The number of resident set hits and misses found for noninlined and inltined versions of several test
programs are iis@ in Table 5.7,% and the paging work measure values are enumerated in Table 5.8. The
quantities were computed with respect to five limits on the resident set size: the program’s minimum
working set size, the difference of its average working set size and one standard deviation, its average
working set size, the sum of its average working set size and ore standard deviation, and the program’s
maximum working set size.” Table 5.9 provides the ratios of the inlined paging work measures to the

noninlined. In a typical operating situation, in which the maximum resident set size for each version of

‘A pmgmm's total number of resident set references, given in Table 5.7, is greater than the number of references in its address
trace, given in Table 5.3, when any of its references cross a page boundary.

"For the noninlined version of extract, the average working set size minus one standard deviation was less than the minimum
working set size, and for the intramodule inlined version of extrac, the average working set size minus one standard deviation was
equal to the minimum working set size.
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the test programs might be equal to that version's average working set size, the programs’ inlined ver-
sions showed somewhat better paging behavior, in most instances, thaﬁ their noninlined versions.? When
the maximum resident set size for each version was fixed at its maximum working set size, in a setting
representative of an unloaded system or one with a generous supply of physical memory, inlined versions
usually demonstrated slightly better paging behavior as well. In addition, when each version’s maximum
resident set size was set 10 its minimum working set size, an assignment intended to suggest the versions’
paging behavior under the memory constraints of a heavily loaded system or one with a severe shortage
of physical memory, the majority of the test programs’ inlined versions had lower paging work measure
values than their noninlined counterparts. For this last case, since all of the test programs but one had
identical minimum working set size values for their noninlined and iniined‘versions, nearly every pro-

gram had the same stringent resident set size restriction applied to its noninlined and inlined versions.

Minimum Ave. Warking Averngs Ave, Working Maxinmm Nuinber
Working Sot Size - Warking Set Sizo + Working of
- Set Size Sid. Dovistion Sat Sime $1d. Deviation Set Size Reaident
Set
compact; X
Nonirilined 45958174 1574487 | 42510557 22,104 | 47532611 53 41582610 44 | 47532642 19 | 47,532,661
Inunodule Ilined | 45046420 1425875 | 46450,161 W34 | 46472027 68 | 46472242 53 | 46472275 W | 46472205
SXtract: .
Noninlined 14,988,613 36473 | 14970506 54,180 | 15015174 6812 | 15023003 1,183 | 15025087 48 | 15,025,086
Istremodule Intined | 14,566,666 37683 | 14,566,666 37,683 | 14594226 10123 | 14,600510 3,839 { 14,604,239 110 | 14,604,349
Notlnlized 10,171 455 511,620 | 10,657,784 25,291 | 10,682,849 226 | 10682928 147 { 10,683,063 12 | 10,683,075
Inttemodule llined | 10.706423 TARSE | 10147848 33431 | 10,781,110 169 | 10,781,200 7% | 10781267 12 | 10781219
mintont:
Nonintined B5,162983 1242570 | 86,177,609 227,944 | 86375314 30,238 | 86404725 28 | 86405251 302 | 86405553
Intramodule Inlined | 68,797,764 1372934 | 70011416 159,282 | 70,167,366 3,332 | 70,170,145 553 | Hri03% 302 | 70,170,688
nroff;
Noninlined 54,328,135 484,100 | 58275546 236,608 | 5B 498591 13,653 | 58,506,769 5475 | SBS11.644 600 | 58512244
Intramodule blined | 52866295  4019,771 | 56881,881 104,185 | 56967576 18490 | 56977062 8974 | 56984153 1873 | 56586,066
Ivwmmoduie lilined | 51,386096 4753948 | 56,016,542 123,502 | 56,114,163 25861 | 56125485 14,350 | s6157,032 3002 | 56,140,044
yaoc!
Nomintined SLIENII6 7,090,161 | SB910865 366472 | 58236782 40555 | 50268121 9,216 | 50277052 08 | s92n 33|
Intramodule btined | 50,109,827 8226143 | 57943846 392,124 | 58280455 46475 | 58322698 13,272 | 58335845 125 | 5833590
Inwemodule bnlined | 52,149800  6,190477 | 58,006,725 333,561 58285325 $4961 | 58328013 i 1,373 | 58340108 181 | 5840,286

Table 5.7: Number of Resident Set Hits and Misses Found for Reference Traces

- ®When the paging work measure is computed using a three or four order of magnitde difference between the cost of a
resident. set hit and of a miss {PaH90], the inlined versions of these programs display virtually the same paging behavior as the
comresponding noninlined versions.
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Minimum Ave, Working Average Ave, Working | Maximum
Working Set Size - Working Set Size + Working
Set Size Std, Deviation Set Size Std. Deviation Set Size
compact:
Noninlined 203,406,874 49,720,957 | 47,537,611 47,537,017 47,534,542
Intramodule Inlined | 187,633,920 48,663,561 | 46,479,027 46,477,542 46,474,275
extract:
Noninlined 18,635,913 20,388,906 | 16,006,374 15,142,203 15,029,937
Intramodule Inlined 18,334,966 18,334,966 | 15,606,526 14,984,410 14,615,239
grep:
Noninlined 61,333,455 13,186,884 : 10,705,449 10,697,628 10,684,263
Intramoduie Inlined 18,192,023 14,090,948 | 10,798,010 10,789,100 10,782 467
mincost;
Noninlined 209,419,983 108,972,009 | 89,399,214 86,487,525 86435451
Intramodule Inlined | 206,091,164 85,939,616 | 70,500,566 70,225,445 70,200,596
nroff:
Neninlined 472,739,035 81,945,346 | 59,863,891 59,054,269 58,571,644
Intramodule Inlined | 464,843,395 67,300,381 58,816,576 57,874,492 57,171,493
Intermodule Inlined §{ 526,780,896 68,366,742 | 58,702,263 57,581,385 56,438,232
yace:
Noninlined 761,203,276 95,558,065 | 63,292,282 60,189,721 59,307,532
Intramodule Inlined | 872,724,127 97,156,246 | 62,936,995 59,649,898 58,348,345
Intermodule Inlined §{ 671,197,509 91,362,825 | 63,781,425 59,466,213 58,358,205
Table 5.8: Paging Work Measure Values
Minimum | Ave. Working | Average | Ave. Working | Maximom
Working Set Size - ‘Working Set Size + Working
Set Size | Std. Deviation | SetSize | Std. Deviation Set Size

compact: ‘

Intramodule Inlined 0.92 0.98 0.98 0.98 098

extract:

intramodule Inlined 0.98 0.90 0.98 0.99 097

grep:

Intramodule Inlined 0.30 1.07 1.01 1.01 1.01

mincost:

Intramodute Inlined 0.98 0.79 0.79 0.81 0.81

nroff: .

Intramodute Tnlined 0.98 0.82 0.98 0.98 0.98

Intermodute Inlined 111 0.83 0.98 0.98 0.96

yacc:

Intramodule Inlined 1.15 1.02 0.9 0.99 0.98

Intermodule Inlined 0.88 0.96 1.01 099 0.98

Table 5.9: Ratios of Inlined to Noninlined Paging Work Measure Values



CHAPTER 6

Conclusion

This chapter begins with a summary of the results presented in this dissertation. Some areas for

related future work are then identified.

6.1. Summary of Results

Equations were formulated to represent the execution time performance of noninlined'and inlined
versions of a program. The accuracy of the equations’ description of inlined program execution time
behavior was demonstrated for a set of test programs on four computer systems. Using the equations, the

influence of various factors on the speed of inlined code was examined.

The increased size of inlined code, built as discussed in Section 3.2, did not affect its execution
time on the demand-paged virtual memory machines employed in this research. Inlined program speed
was accurately described on these machines by equations that did not include any factors representing the
size growth associated with inlining. Subprogram infiners writien fér such machines need not take code
size growth into éccount when choosing call sites to inline. Also, inlining can be used 10 subsume intép
‘procedural optimization on such machines. Inlining was found to slightly improve thé caching and pag-
ing behavior of test programs. This observation was based on new measures, computed on program
‘address traces, that were designed for comparing caching and paging behavior across versions of a pro-
" gram.

Register save and restore time was shown to sometimes have a negative impact on the performance
of inlined code, causing an inlined version of a program to run slower than the noninlined version in
some cases. The importance of énsuring that variables assigned to registers in the noninlined version of a

program are not displaced to memory locations in an inlined version was demonstrated. A subprogram
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inliner could benefit by being accompanied by a compiler which employs the shrink-wrapping or
smarter caller scheme for placing register save and resiore operations at desirable points in the code and

which allocates registers using variable usage counts, register coloring, and live range splitting,

Information acquired in developing INLINER, the source-to-source C function inlining tool that
supports much of the work in this dissertation, was presented. INLINER'’s transformations for C state-
ments were outlined, including mappings for .iterative statements with inlineable calls in their test or
update expressions, return statements in functions being. inlined, and statements combining inlineable
calls wnth nested function calls, comma operators, or short-circuit operators. The effect of infining on C
data declarations was also explained, the most important topics being the renaming of data items and the
merging of data from multiple input modules into a single output module. In addition, inlining issues
related to C constructs were noted. Of particular interest was the inlining problem posed by call sites at
which more actual parameters are supplied than the callee is-declared to accept. Furthermore, an optimi-
zation that supplements inliﬁing’s effects was devised, in which a caller’s expression or return statement
is moved into and possibly duplicated in an inlined callee’s body so as to eliminate both the local variable
which would replace the inlined function’s return value and the assignments to that local. Moreover, in
connection with implementing INLINER, a method for promoting its efficiency was formulated, in which

subprograms are processed in “‘callee precedes caller” sorted order,

Machine designers should be aware that inlining can increase the typical distance to a branch target
address in the object code. Compiler writers need o recognize that inlining can augment the data mani-

putated during code optimization,

6.2, Areas for Future Work

Three areas for future work are addressed in the following paragraphs. One area is the inlining of
calls to recarsive subprograms. Another is the performance of inlining in conjunction with particular glo-

bal optimizations. The third is experimentation with a register allocator intended for inlined code.
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The inlining of calls to recursive subprograms should prove more fruitful than is currently recog-
nized. Scheifler’s inlining system would repeatedly substitute a recursive subprogram inline until a
specified size litﬁit was reached, at which point calls to the original copy of the subprogram. were pro-
duced. He found that [Sch77):

Size grew very quickly as the recursive invocations were expanded, but the expected number of calls de-
creased rather slowly.

The effect of Scheifler’s infining transformation for a recursive subprogram on the volume of executed
calls is represented by the dynamic cal.i graphs given in Figure 6.1. The number of recursive calls elim-
inated by inlining is equal to the depth 1o which the recursive subprogram is inlined into its caller. Alter-
natively, in a manner.analogous to loop unrolling, the recursive subprogram could be inlined into its own
callable body, as shown in Figure 6.2, For this method, inlining diminishes the number of recursive calls
by a factor of the depth to which the recursive subprogram is inlined. INLINER could be modified to

perform inline expansion of recursive calls in the proposed fashion, and empirical study could be used to

verify the technique’s effectiveness.

non-recursive subprogram x with

¥y expanded inline to depthm

Figure 6.2: Dynamic Call Graphs for Program w. Recursion (Proposed Method)
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The interaction of subprogram inlining with certain global optimizations could be examined,
Optimizations such as loop invariant code motion and strength reduction may affect the Secondary Inlin-
ing Effects Time term of the execution time behavior equations. The union of inlining and selected global
optimizations is expected to produce good code, but may only be worthwhile for some software applica-
tions. Richardson and Ganapathi have recorded large increases in compile time when inlining is com-

bined with their global optimizer [RiG8%b).

Experimentation with a register allocator suited to inlined code would be interesting. As previ-
ously discussed, such a register allocator would employ the shrink-wrapping or smarter caller technique
for placing register save and restore operations at desirable points in the code and would allocate registers
using variable usage counts, register coloring, and live range splitting, These sophisticated techniques
can be of modest benefit, compared with naive approaches, when applied to noninlined code. However,
it is expected that particular ways in which inlined code differs from noninlined, such as the increased
number of local variables found in subprograms in inlined code and the presence in inlined code of both
many local variables with independent lifetimes (because the variables were drawn from code in different
branches of the noninlined program’s call graph) and many local variables with nested lifetimes (because
the vaﬁables were derived from code in the same branch of the noninlined program’s call graph), would
allow the wechniques to yield more substantial improvements for inlined code than simpler schemes,
Also, the use of these register allocation techniques tends to be expensive, but the structure of inlined
code,. in wﬁich certain variable lifetime information can be determined for a block of code based on
whether or not that block was derived from an inlined subprogram body, may support the development of
methods for utilizing these techniques which will ameliorate the costs somewhat. Such methods may be
akin to Wall’sr call graph analysis approach to link-time global register allocation in noninlined code

[Wal86).



APPENDIX A

Data Used in Validating the Execution Time Behavior Equations

The experimental validation, described in Section 3.2, of the accuracy of the projection of inlined
program execution time by the e;cecqtion time behavior equations necessitated determining values for the
factors in the Call Overhead Time werms of the noninlined and inlined instantiations of the equations.
The measures for the time cost factors in the Call Overhead Time terms were collected for computer sys-
tems of interest. The quantities for the frequency_ count factors in the Call Overhead Time terms were
gathered for test programs’ noninlined and inlined versions. This appendix explains how the needed

information was obtained, and presents the data acquired.
The time cost factors ganged were:

" Time Cost for each Call and Return Operation Pair
Time Cost for Removing the Parameters from the Stack after Returning from each Cail
Time Cost for Adjusting the Stack to Accommodate Stack-allocated Locals’
Time Cost for Passing a Parameter — Time Cost for Handling a Parameter at an Inlined Call Sne
Time Cost for Saving and Restoring each Register

These costs were found on the four computef systems listed in Table 2.1 by timing the requisite machine
operations produced by each target C compiler.! Assembly language programs, composed of the
appi’opriate instructions duplicated a large number of times in the body of a loop, were created. Each of
the programs was processed by the UNIX strip utility, to remove from its linked object file information
not essential to its exécuﬁon, and was timed via the average of five runs through UNIX ksh time. The
machine-specific sections of this appendix present the assembly language programs cbnétructed, and dis-

cuss the time cost value computations. Table A.1 summarizes the time cost data given in those sections.

"Timings collected for MC68020 instructions differ by only about 11% from the average of two kinds of timings published
for MC68020 instructions [Mot85}: timings that apply when the instructions are found in the cache and timings tha apply when
they must be fetched from main memory. Published timings are not available for VAX-8600, Clipper, and Convex instructions.

82



83

Time Cost Time Cost Time Cost  Sizein | Pammexx Time Cost Application
foreach for Removing . Number for Adjusting  Bytes | PussingTime  Method for Saving of
Call & Retum | Parameters of the Stack to of - Time for for & Restoring Comts
Operstion from the Parameters | sccommodaté  Steck | Handlingat  Parsmeter cach to
Pair Stack Passed Stack Locals  Locals | Inlined Site Passing Register Registers
VAX-8600 3EUx10* 0.0 any 1.920x107 1-63 325107 Suck 6.600x107 fort rep
2.830%107 »63 -B.400x10" for 2 regs

1.056x10¢ for 3 regs
1.096x10* for 4 regs

1.344x10* for § regs
1.480%10* for 6 regs
MC68020 1.240x10* 11200107 1.2 0.0 any 3.20%10% Stack 5.200x10" for 1 reg
2.260x 107 »2 9.280x107 for »1 reg
2.680x167  permegoverl
Clipper 1.16010° 1.600x1 07 345 3.200x107 1-15 887107 Register 5.80x107 for 1 reg
3.000xt 07 >5 6.000x10" >15 4,59xt0" Stack 1.00x10° for 2 regs
: 2.06x10* for >2 regs

3.60x107 per reg over 3
1.60%10¢ for 1 fl. pt. reg
2.34x10* for 2 fl. pl. regs
3.16x10°* for 3 fi. pt. regs
392x10* for 4 B. pt. regs

Convex 3.57%10° 1.080x107 g 1.080x107 17 182107 Stack 6.720x107 perreg
2.040%107 1 1.960x167 7

Table A.1: Time Costs (in Seconds) of Factors in Execution Time Behavior Equations

The quantity Time Cost for Passing a Parameter — Time Cost for Handling a Parameter at an
Inlined Call Site was the only time cost value that was not straightforward and fairly inexpensive o
measure. Each actual parameter’s storage class and type determine its passing cost, and noting the class
and type of every parameter passéd during the execution of a program would be costly, Instead, only the

 count of passed parameters was accumulated, and a fixed distribution of the parameters across common
classes and types was assumed. For the VAX-8600, MC68020, and Convex, 32-bit register, constant,
and stack-resident data items were considered equally likely, and for the Clipper, whose C compiler per-
forms more extensive register allocation than the other systems’ C compilers, 32-bit register data items

were expected in one-half the cases, 32-bit constant data items in one-third, and 32-bit stack-resident data

%On the Convex, every call produced by the compiler has at least one parameter, which is the number of other parameters being
passed for the cafl.
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items in one-sixth.3 Using these assumptions, the average cost of passing a parameter was calculated.
Inlining transforms each parameter passing operation at an inlined call site either into a copy of the actual
parameter’s value to a local temporary, introduced to replace what was the corresponding formal parame-
ter, or into no operation at all when the actual parameter is copy-propagated. The local temporary substi-
wted for the formal parameter may be of stack-resident or register class. To avoid the overhead of
recording the class of each such temporary at every executed inlined call site, the temporary was
presumed to always be of stack-resident class on the VAX-8600, MC68020, and Convex, and to be of
stack-resident class one-third of the time and of register class two-thirds of the time on the Clipper.
Using the assumptions about the distribution of actual parameters’ classes and types and substituted local
temporaries” classes, the average cost of copying an aciuai parameter value to a local temporary was
computed. Determining the number of actual parameters that were copied to temporaries and the number
that were copy-propagated at executed inlined call sites would be expensive. Investigation using a subset
of the test programs listed in Table 2.2 indicated that copy propagation occurred in about one-third of the
executed instances. Hence, Time Cost for Passing a Parameter ~ Time Cost for Handling a Parameter at
an Inlined Call Site was estimated to be the average cost of passing a parameter minus two-thirds the

average cost of copying it.
The frequency count factors gathered for noninlined and inlined versions of test programs were:

Count of Call and Return Operation Pairs Executed

Count of Parameter-Passing Call Operations Executed

Count of Calls Executed 1o Subprograms with Stack-allocated Locals
Count of Parameters Passed during the Program's Execution

Count of Registers Saved and Restored during the Program’ s Execution

These frequency counts were determined separately on the four computer systems under consideration,
There are several reasons the counts were tabulated with respect to each of the systems individually,
First, inlined programs’ frequency counts differed across the computer systems. Inlining was constrained
to ensure that variables assigned to registers in noninlined code were also assigned to registers in inlined

code, and each system has a different number of available registers which are atlocated according to its

*Note that the incidence of parameters of type double is taken to be negligible; this is true for the set of test programs used,
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compiler’s policies, so the call sites expanded inline for a program varied with respect to the target sys-
tem. Second, both noninlined and inlined programs’ frequency ceunis depended on the runtime library of
the computer system on which the programs were built. The programs’ call graphs had slight distinctions
across computer systems, because the systems’ runtime libraries were not constructed identically. Furth-
ermore, small deviations in the values returned by the different systems’ runtime library routines, such as
random number generators and mathematical functions, sometimes affected the programs’ execution
behavior. Third, the structure of each computer system’s time costs influenced how frequency counts
were gathered on that system. Almost every time cost hinged on characteristics of the data to which the
corresponding machine-level operation was to be applied, as the information in Table A.1 illusirates, In
the execution time behavior equations, frequency counts are multiplied by their associated time cost fac-

tors. The frequency counts were collected in accordance with the relevant data qualities.

The frequency count factors were calculated for noninlined and inlined versions of the test pro-
grams listed in Table 2.2 using several tools. A tool similar to the UNIX prof utility was used to tally ﬁle
Count of Call and Return Operation Pairs Executed. The other four frequency counts were computed as
the product of these dynamic call count values and cerain static information. The static number of
parameter-passing calls and of parameters passed was ontput by INLINER, and the static number of sub-
programs with stack-allocated Jocals and of register save and restore operations was gathered by inspect-
ing each program’s assembly code. The resulting frequency counis are enumerated in the machine-

specific sections of this appendix.

A.l. Measurements on the VAX-8600

This section presents the time costs and frequency counis collected for solving the execution time
behavior equations for the VAX-8600 [Leo87]. The time costs were measured for the appropriate
machine instructions produced by the Portable C compilef with its optimizer enabled. The assembly
language used in the exposition and figures is the dialect accepted by the Berkeley VAX/UNIX Assembler
[ReH83].
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The assembly language instmctions comprising the call and return operation pair are:

calls nn, subr
ret

where nn is the total size in longwords® of the parameters passed to the subprogram. The ;)mgm:h in Fig-
ure A1 incorporates these instructions; it contains 5000 calls instructions within a loop that is traversed

50 times, so that a total of 250,000 call and return operation pairs are performed. The program’s execu-

tion time averaged 0.956 seconds, which divided by 250,000 yields 3.824x10° seconds as the Time Cost
_ for each Call and Return Operation Pair. Table A.2 presents the quémities gathered for Count of Call
and Return Operation Pairs Executed, along with the ratio of the number of call and return operation

pairs executed in a program’s inlined version to the number executed in its noninlined version.

No instructions in addition to those comprising the call and return operation pair are required to
remove parameters from the stack after returning from a call. This operation is included in the ret
instruction, based on the value of the an operand in the corresponding calls instruction. Hence, the Time

Cost for Removing the Parameters from the Stack after Returning from each Call is zero, and the Count

Lext
#
.align 1
.globl _f
_£: «word Cx0
ret
#
.align H
.glokl _main
_main: .word 0x0
clrl r0
loop: .
calls $0,_f # duplicated 5000 times
incl rG
cmpl . £, 550
jlss locp
ret

Figure A.1: VAX-8600 Program to Measure Call and Return Operation Pair Time Cost

1A longword on the VAX-8600 is 4 bytes wide.



87

Noninltined Intramodule Inlined Intermodule Inlined
Count Count Ratio Count Ratio Count Ratio
cache 5,279,792 2498649 047 | 1,231676 023
calls 408,636 368244 090 368,244 090
compact 85,007 30 000
diff 820,237 76555 009 54293  0.07
dry 850,039 36 000
extract 32,165 5366 0.8
grep 12,452 12442 1.00
inltest 861,363 424784 049 317,470 0.37
invert 454,107 83,043 0.18 53,115 0.12
mincost 912,755 36260 0.04
nroff 610,121 203,548 048 339423 Q.56
sed 659,183 536,795 0.8 183,638 0.28
sort 855068 | 311,119 036
tsp 13,451,757 | 6,261,878 047
vpoo 3,169,611 1,819,041 057 | 1,390,863 044
whetstone 230,850 71936 034
yace 98,631 52950 054 48,087 049
AVE 030 0.50 038

Table A.2: VAX-8600 Call and Return Operation Pairs Executed

of Parameter-Passing Call Operations Executed was not gamered.
The assembly language instruction to adjust the stack to accommodate a subprogram’s stack-

allocated local variables is:

subl? an, sp
if the stack-allocated local variables occupy between 1 and 63 bytes, and is:

movab ~nn{sp), sp
if the stack-allocated local variables occupy more than 63 bytes, where ﬁn is the size in bytes of the space
consumed by the stack-allocated local variables. Two versions of the program in Fighre A2, with
<local-stack-adjustment> set in one version to subl2 $2,sp and in the other version 0 movab -64(sp),sp,
were used 1o time the instructions. The short stack adjustment version averaged 0.096 seconds of execu-

tion time and the long stack adjustment version averaged 0.144 seconds. Dividing the values by 500,000

(100 repetitions of 5000 stack adjustment instructions), the Time Cost for Adjusting the Stack to Accom-
modate Stack-allocated Locals is 1.92&(10.—; seconds, for each subprogram with between 1 and 63 bytes

of stack-allocated local variables, and is 2.880x107 seconds, for each subprogram with more than 63



.text .

.align

.globl
_main: .word
’ clrl

loop:

1
_main
0xC
rQ

<local-stack-adjustment>

incl
cmpl
jlss
ret

r0
rd, $100
loop

# duplicated 5000 times

Figure A.2: VAX-8600 Program to Measure Local Var. Stack Adjustment Time Cost

1 < Size in Bytes of Stack-allocated Locals 63 | Size in Bytes of Stack-allocated Locals > 63
Intramodule Intermoduie Intramodule  Intermodule

Neninlined Inlined Inlined Noninlined Inlined Inlined
cache 599,962 503,410 0 378,534 2 1
calls 38,790 12,3 12,302 0 0 0
compact 37,206 4] 37,040 1
diff 748,583 16,003 16,003 1,615 1,615 1,615
dry 300,000 0 H 1
extract 10,394 1,485 1,480 1,357
grep 12,358 12,358 0 0
inltest 244,428 147,793 149,541 2,417 2,353 3,745
invert 24,980 36,755 6,827 2 1 H
mincost 298,486 0 ¥ 1
nroff 25,083 98,271 279,348 241 3 241
sed 609,954 536,519 183,362 0 0 0
sort 310,701 310,697 1 1
tsp 5,846,581 0 3 1
vpee 654,362 628,914 490,586 3,553 85,384 95,641
whelstone 91,303 1 0 0
yace 20,559 17,628 16,456 0 1 1

Table A.3: VAX-8600 Calls Executed 10 Subprograms with Stack-allocated Locals
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bytes of stack-allocated local variables. Table A.3 contains the data found for Count of Calls Executed to

Subprograms with Stack-allocated Locals.

As discussed in the introductpry section_of this appendix, parameiers are assumed to be passed by

the following operations:
pushl reg # pass 32-bit register data item
pushl nn # pass 32-bit constant data item
pushl ~mm{£p) # pass 32-bit stack-resident data item

each occurring with equal likelihood. Three versions of the program in Figure A3, with <parameter-
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Lext
#
.align 3
.globl _main
_main: .word 0x0
movl 520000, r1
clrl ‘=0
loop:
<parameter-passing-instr> # duplicated 5000 times
addlz ri,sp
incl rG
cmpl rG, 5100
jlss ioop
ret

Figure A.3: VAX-8600 Program to Measure Parameter Passing Time Cost

passing-instr> sct in each respectively to pushil r11, pushl $10, and pushi 4(fp), were created for timing
these parameter passing instructions. The instruction times in seconds were 5.88x10°7, 6.00x107, and

7.00x107, so the average time to pass a parameter is 6.29x10°7 seconds. These parameter passing opera-
tions are replaced at intined call sites, when actual parameter values are not copy-propagated, with the

appropriate copy operations from the list below:

movl reg,~mm{fp} # copy 32-blt register data item
movl nn, ~mm{£p) # copy 32-bit constant data item
movl -pp{fp},-mm{fp) # copy 32-bit stack-resident data item

assnming the local temporary replacing the formal parameter is stack-resident. Another three versions of
the program in Figure A.3 found the times in seconds of the copy operations to be 3.68x107, 4.52x107,
and 5.48x107, so the average time to copy a parameter is 4.56x10”7 seconds. Computing Time Cost for
Passing a Parameter — Time Cost for Handling a Parameter at an Inlined Call Site as explained in the
introductory section of this appendix, i.e., as the average cost of passing a parameter minus two-thirds the
average cost of copying it, the result is 3,25x1077 seconds. Table A4 contains the values gathered for

Count of Parameters Passed during the Program’s Execution.

Register save and restore operations are performed by the calls and ret instructions respectively, on
the registers specified in a word-width mask located at the beginning of a callee, Of the machine’s six-
teen registers, six (r11 down through r6) are, by convention, saved and restored if used by a callee.

These registers are always allocated by the compiler in descending numerical order, so if a subprogram
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Intramodule  Intermodule
Noninlined Inlined Infined

cache 5,953,446 1,991,450 0
calls 769,406 729,755 729,755
compact 127,907 2
diff 2302,842 73,962 20,448
dry 1,550,004 0
axtract 66,155 7298
grep 24,726 24,716
inltest 942 685 338,388 235,424
invert 664,237 97,064 13,656
mincost 2,239,078 2
nroff 401,983 153,920 189,535
sed 1,195,430 1,024,088 LTS
sort 1,140,854 596,900
tsp 21,899,871 2
vpee 4,121,497 2,279,036 1,615,007
whetstone 27,170 0 :
yace 155,711 72518 64,033

Table A.4: VAX-8600 Counts of Parameters Passed during the Programs’ Execution

saves and restores any registers, its register mask will be one of only six values. To measure the time

consumed by each of the six corresponding register save and restore operations, six variations of the pro-

gram given in Figure A.1 were utilized. The first variation set the register mask to specify ril; the

second to specify r11 and r10; the third to specify rl11, r10, and r9; and so on. The overhead represented

by the Time Cost for each Call and Return Operation Pair was eliminated from the results, and the

values found for Time Cost for Saving and Restoring each Register are given in Table A.5. The Count of

Registers Saved and Restored during the Program’s Fxecution is given in Tables A6 through A.8.

Registers Specified in Mask | Time Cost
rll 6.600x107
111,510 8.400x10”
r11,r10,19 1.056x10¢
r11,r10,19,18 1.096x108
r11,r10,1918.17 1.344x10°¢
r11,r10,19,18,r7,r6 1.480x10°¢

Table A.5: VAX-8600 Time Costs (in Secs.) for Saving & Restoring Sets of Registers



One Register Saved and Restored Two Registers Saved and Restored
Intramodule © Intermodule Intramodule  Intermodule

Noninlined Inlkined Inlined Noninlined Inlined Inkined

cache 1,135,599 186,548 0 17 1 0

calls 39,211 ° 0 0 353,826 351,049 351,049
compact 37,039 ¢ L0 0

diff 32,005 22261 0 10 0 o
dry 400,000 4 : 100,001 0
extract 3,822 0 7,014 0
grep 0 0 o 0

| inltest 117,238 14,304 9,791 315,097 32,380 19,862

invert 3,237 11,716 0 353,786 0 0
mincost 0 0 0 0

nroff 137,369 15,786 2,817 168,620 1,789 906

sed 48,952 ¢ 0 73,434 .0 0
sort 543,914 0 14,265 14,256
sp 0 0 0 0

vpoe 319,824 49,841 19,841 488,563 332,301 150,148
whetstone 0 1] ] I ¢ 0

yace 15,842 4 0 31,568 246 244

Table A.6: VAX-8600 One & Two Register Save & Restore Operations Executed

Three Registers Saved and Restored

Four Registers Saved and Restored

Intramodule  Intermodule Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined Inlined Inlined
cache 378,533 0 0 0 0 0
cails 10,467 279 279 1,861 12,063 12,063
compact 0 O 37,206 1
diff 745,092 16,002 16,002 5,105 5,107 5,107
dry 50,002 0 0 0
extract 5862 1,646 0 0
grep 12,359 H 0 ¢
inltest 11,453 2,575 2,860 2370 117,462 6,846
invert 14,695 0 0 11,118 18,603 6,827
mincost 1 0 0 0
nroff 192,471 60,490 22,026 0 29,052 50,450
sed 487,572 3 3 0 487,567 85,461
sort 296,437 24,482 0 0
tsp C 46 0 0 1
vpee 262,019 71,541 15,241 292,836 59,639 52,717
whetstone 0 0 0 0
yace 14,200 4373 3,923 1 15,121 11,146

Table A.7: VAX-8600 Three & Four Register Save & Restore Operations Executed
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Five Registers Saved and Restored . Six Registers Saved and Restored
Intramodule  Intermodule Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined Inlined Iniined
cache ¢ 1 0 43 1 1
calis 2 1] 0 0 2,089 2,089
compact 0 0 0 0
diff ¢ 4] 0 0 2 2
dry 0 0 0 1
extract 0 0 0 1,196
grep 4] 12,357 ¢ ¢
inltest 0 7,506 123,871 G 18,124 19,608
invert 0 1 i 0 0 0
mincost 0 1 0 i
nroff 0 53,023 153,675 0 118,703 106,611
sed 0 0 0 0 48952 - 97501
sort 0 7 0 271953
1s5p 0 0 0. g
vpec 13,428 - 124,054 22,319 105,220 414,450 532,876
whetstone 0 0 [ ¢
yace 23,153 22,814 22,500 199 495 804

Table A.8: VAX-8600 Five & Six Register Save & Restore Operations Executed

A.2. Measurements on the MC638020

This section presents the time costs and frequency counts collected for solving the execution time
behavior equations for the MC68020 [Mot85). The time costs were measured for the appropriate
machine instructions produced by the Sun-3 C compiler with its optimizer enabled. The assembly
language used in the exposition and figures is the dialect accepted by the Sun Microsystems Assembler

{McT83]. The shared libraries available on the SunOS were not utilized.

The assembly language instructions comprising the call and return operation pair® are:

ibsr subr
iink aé,nn
unlk a6
rts

where nn is the total size in bytes of the subprogram’s stack-allocated local variables. The program in

Figure A4 incorporates these instructions; it comtains 5000 jbsr instructions within a loop that is

*The assernbler maps the jbsr instruction into either jsr addr:! or bsrX offset, which have the same timings.
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LLext
#
vglobl £
LEs )
link a6, $0
unlk a6
rts
#
-globl main
_mainz
link a6, #0
movw #49,a0
_loop:
jbsr _f # duplicated 5000 times
dbra dC, _ioop
unlk ab
rts

Figure A.4: MC68020 Program to Measure Call and Return Operation Pair Time Cost

traversed 50 times, so that a total of 250,000 call and return operauon pairs are performed The

program’s execution time averaged 0.310 seconds, whlch d1v1ded by 250 0()0 y:elds 1 240x10*3 seconds

as the Time Cost for each Call and Return Qperation Pair, Table A9 presents the quantities gathered for

Noninlined Intramodule Inlined Intermodule Inlined
Count Count Ratio Count Ratio Count Ratio
cache 4,806,579 2025436 042 758463 (.16
calls 424,343 129.820 031 129,826 031
compact 84,912 19 000
| diff 820,125 56951 007 34688  0.04
dry 850,021 50,018 0.06
extract 32,080 6313 020
grep 12,441 12,431 100
inltest 853,257 416,447 049 312,793 037
invert 491,777 ‘ 88,288  0.18 58,40F 012
mineost 971,910 35424  0.04
nroff 610,102 361256  0.59 307572 0.50
sed 659,151 610,193 093 208,086 032
sort 854,950 286,519 034
1sp 43280451 | 36000572 033
vpee 3,132,192 1,693,196 054 | 1295896 0.41
whetstone 943,278 880,264 093 | . _
yace 98,606 46429 047 45991 047
AVE 043 0.44 0.30

Table A.9: MC68020 Call and Return Operation Pairs Executed
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Count of Call and Return Operation Pairs Executed, along with the ratio of the number of call and return
operation pairs executed in a program’s inlined version to the number executed in ils noninlined version.
The assembly language instruction to remove parameters from the stack after returning from each

call is: |

addgw #nn, sp
if 1 or 2 parameters are passed (assuming the parameters are 4 bytes each), and is:

lea sp@ {nn) , sp |
if more than 2 parameters are passed, where nn is the size in bytes of the parameters passed. Two ver-
stons of the progxam in Figure A.5, with <parm-stack-adjustment> set in one version to addqw #8,sp and
in the other version to lea sp@(0xc),sp, were used to time the ins&ucﬁons. The short stack adjustment

version averaged 0.056 seconds of execution time and the long stack adjustment version averaged 0.113

seconds. Dividing the values by 500,000 (100 repetitions of 5000 stack adjustment instructions), the
Time Cost for Removing the Parameters from the Stack after Returning from each Call is 1.120x107

seconds, for each subprogram call with 1 or 2 parameters, and is 2.260x107 seconds, for each subpro-
gram call with more than 2 parameters. Table A.10 contains the data found for Count of Parameters

Passed during the Program's Execution.

.text
#
+globl _main
_main: N
link a6, %0
MoV #99,40
_loop: N
<parm-stack-adijustment> # duplicated 5000 times
dbra d0, loop
unlk ’ a6
rts

Figure A.5: MC68020 Program to Measure Parameter Stack Adjustment Time Cost

“The call counts gi\:ren in this table differ slightly from those given in Table 2.3, because of an upgrade to the system’s run-
time library.
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1 < Number of Parameters Passed £ 2 Number of Parameters Passed > 2

Intramodule  Intermodule Intramodule  Intermodule
Noninlined Inlined Inlined Noninlined Inlined Inlined
cache 3,725,106 1424422 378,532 701,152 221,076 0
calls 419,557 125,962 125,962 1,169 1,169 1,169
compact 74,162 1 10,732 5
diff 50,098 22,264 3 736,952 1,615 1,615
dry . 550,002 50,000 200,000 [
extract 19,674 1,889 9,181 1,485
| grep 12,368 12,358 4] 0
indtest 621,638 241,583 156,845 33,599 19,660 18,055
invert 422,063 18,576 12,241 23,552 23,552 0
mincost 658,136 1 278,351 0
nroff 339,503 152,869 132,371 1,031 0 0
sed 658,905 609,952 207,845 3 0 0
sort 854,635 286,200 G 0
1sp 4,105,602 46 3,084,323 o
vpee 1,768,222 758,910 447,060 410,914 270,243 210,133
whetstone 1,400 0 10 ]
yacc 80,521 32,368 32,367 ] 3,637 433 0

Table A.10: MC68020 Counts of Parameter-Passing Call Operations Executed

No instructions in addition to those comprising the call and return operatiqn pair are required to
adjust the stack to accommodate a subprogram’s stack-allocated local variables. This operation is
included in the link instruction, based on the value of its nn operand. Hence, the Time Cost for Adjusting
the Stack to Accommodate Stack-allocated Locals is zero, and the Count of Calls Executed to Subpro-

grams with Stack-allocated Locals was not garnered.

As discussed in the introductory section of this appendix, parameters are assumed to be passed by

the operations in the list below:
movl reg, spé- # pass 32-bit register data item
pea hn # pass 32-bit constant dataz item
movl a2 6@ {mm) , sp@- # pass 32-bit stack-resident data item

each occurring with equal likelihood, Three versions of the program in Figure A6, with <parameter-
passing-instr> set in each respectively to movl d7.sp@-, pea 0x5, and movl a6@(-+4).sp{@-, were created
for timing these parameter passing instructions. The instruction times in seconds were 2.24x107,
3.20x107, and 3.68x1077, so the average time to pass a parameter is 3.04x107 seconds. '_I'hese parameter

passing operations are replaced at inlined call sites, when actual parameter values are not copy-
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LLext

.glckl
_main:

link

movl

movw
_logp:

addl
dbra
unlk
rts

_main

a6, #-8
#10000,d1
$#99,40

<parameter-passing-instr>

dl, sp
d0, loop
a6

# duplicated 2500 times

Figure A.6: MC68020 Program to Measure Parameter Passing Time Cost

propagated, with the appropriate copy operations from the following list:”

movl req, a6@ {mm)
moveq nn,di

movl di, a6@ (mm)

movl a6l {pp}, abd {mm)

ECBE R

copy 32-bit register data item
copy 32-bit constant data item
copy 32-bit constant data item, con’t
copy 32-bit stack-resident data item

assuming the local temporary replacing the formal parameter is stack-resident. Another three versions of

the program in Figure A.6 found the times in seconds of the copy operations to be 3.20x107, 4.40x1077,

and 4.64x107, so the average time to copy a parameter is 4.08x10”7 seconds. Computing Time Cost for

Passing a Parameter — Time Cost for Handling a Parameter at an Inlined Call Site as specified in the

introductory section of this appendix, i.e., as the average cost of passing a parameter minus two-thirds the

average cost of copying it, the result is 3.20x10® seconds. Table A.11 contains the values gathered for

Count of Parameters Passed during the Program’s Execution.

Register save and restore operations are performed using the instructions:

movli reg, spl
movl aé@{~n}, reg

# save single register
# restore single register

"For the movey instruction to be applicable, the value of the constant must be between -128 and 127 inclusive. 'This range is
presuppased to be the appropriate one in most cases.
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Intramodule  Intermodule
Nonintined Inlined Inlined
cache 6331978 2,369,982 378,532
calls 801,202 253,382 253,382
compact 127,823 2
diff 2,302,842 50,980 6,465
dry 1,550,004 100,000
extract 65,155 8,079
grep 24,726 24,716
initest 942,154 338,939 247 585
invert 718,143 102,395 19,069
mincost 2,239,078 2
nroff 401,983 153,919 163,440
sed 1,195,430 1,097 518 293,305
sort 1,140,854 572,418
1sp 21,899,916 47
vpee 4,121,730 2,097,863 1,443,623
whetstone 1,470 0
yace 155,711 59,528 58,227

Table A.11: MC68020 Counts of Parameters Passed during the Programs’ Execution

when a single register is saved and restored, and using the instructions:

- moveml
movenl

mask, spe
a6@(-n},mask

# save multiple registers specified in mask
# restore multiple registers specified in mask

when multiple registers are saved and restored, The time cost for saving and restoring a single register

was determined utilizing a version of the program given in Figure A7, with <link-instruction> set to

link a6 #-4 and <register-save-&-restore> set (o the pair movl d7,sp@ and movl ab(-4),d7. Dividing the

Lext

.globl
_main:

movw
_loop:

dbra
unlk
rts

_main

<link-instruction>

#939,d0

<register-save~-k~restore>

do, loop
ab

# duplicated 2500 times

Figure A.7: MC68020 Program to Measure Reg, Save & Restore Operation Time Cost
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version’s average execution time (0.130 seconds) by 250,000, the Time Cost for Saving and Restoring
each Register is found to be 5.200x107 seconds when a single register is saved and testored. The time
cost for saving and restoring multiple registers can be partitioned into two components: the constant ovef—
head associated with the movem! instructions and the varying expense that depends on the number of
registers specified in the mask field. To determine the time costs of these components, two versions of
the program in Figure A.7 were employed. One version saved and restored the two registers a5 and d7
by setting <kink-instruction> to linka6#-8 and <register-save-&-restore> to the pair
moveml #8320.;s*p@ and moveml (:6(-8),115“:5’_‘1‘20.8 The other version saved and restored the four registers
a3, a4, d7, and d6 by setting <link-instruction> 1o link a6 #-16 and <register-save-&-restore> to the pair
moveml #12480,sp@ and moveml a6(-16)#12480.° By subtracting the time consumed by each pair of
multiple register save and restore operations in &e first version from the time consumed by each pair of
multiple register save and restore operations in the second version, and haivingl the result, the time cost
for saving and restoring an individual register specified in the mask operand was found. Next, subtracting
twice the time cost for saving and restoring an individual register in mask from the first version’s time
cost for each multiple register save and restore operation yielded the time cost for the constant overhead
portion of the multiple register save and restore operation. Performing these measurements and computa-
tions, the Time Cost for Saving and Restoring each Register when multiple registers are saved and
restored emerges as the sum of the following two values (expressed in seconds): the constant value
9.280x10” and the value 2.680x107 multiplied by the number of registers being saved and restored. The
Count of Registers Saved and Restored during the Program’s Execution is given in Tables A.12 and

A3,

*The decimal number 8320, which is equivalent to the hex number 2080, is the mask value that specifies a5 and d7.
®The decimal number 12480, which is equivalent to the hex number 30C0, is the mask value that specifies a¥, a4, ¢7, and d6,



Single Register Saves and Restores Muliple Register Saves and Restores
Intramodule  Intermodule Intramodule  Intermodule

Nonintined Inlined Inlined Noninlined Inlined " Inlined
cache 1,135,599 186,548 0 757,082 378,535 378,533
calls 39,280 0 0 382,363 127,131 127,131
compact 0 0 74,162 1
diff 32,005 22261 0 750,207 1,619 1,618
dry 350,000 0 350,003 50,001
extract 0 0 16,608 3374
grep 0 0 12,360 12,358
inltest 117,244 14,736 4,352 328,918 177,586 181,711
invert 0 0 0 420,674 35,793 12,241
mincost 0 0 1 1
nroff 137,128 15,786 2817 362,331 330,784 301,836
sed 48,952 0 0 561,006 600,952 207 845
sort 543,914 0 310,702 286,216
15p 0 0 1,345,731 45
vpee 319,824 57,995 3973 1,169,249 921,353 772,581
whetstone 0 0 0 0
yace ) 15,842 4 0 69,130 36,550 36,546

Table A.12: MC68020 Single & Multiple Reg Save & Restore Operations Executed

Intramodole Intermodule
Noninlined Inlined Inlined
cache 1,892,697 151007 757,070
calls T 871 310,230 319,230
compact 296,729 8
diff 2,258,943 12,946 12945
dry 750,000 300,008
extiract 39258 18,474
grep 37,080 61,789
inliest 674,043 735,431 885,343
invert £78,111 120,572 38,140
mincost 3 6
nroff 891362 1,953,751 2,072,518
sed 1,600,586 2,488,751 978,223
sort 917,841 1,660,267
tsp 2,692,703 97
vpoe 3,893,195 4767413 4,798,013
whetstone 0 0
yacc 231,597 195,693 195,985

Table A.13: MC68020 Registers Specified in Multiple Reg. Save & Restore Operations
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A.J. Measurements on the Clipper

This section presents the time costs and frequency counts collected for solving the execution time
behavior equations for the Clipper [Fai87]. The time costs were measured for the appropriate machine
instructions produced by the Green Hills C compiler with its optimizer enabled. The assembly language

used in the exposition and figures is the dialect accepted by the Clipper Assembler [C1i89].

The assembly language instructions comprising the call and return operation pair are:

call sp, subr
ret Ep

The program in Figure A.8 incorporates these instructions; it contains 5000 call instructions within a loop

that is traversed 50 times, so that a total of 250,000 calt and return operation pairs are performed. The

program’s execution time averaged 0.290 seconds, which divided by 250,000 yields 1.160x10°® seconds
as the Time Cost for each Call and Return Operation Pair. Table A.14 presents the quantities gathered
for Count of Call and Return Operation Pairs Executed, along with the ratio of the number of call and
return operation pairs executed in a program’s inlined version to the number executed in its noninlined

version.

StLext
#
.align 2
.glopl _f
_f: ret sp
#
.align . -2
.glchkl Jhain
Jhmain:  loadyg 50, r0
L
call sp,_¥ # duplicated 5000 times
addq $1,r0
cmpi $50, 0
begt L7
ret sp

Figure A.8: Clipper Program to Measure Call and Return Operation Pair Time Cost
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Noninlined Intramodule Inlined Intermodule Inlined
Count Count Ratio Count Ratio Count Ratio
cache 4426,614 1645504 037 440,036 010
calls 420,515 13,085 0.03 13,045 0.03
compact 84,917 37,125 044
diff 787,323 3,761 001 739,088 094
dry 850,006 56,003 006
extract 30,338 17,541 0.58
grep 12,377 12367 100
inltest 808,065 263,483 0.33 259,189 .32
invert 86,224 61,532 071 54,034 0,63
mincost 989,689 228665 023
nroff 609,592 279264 046 71% 042
sed 658,911 585,473 0.89 634422 (.96
sort 854,649 854,622 1.00
18p T280,492 | 4,130,230 057
vpee 2,710,919 1,387,894 051 1,034,365 {1.38
whetstone 152016 | 2 000
yace 89,400 _ 41,130 046 42985 G.48
AVE 0.49 ' 0.42 0.47

Table A.14: Clipper Cali and Return Operation Pairs Executed

The Green Hills C compiler produces code to pass a subprogram’s first two parameters in registers
whenever possible, and parameters passed in registers need not be removed from the stack after returning
from a éaii. For call sites at which 3, 4, or 5 parameters (assuming the parameters are 4 bytes each) are
passed, the assembly language instruction to remove parameters from the stack after returning from a call
is:

addqg $nn, sp

and for call sites at which more than § parameters are passed, the instruction is:
addi $nn, sp

where nn is the size _in bytes of the pafameters passed on the stack. Two versions of the program in Fig-
ure A9, with <parm-stack-adjustment> set in one version to addg 34.5p and in the other version to
addi $16,sp, were used io time the instructions. The short stack adjustment version averaged 0.080
seconds of execution time and the long stack adjustment version averaged 0.150 seconds. Dividing the

values by 500,000 (100 repetitions of 5000 stack adjustment instructions), the Time Cost for Removing
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Lext
#
.align 2
: +globl _main
_main: loadg $0,r0
movw sp,rl
L7:

<parm-stack-adjustment>

addg $1,r0
cmpi $1C60,zC
begt L7

movwW rl, sp
ret sp

# duplicated 5000 times

Figure A.9: Clipper Program to Measure Parameter Stack Adjustment Time Cost

the Parameters from the Stack after Returning from each Call is 1.600x10”7 seconds, for each subpro-

gram call with 3, 4, or 5 parameters, and is 3.000x107 seconds, for each subprogram call with more than

5 parameters. Table A.15 contains the data collected for Count of Parameter-Passing Call Operations

Executed.

3 < Number of Parameters Passed 5 5 Number of Parameters Passed > 5.
Intramodule  Intermodute Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined . Inlined Inlined
cache 701,141 221,065 61,493 0 ] 0
calls 1,167 1,167 1,167 0 0 0
cormpact - 10,668 0 o 0
aiff 733,727 0 732,110 3,226 0 3,226
dry 200,000 0 (4] 0
extract 9,181 8,930 0 0
grep 0 0 0 0
inltest 33,565 22513 21,637 i1 i1 i1l
inven 23,552 23,552 23552 0 ¢ 0
mincost 176,963 55,129 117,205 117,205
nroff 1,031 0 0 [t 4] 0
sed 3 Q 0 4] 0 ]
sort 4] 0 4] 0
isp 1,757,862 1,361,262 1,362,461 1,362,461
vpoe 282,373 269,318 253,274 128,541 93,468 81,818
whetstone 89,900 (4] 10 0
yace 3,637 4 2251 0 (] ¢

Table A.15: Clipper Counts of Parameter-Passing Call Operations Execuwd
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The assembly language code to adjust the stack to accommodate a subprogram’s stack-aliocated

local variables is the pair:
subg $nn, sp # to reserve space for the locals
addqg $nn, sp # to reclaim the locals’ space

if the stack-allocated local variables occupy between 1 and 15 bytes, and is the pair:

subi $nn, sp # to reserve space for the locals
addi $nn, sp 4 to reclaim the locals’ space

if the stack-allocated local variables occupy more than 15 bytes, where nn is the size in bytes of the space
consumed b'y the stack-allocated local variables. The time costs for the addyg and addi instructions were
determined when measuring the Time Cost for Removing the Parameters from the Stack after Returning
from each Call, using versions of the program in Figure A.9. Similar versions of that program were
employed to time the subg and subi instructions, which were found to consume the same amount of time
as addqg and addi, respectively. Hence, the Time Cost for Adjusting the Stack to Accommodate Stack-
allocated Locals is 3.200x10”7 seconds, for each subprogram with between I and 15 bytes of stack-
allocated local variables, and is 6.000x107 seconds, for each subprogram with more than 15 bytes of
stack-allocated local variables. Table A.16 contains the information garnered for Count of Calls Exe-

cuted to Subprograms with Stack-allocated Locals.

As previously noted, the Green Hills C compiler produces code to pass a subprogram’s first two
parameters in registers whenever possible, and to pass its other parameters on the stack. The average
cost of passing a parameter was figured scparately for these transmission methods. As discussed in the

introductory section of this appendix, parameters are considered to be passed in registers by the following

operations:
movw regl,reqg # pass 32-bit register data item in a register
ioadg/loadi $nn,reg # pass 4-/32-blt constant data item in a register
loadw m{sp),req # pass 32-bit stack-resident data item in a register

with the first instraction occurring one-half the time, the second one-third, and the third one-sixth. Three
versions of the program in Figure A.10, with <parameter-passing-instr> set in each respectively to two

copies of loadw 4(sp),rl, the pair loadq $1,rl and loadi $32,r1, and two copics of movw r2,r1, were
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} % Size in Bytes of Stack-allocated Locals < 15 | Size in Bytes of Stack-allocated Locals » 15
‘ Intramodule Intermodule Intramodule  Intermodule

Noninlined Inlined Intined Noninlined Inlined Inlined
cache 2272372 412 964 378,541 378,535 2 61,494
calls 49,478 12,159 12,159 1,389 895 885
compact 0 0 74,248 37,124
diff ; 34,353 3,758 3,759 1,621 2 3
dry 300,001 50,001 50,004 1
extract 19,873 14,552 3,244 2,145
grep 17 12,365 12,358 1
initest 370471 113,254 107,351 16,441 130,066 131,700
invert 64,306 61,067 54,029 3416 464 4
mincost 157,099 28,209 56,761 28,553
nroff 317,784 80,564 29,090 11,630 122,206 224,569
sed 43,959 1 0 536,520 585471 634,421
sort . 24,486 24,483 271,956 271,956
15p 2,800,173 45255 1,213 1,213
vpoe 1,584,996 411472 365,777 352,617 401,659 385,843
whetstone 89,913 0 2 1
yacc 15014 - 1,939 1,624 7,688 18,223 18,143

Table A.16: Clipper Calls Executed to Subprograms with Stack-allocated Locals

Lext
s ;
.align 2
.globl - _main
_main: leadqg 30,zr0
L7:
<parameter-passing-instr> # duplicated 35000 times
addg $1,rC
cmpi $100, x0
begt L7
ret sp

Figure A,10: Clipper Program to Measure Parameter Passing Time Cost

created for timing these parameter passing instructions. The instruction times in seconds were 3.00x1077,
3.90x107, and 6.30x1077, so the average time to pass a parameter in a register is 3.85x107 seconds, given
the assumed distribution of actual parameters’ classes and types. Parameters are considered to be passed

on the stack by the following operations;
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pushw req, sp § pass 32-bit register data item on the stack

loadg/loadi $nn,req 4 pass 4-/32-bit constant data item on the stack
 pushw req, sp '# pass 4-/32-bit constant data item, con't

loadw - misp),reg ¥ pass 32-bit stack-resident data item on the stack

pushw req, sp # pass 32-bit stack-resident data item, con’t

with _the first operation occurring one-half the time, the second one-third, and the third one-sixth, The
N

operation times in seconds were 6,00x107, 7.50x107, and 1.23x10°%, so the average time to pass a
parameter on the stack is 7.55x107 seconds, given the assumed distribution of actual parameters’ classes
and types. These register and stack parameter passing operations are replaced at inlined call sites, when
actual parameter values are not copy-propagated, with appropriate copy operations to local temporaries
introduced to substitute for the corresponding formal parameters. When these local temporaries are of
register class, the appropriate copy operations are the same as those listed for passing parameters in regis-
ters, so the average time 0 copy a parameter to a register is 3.85><10'7 seconds. When these local tem-

poraries are of stack-resident class, the appropriate cop& operations are those in the list below.

storw reg,.m{sp) # copy 32-bit register data item to the stack
loadg/loadl $nn, reg # copy 4-/32-bit constant data item to the stack
storw reg,m{sp} # copy 4-/32-bit constant data item, con’t

loadw plsp},reg # copy 32-bit stack-resident data item to the stack
storw reg,m(sp) # copy 32-bit stack-resident data item, con't

The times in seconds of these copy upera&ons were 3.20x10”7, 730107, and 9.50x107, so the average
time to copy a parameler to the stack is 5.61x107 seconds, given the assumed distribution of actual
parameters. Presuming, as mentioned in the introduction to this appendix, that substituted temporaries
are of register class two-thirds of the time and of stack-resident class one-third of the time, the average
time to copy a pMeter is 4.44x10”7 seconds. Computing Time Cost for Passing a Parameter ~ Time
Cost for Handling a Parameter at an Inlined Call Site as explained in the introductory section of this
appendix, i.e., as the average cost of passing a parameter minus two-thirds the average cost of copying it,
the result is 8.87x10°® seconds for parameters passed in registers and 4.59x10” seconds for parameters
j)assed on the stack. Table A.17 contains the values gathered for Count of Parameters Passed during the

Program’s Execition,



106

Number Passed in Registers. Number Passed on the Stack
Intramodule  Intermoduie ' Intramodule  Intermodute

Noninlined inlined Intined Nonintined Intined Inlined
cache 5630779 2,148,892 501,526 701,141 221,065 " 61,493
calls 800,104 25,143 25,133 1,i67 1,167 1,167
compact 95,585 37,125 32,004 0
diff 1,554,863 7250 1,477,924 748,249 0 745,015
dry 1,300,003 100,001 250,000 0
extract ' 56,434 31,990 10,517 10,415
grep 24,734 24,124 0 0
inltest 978,400 "298,278 286,983 45,367 29214 29,357
invent 155,618 113,062 98,066 23,552 23,552 23,552
mincost 1,457,562 457,321 908,747 666,219
nroff 400,956 138,202 112,096 1,031 0 0
sed 1,195427 1,073,037 1,170936 | 3 0 0
sort 1,140,855 1,140,839 0 0
sp 14,560,937 8,260,413 1610218 6,818,370
vpee 12975584 1,756,793 1,323,829 | 1,088,994 930,858 849,926
whetstone 181,220 0 _ $9,950 0
Yace: 152,320 72,047 75,700 3,637 4 2,251

Table A.17: Clipper Counts of Parameters Passed during the Program’s Execution

Register save and restore operations are performed using the instructions:

savewN # save general registers
restwiN # restore general registers

for general registers, where N is a value between 0 and 14 which specifies that the general registers num-

bered N through 14 should be saved or restored, and using the instructions:

savedM o # save floating point registers
restdd # restore floating point registers

for floating point registers, whére Misa valﬁe between 0 and 7 which specifies that the floating point
registers mirnbered M through"i should be saved or restored. To make efﬁcient use of these instructions,
the Green Hills C compiler allocates registers in descending order of their numerical designation, Con-
sidering first the cost of saving and restoring general registers, it is observed that the instructions savewN

and restwN are implemented in hardware only for values of N between 0 and 12 inclusive; when N is 13

or 14, the assembler maps the instructions to pushes and pops of the appropriate registers.'® Hence, with

1°The assembler maps savewi4 and restwid 1o pushw rid sp and popw rld sp, respectively, and maps savewl3 snd restwl3
1o the pair pushw r14,sp; pushw rl3.sp and the pair popw ri3,sp; popw rid sp, respectively.



107

respect to general registers, the values collected for Time Cost for Saving and Restoring each Register,

were measured for several cases. When a single register (always r14) is saved and restored, the time cost
was found to be 5.80x107 seconds. When two registers (r14 and r13) are saved and restored, the time

cost was found to be 1.00x10° seconds. Thé Count of Registers Saved and Restored during the
Program’s Execution values associated with these two time costs are given in Table A.18. For three
registers, the time cost was 2.06x10°¢ seconds, axid for each register saved and restored in addition to
three, the incremental cost was 3.60x107 seconds per register, Tables A.19 and A.20 contain the
corresponding Count of Registers Saved and Restored during the Program’s Execution. Considering
next the cost of saving and restoring floating point registers, it is noted that the Green Hills C compiler
treats floating point registers {0 through £3 as scraich registers, never saving and restoring their values,
The q;lamities found for Time Cost for Saving and Restoring each Register with respect to the other float-
ing point registers are given in Table A.21. Table A.22 contains the floating point Count of Registers

Saved and Restored during the Program’s Execution.

One Repisier Saved and Restored Two Registers Saved and Restored
Intramodule  Intermodule Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined Inlined Inlined
cache 1,555,040 577,010 0 158,260 34,419 0
calls 1,694 0 0 1 1 1
compact 85 0 1] 0
diff 22,253 0 0 18,074 3,492 3,492
dry 100,002 0 ) 50,000 4]
extract 1,930 751 6,453 3222
grep 0 0 0 0
inltest 201,551 12,493 10,446 33,486 24,161 14,308
invert 2,954 0 0 13,654 13,654 13,654
mincost 0 27.864 157,098 28,208
nroff 145,359 1,039 1 97,026 39,271 27,152
sed 0 0 (4] 48,951 0 0
sort 8 0 1 0
isp 1,361,251 1,361,251 2,798,872 44,000
vpee 256,645 106,710 2 415,420 124,654 723
whetstone 1,400 0 0 O
yace 3,307 0 2,251 434 0 0

Table A.18: Clipper One & Two Register Save & Restore Operations Execuied
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Intramodule Intermodule

Noninlined Inlined Inlined
cache 791,178 468,981 61,494
calls 49,284 12,098 12,088
compact 74,163 37,124
diff 746,714 2 135,339
dry 150,002 50,001
extract 9,102 9,183
grep 12,360 12,358
inltest 127,347 142,980 152,954
invert 37,883 37,882 30,384
mincost 172,936 116,364
nroff 30,084 140,848 227,586
sed 600,959 585472 634 421
sort 310,703 310,702
1sp 1361299 1362463
vpee 1,014,786 999,038 930,201
whetstone 3 1
yace 53,984 40,882 40,486

Table A.19: Clipper Three or More Register Save & Restore Operations Executed

Intramodule  Intermodule
Nonintined Inlined - Inlined

cache 761,682 191,582 368,964
calls 97,849 38,737 58,737
compact 444 978 222,144
diff 1,485,511 12 1,464,643
dry 200,012 150,009
extract 16,645 17.281
grep 24,727 61,791
inltest 73,492 79,824 260,239
invert 103,109 123,585 114,708
mincost 171321 231,766 :
nroff 92332 446,526 870,873
sed 1,268,872 2976310 3,221,061
sort 1,741,803 1,741,802
tsp 64 18
vpoe 2,789,368 2,463250 2,930,940
whetstone 7 3
yacc 140,811 155,778 153,719

Table A.20: Clipper No. Registers in Excess of 3 Saved & Restored in Operation Pair



Set of Registers | Time Cost
7 1.60x10¢
f7.f6 2.34x10°®
£7.66.£5 3.16x10¢
£7.£6,15,14 3.92x10¢
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Table A.21: Clipper Time Costs (in Secs.) for Saving & Restoring Floating Pt. Regs

One Register Two Registers Three Regisiers Four Registers
Intra Inmter Intra Inter Intra  Inter Intra  Inter

NI Int Inl NI Inl Inl NI Inl In NI In Inl
cache 1 1 1 0 0 0 0 0 0 0 0 0
calls 0 0 0 0 0 0 0 0 0 0 0 0
compact 0 0 0 0 0 0 0 0
diff 4] 0 0 ] 0 0 0 0 4] 0 0 4]
dry 0 0 0 0 0 0 0 0
extract 0 0 0 0 0 0 0 0
grep 0 0 0 0 0 0 0 0
initest 0 0 0 0 0 0 0 0 0 0 0 0
invert 0 0 0 0 0 1] 0 0 0 0 0 0
mincost 0 0 0 0 0 0 0 0
nroff 0 0 0 0 0 0 0 4 0 0 0 0
sed 0 0 0 0 0 0 0 0 0 0 0 0
sort 0 0 0 0 0 0 0 0
isp 1 1 1,362,461 1,361,250 1211 iz 1,210 1,211
vpee 0 0 22 0 0 0 0 0 0 0 0 0
whetstone | 1,401 0 89,901 0 1 H 0 0
yace 0 0 0 0 0 0 0 0 0 0 0 0

Table A.22: Clipper Floating Point Register Save & Restore Operations Executed
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A.4. Measurements on the Convex

This section presents the time costs and frequency counts collected for solving the execution time
behavior equations for the Convex [CON85). The time costs were measured for the appropriate machine

instructions produced by the CONVEX C compiler with its optimizer disabled.’! The assembly language
used in the exposition and figures is the dialect accepted by the CONVEX Assembler.

The assembly language instructions comprising the call and return operation pair are:

mov sp,ap # set argument pointer

pshea #0 # push count of parameters being passed
calls subr # branch to subprogram

rtn # return from subprogram

add.w #4, sp # adjust stack to remove count & parameters
ld.w 12(fp),ap ¥ reset argument pointer

when no parameters are passed. The program in Figure A.11 incorporates these instructions (except for
the stack adjustment which will be considered shortly); it contains 2500 call operations within a loop that

is traversed 100 times, so that a total of 250,000 call and return operation pairs are performed. The

program’s execution time averaged 0.892 seconds, which divided by 250,000 yields 3.57x10°¢ seconds as

JLext
.globl _f
_f: rtn
.globl Jhain
_main: sub.w 57,387
mov sp,al
loap:
mov sp, ap # four
pshea #0 # statements
calls _f # duplicated
ld.w 12(fp).,ap # 2500 times
mov al,sp
add.w 1,87
le.w $¥100,57
imps.f icop
rktn

Figure A.11: Convex Program to Measure Call and Return Operation Pair Time Cost

*The CONVEX C compiler oplimizer was disabled because its common-sequences-before-jumping oplimization penalizes
inlined code, as explained in Section 3.2.
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the Time Cost for each Call and Return Operation Pair. Table A.23 presents the quantities gathered for
Count of Call and Return Operation Pairs Executed, along with the ratio of the number of call and retumn

operation pairs executed in a program’s inlined version 0 the number executed in its noninlined version.

At every call site, the CONVEX C compiler produces code to transmit one more parameter than is
passed in the corresponding source code.'? The assembly language instruction to remove parameters from

the stack after returning from each call is: '

add.w #nn, sp

where nn is the number of passed parameters, including the compiler«i'nserted one, times 4 (assuming the
parameters are 4 bytes each). 'When only the compiler-inseried parameter is passed, a short variant of the
instruction is used, but when other parameters are passed as well, a long variant of the instruction is
employed. Two versions of the program in Figure A.12, with <operation(s)-of-interest> set in one ver-

sion to add.w #4,sp and in the other version to add.w #8,s5p, were used fo time the instructions, The short

Noninlined Intramodule Inlined Intermodule Iniined

Count Count Ratio Count Ratio | Count Ratio
cache 4,428,056 2025454 046 | 758481 0.17
calls 407,118 . 389,181 096 | 389,181 0.96
compact 85,000 37,229 044
diff 820,213 802,397 098 | 786,380 0.96
dry 650,039 400,038 062
extract 33,607 11072 033
grep 12,442 12432 100
inltest 800,082 412,454 052 | 331300 0.41
invert 132,723 94368 071 63,318 0.48
mincost 912,121 62285 006
nroff 610,110 452494 074 | 498,545 0.82
sed 659,150 610,192 093 | 610,191 0.93
sort 855,095 314,157 036
tsp 13,460,219 | 6270340 047
vpee 3,172,827 2,050,825 065 * *
whetstone 272,150 119,836 044
yacc 98,616 54242 055 53,805 0.55
AVE 047 _ 072 0.66

Table A.23: Convex Call and Return Operation Pairs Executed

2The value of the additional parameter is the number of pararneters passed in the source code.



-text
.globl _main
_main: sub.w s7,s7
loop:
<operation{s}-of-interest> ¢ duplicated 5000 times
add.w #1,s7
le.w $#100,s7
jmps, £ loop
rtn S

Figure A.12: Convex Program to Measure Various Time Costs

112

stack adjustment version averaged (.054 seconds of execution time and the long stack adjustment version

averaged 0.102 seconds. Dividing the values by 500,000 (100 repetitions of S000 stack adjustment

instructions), the Time Cost for Removing the Parameters from the Stack after Returning from each Call

is 1.080x107 seconds, for each subprogram call with one parameter passed (i.e., no parameters passed in

the source code), and is 2.040x1077 seconds, for each subprogram call with more than one parameter

passed (i.e., at least one parameter passed in the source code). Table A.24 contains the data found for

One Parameter Passed More than One Parameter Passed
Intramodule  Intermodule Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined Inlined Inlined
cache 380,330 379,947 379,940 4,047,726 1,645,507 378,541
calls 3,601 3,601 3,601 403,517 385,580 385,580
compact 22 22 84,978 37207
diff 33,163 33,162 33,163 787,050 769,235 753,226
dry 150,037 50,036 500,002 350,002
extract 4,752 4,468 28,855 6,604
grep 74 74 12,368 12,358
inltest 195,317 154,953 136,207 604,765 257,501 195,093
invernt 56,497 56,490 56,490 76,226 37878 6,828
mincost 35,634 35,634 : 936,487 26,651
nroff 269,576 253,160 24771719 340,534 199,334 250,766
sed 242 240 240 658,908 609,952 609,951
sort 460 457 854,635 310,700
tsp 6,270,339 6,270,339 7,189,880 1
vpee 991,671 T02,876 * 2,181,156 1,347,949 *
whetstone 181,440 119,836 91,310 0
yace 14458 - 14449 14,446 84,158 39,793 39359

Table A.24: Convex Counts of Parameter-Passing Call Operations Executed
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Count of Parameters Passed @ﬁng the Program’s Execution.

The assembly language instruction 10 adjust the stack to accommodate a subprogram’s stack-

allocated local variables is:

sub.w #nn, sp

where nn is the size in bytes of the space consumed by the stack-allocated local variables, If the stack-
allocated Iocal var_iables occupy between 1 and 7 bytes, then a short variant of the instruction is used, and
if they occupy more than 7 bytes, then a long variant is employed. Two versions of the program in Fig-
ure A.12, with <operation(s}-of-interest> set in one version to sub.w #4.5p and in the other version o
sub.w #8,5p, were used to time the instructions. The short stack adjustment version averaged 0.054
seconds of execution Hme and the long stack adjustment version averaged 0.098 seconds, Dividing the
values by 500,000 (100 repetitions of 5000 stack adjustment instructions), the Time Cost for Adjusting the

Stack to Accommodate Stack-allocated Locals is 1.080x107 seconds, for each subprogram with between

1 and 7 bytes of stack-allocated local variables, and is 1.960x10°”7 seconds, for each subprogram with
more than 7 bytes of stack-allocated local variables. Table A.25 comaihs the data found for Count of

Calls Executed to Subprograms with Stack-allocated Locals.

As discussed in the introductory section of this appendix, parameters are assumed to be passed by

the following operations:
psh.w reg # pass 32-bit register data item
pshea nn # pass 32-bit constant data item
id.w ~mm{fp}, =0 # pass 32-bit stack-resident data item
psh.w s0 # pass 32-bit stack-resident, con’t

each occurring with equal likelihood. Three versions of the program in Figure A.13, with <parameter-
passing-instr> set in each respectively to psh.w s7, pshea #60, and ld.w -4(fp),s0,"* were created for tim-
ing these parameter passing operations. The parameter passing operation times in seconds were

2.36x107, 6.36x10"7, and 6.68x107, s the average time 10 pass a parameter is 5.13x107 seconds. These

BThe code that saves and restores the value of the stack pointer was omined from the version of the program containing the
Id.w -4(fp)s0 instruction, since the code was not needed with this instruction, The time cost for the instruction, which combined
with this one passes a 32-bit stack-resident data item, was obtained from the first version of the program and was added to the time
cost for this instruction to yield the total time cost to pass the data item.,
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1 < Size in Bytes of Stack-allocated Locals €7 Size in Bytes of Stack-allocated Locals » 7
Intramodule Intermodale Intramodule  Intermodule

Noninlined Inlined Inlined Noninlined =~ Inlined " Inlined
cache 336 2 0 1,356,653 881,945 378,534
calls 42,312 22,234 22,234 12,11 14,252 14,252
compact 0 0 74,246 37,207
diff 28,513 22,261 0 755,309 746,975 753,227
dry 300,002 150,002 150,001 150,001
extract 1,976 249 15,556 5,855
grep 0 0 12,360 12,358
inltest 292,909 43732 22,560 137,021 155,363 161,230
invert 23,185 6,577 0 38,131 31,301 6,328
mincost 0 0 77,709 26,651
aroff 135,322 26,487 20,159 363,962 411,668 454,327
sed 5 2 2 609,954 609,950 609,949
sort 8 0 310,704 310,709
©p 4,500,942 0 1,345,688 i
vpoo 376,811 262416 * 971,349 958257 o
whetstone 1,400 0 §9,903 i
yace 14,031 435 0 43,694 44,134 44129

Table A.25: Convex Calls Executed to Subprograms with Stack-allocated Locals

.text
+globl _main
_main: sub.w 57,587
mov sp,al # save stack pointer value
loop:
<parameter-passing-instr> # duplicated 5000 tLimes
mov al,sp # restore stack pecinter value
add.w #1,87
le.w #3100, 87
jmps. £ loop
rtn

Figure A.13: Convex Program 1o Measure Parameter Passing Time Cost

parameter passing operations are replaced at inlined call sites, when actual parameter values are not

copy-propagated, with the appropriate copy operations from the list below:

st.w reg, -mm{fp} # copy 3Z-bit register data item

ld.w nn, s0 # copy 32-bit constant data item

st.w s0, ~mm {fp} # copy 32-bit constant data item, con't
ld.w ~pp{fp), s # copy 32-bit stack-resident data item
st.w 50, ~mm {£p) # copy 32-bit stack-resident, con't

assuming the local temporary replacing the formal parameter is stack-resident. The times in seconds of
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the copy operations were 2.84x107, 4.92x107, and 7.16x107, so the average time to copy a parameter is
4.97x107 seconds. Computing Time Cost for Passing a Parameter — Timé Cost for Handling a Parame-
ter at an Inlined Call Site as explained in the introductory section of this appendix, i.e.; as the average
cost of passing a parameter minus two-thirds the average cost of copying it, the result is 1.82x107
seconds. ‘Table A.26 contains the values gathered for Count of Parameters Passed during the Program's

Execution.

Register save and restore operations are performed using the instructions:**

st.w reg, mm{fp) 4 save register
id.w mm {fp} , reg # restore register

The time cost for saving and restoring a register was determined utilizing a version of the program given

in Figure A.12, with <operation(s}-of-interest> set to the pair st.w 57,-4(fp) and Id.w -4(fp).s7. Dividing

the version's average execution time (0.336 seconds) by 500,000, the Time Cost for Saving and Restoring

Intramodule  Intermodule

Noninlined Inlined Inlined
cache 5953446  3,127.065 1,135,615
calls 766,907 748,910 748910
compact 127,907 37208
diff 2,302,842 2,251,548 2,225,790
dry 1,050,004 750,004
extract 66,155 17,768
grep 24,726 24,716
inltest 866,211 343 461 279,127
inven 169,175 99,308 13,656
mincost 2,239,078 159,902
nroff 401,983 202,928 308,228
sed 1,195,430 1,097,518 1,007,517
sort 1,140,854 596,918
©p 21,899,871 2
vpee 4,124,760 2,680,051 *
whelstone 21,170 0 ’
yace 155,711 73,510 72,200

Table A.26: Convex Counts of Parameters Passed during the Programs’ Execution

MUnlike the other three computer systems considered, the Convex wilizes the caller-save convention for retaining register
values across subprogram calls, The instructions given above are employed when saving and restoring a register containing & local
variable. When saving and restoting & register containing a parameter value, the offset is expressed relative to ap mather than to fp.
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each Register is found to be 6.720x10”7 seconds. The Count of Registers Saved and Restored during the

Prograhz's Execution is given in Table A.27.

Intramodule  Intermodule
Noninlined Inlined Iniined

cache 2,561,192 3,500,599 1,464
calls 1,357,415 1,555,580 1,555,580
compact 191,436 148,860

diff 2,353,991 3,003,941 2,384,085
dry 1,850,030 1,600,044

exiract 57 42,541

grep 37,182 37,203

inltest 1,035,436 1,438,127 1,225,192
invent 44,357 286,763 183,280
mincost 0 186,219

nroff 1,336,895 1,388,214 1,701,807
sed 977,118 2,391,286 2,301,296
sort 2,302,513 719,714

sp 6 24,991,584

vpee 6,136,003 6,048,888 *
whetstone 0 ¢

yace 180,268 186,278 205,486

Table A.27: Convex Registers Saved & Restored during the Programs’ Execution
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