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Abstract

The development of register deprivation measurements was motivated by the desire to stiebt thatekgis-
ter demand has on code improvement and register allocation strategies. In addition to the obvious application of test-
ing the spill mechanism used by the compdeegister allocatoithe register deprivation strategy can be used to
determine the relationship between the number of allocable registers anféthigesfess of a code improver as a
whole or its optimization phases individuallgnhance the coverage of validation suites, evaluate the register
demands of benchmark suites and help machine designers determine the optimal number of registers needed to sup-
port existing compiler technologies. This paper contains a description of register deprivation techniques, presents
some of their most useful applications, and discusses issues that must be addressed in order to incorporate this tech-
nigue into a compilerAlso included are register deprivation measurement results obtained using a modest set of
benchmarks that provide interesting and somewhat unexpected insights pertaining to optimizations, benchmark pro-
grams and architectures.

1 Introduction

1.1 Motivation

Optimizing compilers generate code by invoking a comprehensive set of optimizations. Since most code
improvement transformations increase the average number of registers that are simultaneously needed within a pro-
gram, good register allocation is essential to producing high-quality code. Cumeayply coloring [CAC+81] is the
paradigm of choice for performing register allocation. The typical compiler that uses graph coloring allocation per-
forms optimizations using an infinite set of pseudo-registers that are bound to hardware registers just prior to code
generation. When the allocator is unable to assign to each pseudo-register to an actugait negistess the register
pressure by introducing spills, which essentially assign pseudo-register values to memory location instead of a hard-
ware registers.

Good graph coloring register allocation strategies strive to minimize spills and, when they are unavoidable, spills
the values that reduce the quality of the resulting code as little as possible. Regardless of how slightly a spill impacts
the quality of the code, it invalidates the assumption that accessing a pseudo-register item is roughly equivalent to
accessing a hardware register and can cause the optimizer to produce code thaticselesthah the original code.

The need to producefifient spill code also complicates an otherwise simple register allocator

A typical consequence of postponing register assignment decisions is that register resources@rarotted
and produce many spills when the code provides many opportunities to perform code improvement transformations



or the taget machine lacks didient registers. Even priority-based coloring allocation strategies [CH84] are vulnera-

ble under these circumstances because, although they do not explicitly spill, they cannot provide registers to all of the
transformations that expected to get them. While these problems are often manageable, they do limit the range of
architectures over which a compiler can be getterd and the number of registemsuming optimization phases that

the compiler can &ctively accommodate.

These concerns motivated the development of new graph-coloring register allocation strategies fayetee retar
ble vpcc/vpo optimizing compiler [BD88]. The most difult part of this task was not developing these strategies, but
devising a technique to evaluate thefioaicy. Thus, the register deprivation measurement techniques presented here
were initially developed to satisfy this need. Lathese techniques were found to have applications beyond their
original purpose and to be simple enough incorporate into existing compilers.

1.2 Applications

As the previous section implies, register deprivation measurements can be used to evaluate register allocation
algorithms. The reason for this is that the increased competition for the registers caused by globat@odanter
dural optimizations or a diminutive register set can be simulated even on an architecture with a prodigious set of reg-
isters by reducing the number of register available to the comRieister deprivation techniques can also be used
to design better register allocation mechanisms because they provide insights about the behavior of the allocator as
the demand on the register resources varies. In addition, register deprivation measurements can also be used to gaugt
the efectiveness of and gain insights into the entire code improvement system as well as the individual optimization
phases within the compiler

During the course of a register deprivation measurement, spill mechanisms and register allocation heuristics are
exercised more frequently and under more severe conditions than even a thorough compiler validation test suite is
likely to produce. This is not a novel use of a register deprivation-like technique, since Fraser and Hanson utilized a
similar strategy to test a local register allocator foltheompiler [FH92]. What is surprising about the register dep-
rivation process presented here, howgigethat it uncovered defects in areas of the compiler that were not associated
with the register allocator and thought to be very reliable.

Register deprivation measurements can also be used to determine if a benchmark suite fails to exercise certain
architectural elements. These evaluations can be used to select new code for both validation and benchmark suites. As
marketing and design decisions are increasingly made on the basis of benchmark test results, tools that can be used tc
locate inadequacies in benchmark suites become more valuable.

Existing compiler technology is not capable of makinfgaive use ofarge numbers of registers. Even link-
time register allocation techniques §i86] have limits on the number of registers that they can successfully utilize.
Register deprivation measurements can be used to probe these limits.

Hardware designers are often forced to make trafdeadthout the guidance of empirical data. Register depriva-
tion techniques are well suited to the task of providing architects with the kinds of feedback that can be used to ensure
that an architecture complements the compiler technology that supports it. How many registers should be provided by
a machine and how many stages should be included in a prosqsipetine are just two or the issues that register
deprivation measurements can help to resolve.



1.3 Organization

The intent of this paper is to describe register deprivation measurements, discuss some useful applications of this
technique and discuss the issues that must be addressed before incorporating it in an existing compiler. A description
of the register deprivation process and how the results of the measurements are presented graphically is given in Sec-
tion 2. Section 3 elaborates on the various applications of the register deprivation technique. Section 4 presents the
issues that have to be addressed in order to incorporate the register deprivation process into a compiler system. Sec-
tion 5 concludes this paper with a brief summary.

2 Register Deprivation M easurements

2.1 Trialsand probes

A register deprivation trial consists of a sequence of probes. A probeisa collection of data obtained by compil-
ing and executing a suite of benchmark programs. Each successive probe is identical to the previous one in every
respect except that the compiler is prohibited from using one or more of the registers available to the preceding
probes.

The data collected during atrial can be any combination of measurements that give an indication of the quality of
the code generated for each program in the benchmark suite. Potential measurements include execution times,
instruction and memory reference counts, cache performance measurements, hardware monitor timing information
and page replacement traces. The register deprivation results presented here measure the number of instructions, the
number of memory references and the amount of processor time required to execute a set of benchmark programs.

The number of probesthat make up a complete register deprivation trial depends on the target architecture. In the
first probe, the complete set of allocable registersis available to the compiler, while in the final probe, only the abso-
[ute minimum set of registers needed to successfully compile and execute the benchmark suite is used. The total num-
ber of probes is the difference between the number of allocable registers available to these two probes plus one.
Register deprivation experiments that vary only a subset of the registers and register augmentation measurements,
which can be performed by simulating the effects of having more registers than are actually available on the target
machine [DW91b], are also possible.

Table 1 shows the instruction execution counts obtained from a sample register deprivation trial consisting of six
probes taken on a mythical machine with a three program benchmark suite. These results indicate that the system
used to compile the benchmark programs uses each additional allocable register available in a manner that reduces
the number of instructions that the benchmark programs execute. Although these valuesindicate the net effect of each
additional register on the number of instructions that the benchmark suite executes, it does not provide the informa-
tion needed to determine how each individual optimization phase or groups of phasesin the compiler are affected. To
obtain thisinformation, apair of register deprivation trials must be performed.

2.2 Compar ative measurements

To separate the impact that each additional register has on the global optimization phases of the optimizer from
any side effects that they might have on the code generated for each benchmark program, a base trial must be per-
formed in which the compiler produces code without performing any global optimization transformations. Unlike the
optimized trial, the results of the base trial shown in Table 2 reveal few improvements as new allocable registers are



Number of allocable registersin the probe
Benchmark
4 5 6 7 8 9
progl 158,507,316 | 135,235,161 | 114,342,566 | 103,482,410 99,286,348 98,637,175
prog2 97,258,149 88,617,097 80,234,234 77,982,381 76,321,685 75,795,145
prog3 63,196,050 56,069,413 54,453,682 53,297,184 52,943,230 52,109,342

Table 1: Instruction execution counts from a register deprivation trial

added. These dight improvements result from a reduction in the amount of spill code produced by the local register
alocator.

Number of allocable registersin probe
Benchmark
4 5 6 7 8 9
progl 160,452,720 | 160,173,064 | 160,148,155| 160,147,579 | 160,147,532 | 160,147,532
prog2 98,753,703 98,692,100 98,682,457 98,678,981 98,678,981 98,678,981
prog3 64,093,511 63,981,342 63,978,106 63,971,423 63,971,367 63,971,288

Table 2: Instruction execution counts from a register deprivation base trial

To illustrate the relationship between the reduction in the number of instructions executed that are attributable
exclusively to performing global optimizations and the number of allocable registers available, each result obtained
in the optimized register deprivation trial is compared against its corresponding base trial result. This process elimi-
nates the impact that the size of the allocable register set has on the components that are not being measured, regard-
less of whether it is beneficial or detrimental. The following formula, given in Hennessy and Patterson [HPO(Q], is
used to obtain the percent improvement of theinitial optimized trial over the basetrial:

instructions executed baset
asetrial

instructions executed optimized tria

— instructions executed optimized trial
percmt Improvement =

X 100

Table 3 shows the results obtained by applying this formulato each corresponding pair of valuesin the sample trials.
These improvement values indicate that global optimizations produce only a slight reduction in the number of
instructions executed by the benchmark programs when the minimum number of allocable registersis used. As addi-

Number of allocable registersin probe
Benchmark
4 5 6 7 8 9
progl 1.23% 18.44% 40.06% 54.76% 61.30% 62.36%
prog2 1.54% 11.37% 22.99% 26.54% 29.29% 30.19%
prog3 1.42% 14.11% 17.49% 20.03% 20.83% 22.76%

Table 3: Results of comparing two register deprivation trials



tional registers are made available, the global optimization transformations are able to perform transformations that
substantially reduce the number of instructions executed by the benchmark programs. The rate of improvement tapers
off quickly after sufficient registers are provided to perform the most beneficia transformations. Once this point is
reached, each successive register enables the optimizer to make only modest improvements to the benchmark suite.

Instead of displaying the results of a comparative register deprivation measurement in tabular form, the measure-
ment results are plotted with the number of allocable registers available to each probe on the X axis and the percent
improvement value along the Y axis. These plots display all of the individual improvement values produced by each
benchmark program along with a solid line that indicates the average performance improvement over each of the pro-
gramsin atrial. The corresponding plot of the sample register deprivation experiment resultsis shown in Figure 1.

70

4 progl
= prog2
v prog3

— average

60 -

50

percent improvement in the number of instructions executed

0 T T T T T T

4 5 6 7 8 9
allocable registers

Figure 1: Results of a sample register deprivation experiment

3 Applications

3.1 System performance measurements

The process of comparing a register deprivation base trial during which the compiler foregoes all optimizations
against atrial that applies the entire set of optimizations can be used to determine the impact that the number of allo-
cable registers has on the entire code improvement system. Figure 2 shows how the number of alocable registers
affects the number of instructions executed by the object code produced by the vpcc/vpo system for the Motorola
68020 [Mot85] CISC and the MIPS R3000 [Kan87] RISC processors. These results show that the number of instruc-
tions executed by the code produced by vpcc/vpo decreases as the number of allocable registersincreases. It isinter-
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Figure 2: System performance results (instruction counts)



esting to note that the improvements obtained on the CISC processor are small compared to those on the RISC
processarThis efect can be attributed to the fact that most of the code-improvement transformations performed by
vpcc/vpo replace memory references with register references. On a CISC machine like the Motorola 68020, memory
references are integrated into the instructions that use their values, so the total number of instructions remains fairly
constant. On most RISC architectures, replacing a memory reference with a register reference eliminates an entire
load or store instruction, and these reductions become evident when the number of instructions executed is measured.

It is important to emphasize that the results in Figure 2 show onlyféuo ef the register set size on the number
of instructions executed, which is only one measure of code qusiigmpting to draw general conclusions about
the overall code quality exclusively from this metric is inappropriadeblain further insight on the impact that the
number allocable registers available has/pet/vpo, a pair of register deprivation trials measuring the number of
memory references executed were performed. The results of comparing these two trials are given in Figure 3.

The memory reference comparison results suggest that the register set has a significant impact on the number of
memory references that the code producedobg/vpo performs. These results support the claim that the mfest ef
tive code-improvement transformations performedvipgc/vpo primarily replace memory references with register
references, because they illustrate that each additional allocable register produces a substantial decrease in the num
ber of memory references executed. This relation holds true for both CISC and RISC architectures.

While instruction and memory reference counts can provide useful insights concerning the relationship between
the number of allocable registers and the quality of the code produced by the ¢axredetion time measurements
are more indicative of code quality and overall system performance. Given that the compiler generates correct code,
most users are ultimately concerned with the speed at which the improved code executes. Since neither instruction
execution nor memory reference counts alone or in concert can provide this information, register deprivation trials
must also be performed to explicitly measure execution times. The impact of varying the number of allocable regis-
ters on the overall execution time performance of the code generatpcthypo is shown in Figure 4.

These results indicate that while there is some correlation between the instruction and memory reference counts
and the execution time performance, it isfidifit to predict the magnitude of the execution time performance
improvements from the instruction and memory reference counts. The instruction and memory reference counts do
not, for example, indicate the magnitude of the impact that the code-improvements have on the performance of the
memory systens’' cache or the processoinstruction pipeline. Also, the instruction and memory reference counts are
unafected by factors such as the amount of time spent performing 1/0O and the other essential tasks performed by the
operating system on behalf of the program. In addition, these counts are entirely reproducible while the execution
time measurements, because of an interaction between the multi-tasking environment and the low-resolution clock
provided by the system on which they are obtained, have a substangjad ofarror To increase the level of confi-
dence of the execution time register deprivation measurements each individual measurement is repeated five times so
that the highest and lowest execution time results can be discarded and the remaining three are averaged to provide
the final execution time value. In spite of these precautions, it is not unusual for two identical execution time trials to
vary by a few percent.

Despite the unfortunately wide ng@m of error the execution time register deprivation measurements show that
vpcc/vpo is able to improve the quality of the code generated for both CISC and RISC architectures even when few
allocable registers are available. The positive average improvement obtained when only the minimal number of regis-
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ters are available suggests tiatc/vpo does not ovecommit register resources. This suggests that it is not limited
exclusively to architectures that providegkusets of registers, but that it is of some utility even on machines that pro-
vide few registers.

3.2 Phase perfor mance measurements

Register deprivation experiments can also reveal fieetahat the size of the register set has on the individual
optimization phases in a language translation system. This is done by comparing a register deprivation trial in which
the phase whose impact is to be measured is invoked against a base trial in which it is not. This technique isolates the
effect that the size of the register set has on the phase measured frofacthinaf the register set has on the other
optimization phases. It is important to note, howgtreat the interactions between the measured phase and the other
phases influence the results of the comparison. In most cases, capturifecthef #iese interactions along with the
direct impact on the measured phase is desirable because it best represents thdentdtadt ¢fie measured phase
has on the optimizem other instances, these interactions can be minimized by not invoking any of the other optimi-
zation phases in both of the register deprivation trials performed.

Figures 5 and 6 show how the size of the register festaithe reduction in the dynamic instruction and memory
reference execution counts producedvpgc/vpo's evaluation order determination phase [Dav86]. Recall that the
purpose of evaluation order determination is to reduce the number of registers required to assign register to hold tem-
porary values. These results where obtained by comparing a base trial in which only control-flow optimizations and
instruction selection were performed against a trial in which control-flow optimizations, instruction selection and
evaluation order determination were invoked. The figures show a nearly constant average improvement in the number
of instructions and memory references executed on the Motorola 68020. On this system, the set of volatile registers is
small even when there are many allocable registers (see Figure 8), so most of the improvements appear as a reduction
in the number of instructions and memory references needed to preserve the values of the non-volatile registers across
external function calls. Also, for reasons already mentioned, reductions in spill code make fitténckf in the
CISC instruction counts but show up to some extent on the memory reference counts. These two factors are responsi-
ble for the nearly constant improvements exhibited by the evaluation order determination phase on this architecture.

On the MIPS R3000, howevehe instruction and memory reference counts initially show dramatic improve-
ments as some allocable registers become available and then remain flat for the remainder of the experiment. The sig-
nificant improvements at the low end of the scale are a combination of two factors. First, since volatile registers are
plentiful when there are more than just a few allocable registers, the reduction in the number of registers assigned to
temporary expression values does nfgcfthe number of save and store instructions in the function prologues and
epilogues. Second, since spills due tofineht expression sequences occur only when very few allocable registers
are available, reductions in the amount of spill code generated appear only when allocable registers are scarce. These
results suggest that the ratio of volatile to non-volatile registers can have a significant impactfeotiheness of
some optimizations and that there exists optimizations that becomeféetivefas the number of allocable registers
increases.

3.3 Benchmark suite evaluation

Register deprivation measurements can be used to determine if a suite of test programditaakisaabunts
of some types of code. An interesting characteristic of the MIPS R3000 register deprivation results shown in Figure 2
is the presence the “flat” areas between probes 5 and 6, 9,aanti114 and 15. These probes add only floating-point
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registers to the set of allocable registers available to the compiler (see Figure 7), suggesting that either the benchmark
suite lacks stiiftient floating-point codes or that the compiler cannot make use of more than a small number of float-
ing-point registers é&ctively. Which of these hypotheses is correct can be determined by adding more floating-point
codes to the benchmark suite. If these “flat” areas become less pronounced, one can conclude that the suite was
heavily biased towards integer codes. The absence of flat areas in a register deprivation experiment does not necessar
ily indicate that the benchmark suite has an appropriate balance of integer and floating-point codes, but the ability to
detect an imbalance under some circumstances is a useful property

In addition to providing insight into overall trends, the register deprivation results also yield useful information
about individual benchmark programs and the way they interact with the cor@pileexample is theroff utility,
which, as a cursory examination of the MIPS processor results shown in Figure 2 reveals, executes more instructions
as more registers become available. The reason for this decrease in code quality is that this program spends much of
its time calling a function to obtain the next character from the input file. This function consists of a loop that skips
over “noise” characters. Since most input files contain few such characters, the code in this loop is, for all essential
purposes, straight-line code. The optimization phases that perform transformations on loops, failvevdeter-
mine this at compile time, and invest register resources assuming that the loop body is executed more frequently than
the code that immediately precedes the loop is. Thus, as each new register is made available, new code is inserted to
compute loop-invariant expressions outside of the loop and load and store instructions are added to ensure that the
values in the non-volatile registers used by the function are properly maintained. Since these transformations fail to
improve the code, each additional register merely increases the magnitude of the mistake.

Another interesting insight that was gleaned from the register deprivation results is the tendency for benchmarks
to improve abruptly rather than gradually as the number of allocable registers is increased. One instance of this can be
seen in the performance results for the MIPS 3000 shown in Figure 4. These results show a significant improvement
in the execution time of thé benchmark between 15 and 17 registers, which comes from applying recurrence opti-
mization [BD91] to the main loop of the benchmark. This transformation is fetieé, but consumes a trio of reg-
isters and the mechanism that prevepte/vpo from overcommitting register resources prevents the transformation
from taking place until there are fafent registers available to support it. For this reason, it is not unusual to see sud-
den improvements in the execution times of individual programs instead of the gradual improvement that is more
characteristic of the average performance values.

One final example of how register deprivation measurements can be used to detect benchmarks that behave in
extraordinary ways is evident in the MIPS R3000 results shown in Figures 5 and 6. Contrary to the general trend, the
improvements made to timincost benchmark by the evaluation order determination phase are constant regardless of
the number of allocable register available. Unlike the rest of the benchmark pragnacost, contains an expression
that uses the value returned by an external function call and is written spdbha&imits much of the expression
before the external function is called. Because of this arrangement, a number of non-volatile registers are used to hold
subexpression values. When evaluation order determination is applied, haWweetpression is reordered so that
the external function call is executed first. This eliminates the need to use non-volatile registers and the overhead
involved in saving and restoring these registealues in the prologue and epilogue of the procedure that contains
this expression.
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3.4 Architecturedesign

Register deprivation measurements can be used to provide useful architecture design information. For example,
when attempting to determine whether to sacrifice potential instructions in favor of additional registers, a register
deprivation experiment performed on a suitable simulator can be used to determine if the compiler will be able to use
the additional registers effectively. Similar techniques can be employed to determine the number of pipeline stages,
processing units and the amount of on-chip cache to provide. For example, to determine the effect of registers on a
pipeline, the machine would be simulated and the number of interlocks would be plotted against the number of regis-
ters available. Alternately, the number of register could be left constant while varying the number of pipeline stages,
instead.

An example of the insights that register deprivation measurements provide can be seen in the Motorola 68020
results shown in Figure 2. These results indicate that most significant memory reference reductions occur between
probes 6 through 8, 11 and 12, 14 and 15, 17 and 18 and 22 and 23. Surprisingly, all of these probesincrease the num-
ber of data registers available to the compiler (see Figure 8). This information suggests that partitioning the integer
register set into registers that handle address expressions and registers that process all other integer expressions might
not result in the best possible utilization of the register set.

3.5 Validation suite enhancement

The process of implementing and obtaining register deprivation measurements exposed deficiencies in parts of
vpcc/vpo that were thought to be free of defects. In particular, the code responsible for inserting spill codein the local
register assigner and transfer code in the global register allocator was more thoroughly exercised by the register dep-
rivation process than by any of the substantially larger validation suites previously employed. In general, spill mech-
anisms are most thoroughly tested by the register deprivation probe that uses the fewest number of registers.

Interestingly, register deprivation measurements uncovered deficienciesin parts of the compiler that are not asso-
ciated with the register allocator. These bugs were not always uncovered by the probe with the minimum number of
registers. One such example involved a problem with the aliasing mechanism used by the common subexpression
elimination phase in vpcc/vpo. As the number of available registers decreased, a common subexpression previously
held in a register had to be re-computed and, because the re-computation was improperly handled by the aliasing
mechanism, the effects of a memory update were misrepresented. This caused a register value to be incorrectly used
in lieu of the updated memory value in a subsequent instruction. This problem manifested itself only in some of the
intermediate probes because the register containing the incorrect value was no longer availablein the later probes and
the correct value was fetched from the appropriate memory location instead.

Deficienciesin other parts of the optimizer were also uncovered, although these are not easy to characterize. The
improved testing capability is derived from the fact that each probe in a register deprivation experiment effectively
presents the optimization phases with a slightly mutated version of the original benchmark program. While not as
effective as a completely different validation program, a mutated test has the ability to uncover problems that the
original version may not. A mutated test also has the advantage of being quite similar to the original test, which is
helpful when attempting to locate the point of failure. This capability allows the register deprivation technique to be
used as an effective test tool. The nature of the deficiencies uncovered during register deprivation measurements sug-
gest that register augmentation measurements, where the register set of a machine is artificially augmented, might
provide similar testing capabilities.
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4 Implementation

4.1 Compiler

Implementing register deprivation testing requires a compiler that can be specifically tailored to generate code
that uses only a subset of the registers available on atarget machine. For exhaustive register deprivation testing, this
usually entails more than just reducing the number of register used by the register allocation algorithm. Modifications
must also be made to the calling convention that determines the code sequences used to perform external function
calls and to the code generator. Since the register deprivation process can be lengthy and repeated often, it should be
automated. This is best accomplished by implementing the mechanism that controls the available registers so that it
can be adjusted either with an option given to the compiler through the command line or a constant that can be easily
changed before the compiler (or at |east the modules that control register allocation) are compiled.

We implemented register deprivation measurement technique using the vpcc/vpo compiler. The vpcc front-end
accepts traditional C [KR78] and generates stack-based, intermediate-language code, which is used directly by the
code generator to generate machine-level code in the form of register transfer lists (RTLs). The back-end, vpo,
improves this code to produce high-quality assembly-language code for the target machine. Most of the traditional
optimizations, including local variable promotion, code mation, strength reduction, induction variable elimination,
common subexpression elimination, evaluation order determination, dead variable elimination, constant folding and
various control-flow optimizations [ASU86] are performed. Instruction scheduling and branch delay-slot filling,
which is essential on some pipelined architectures, and recurrence optimization [BD91], which can significantly
improve some scientific and digital signal processing codes, are also included.

4.2 Profile Tool

The object code produced by vpcc/vpo is instrumented to determine the number of instructions and memory ref-
erences executed using ease [DW91b]. When ease is employed, the object code produced by the compiler is instru-
mented with execution counters. After the instrumented code executes, the values of these counters are written to a
file dong with instruction information for each basic block. A report generator uses this information to provide a
detailed execution profile that includes the total number of instructions and memory references executed by the object
code.

To facilitate the task of obtaining execution time measurements, ease provides a facility for measuring the
amount of processor time spent executing a program. This facility operates on the same principle as the /bin/time util-
ity provided with most UNIX systems, but allows execution time results to be directed into a separate file other than
the execution log file so that they can be more easily read by the graph generation utility program. Because the execu-
tion timeinformation provided by UNIX systems can be affected by factors that are not easily controlled, a number of
precautions have been taken to minimize the impact of these factors. First, to minimize the errors introduced by the
fairly long interval between system clock ticks, all benchmarks were invoked with input data sets so that they exe-
cuted for at least 30 seconds. To eliminate clock drift and other external effects, each program was executed five
times, the highest and lowest times were discarded and the remaining three times were averaged to provide asingle
time value. Finally, an effort was made to identify and reduce the external factors that affect the times. These efforts
included running the time trials on lightly-loaded machines and avoiding the use of dynamic-link library functions
that could be overwritten by the system and whose reload time might be partially charged to the user. While these pre-
cautions increase the accuracy of the execution time measurements, the resolution provided cannot reveal perfor-
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mance differences of less than one or two percent. In such cases, the instruction and memory reference counts are the
only accurate measures of performance.

4.3 Registers

Careful consideration must be given to determining which registers are eliminated from each successive probein
aregister deprivation test. Thistask is complicated by the fact that register sets commonly provide more than one reg-
ister type (e.g. general-purpose and floating-point registers). If the intent of the register deprivation testing is to exam-
ine only integer codes or an optimization that operates only on loops that manipulate floating-point values, then
registers of one type only need to be considered. Since we are interested in measuring the effects of register depriva-
tion in general, our implementation maintains the integer to floating-point register ratio as close to the original value
aspossible.

4.4 Calling Convention

On systems where the calling convention dictates the use of a caller-saves strategy, the registers are partitioned
into those whose values may be arbitrarily changed across an external function call (volatile) and those whose values
must not be affected by an external function call (non-volatile). Since theratio of volatile to non-volatile registers can
have a significant impact on code quality [DW914d], our register deprivation testing implementation also maintains
the volatile to non-volatile register ratios as close to the original values as possible.

Many calling conventions pass actual parameter values in a subset of the volatile register set. Even though the
number of registers reserved for parameter passing is usually small, the register deprivation trials will eventually
reach the point where enough volatile registers are withheld that the remaining registers cannot implement the origi-
nal calling convention. Because of this, the ability to modify the calling convention is essential to performing athor-
ough register deprivation experiment. The register deprivation experiments performed on the MIPS R3000, which
passes argument values across functions in registers, adjust the number of registers used to pass argument values so
that the ratio of the number of argument passing registers to total allocable registers remains fairly constant.

4.5 Probes

In order to maintain the register ratios discussed in the previous two sections, we start with the original set of
allocable registers available to the compiler. This number is usually slightly less than the number of registers avail-
able on the target machine, since some registers are reserved for special functions (e.g., stack pointer, frame-pointer,
etc.). To determine which register will be removed from each successive probe, a set of potential trials is considered
where, for each type of register available, one of the volatile registers and one of the non-volatile registers are
removed. The trial with the type-to-type and volatile-to-non-volatile ratios that are closest of the original values for
these ratios is chosen. The process continues with the next successive probe until no additiona registers can be with-
held from the compiler. On most architectures, this point is usually reached when two registers for each register type
remain, which is the minimum number of registers required to perform abinary operation. On machines where binary
operations can be performed on memory locations, this limit may be lower.

Figure 7 shows which registers are available for each of the probes in the register deprivation experiments per-
formed on a MIPS R3000. Of the forty-eight general-purpose and fl oating-point registers, only the forty-one registers
that are available for local and global allocation by the compiler are shown. The remaining registers are reserved by
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Figure 7: Registers available on each MIPS R3000 probe

the assembler or the operating system, are special in that they always return afixed constant value, or are used exclu-
sively as argument pointers or frame pointers.

Figure 8 shows the registers available for each of the probesin the register deprivation experiments performed on
the Motorola 68020. This architecture provides three different classes of registers: address, data, and floating-point.
Of the twenty-four total registers in these three classes, one of the address registers is reserved as both stack pointer
and frame pointer. Because a pair of registers from each of the classes is required to generate code, the minimum
number of registers used is six. Unlike the volatile to non-volatile register ratios for the address and floating-point
register classes, the ratios for the data register class are not kept fairly constant because the calling convention uses
the volatile data registers to return function values. In the final six register probe, it isimportant to note that although
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Figure 8: Registers available on each Motorola 68020 probe

there is only one allocable volatile data regjstiee functions that return floating-point values will actually use an
additional volatile register in the return sequence. Because these code sequences make up a minute portion of the
instructions executed in each probe, thefie@fon the outcome of the experiments are negligible.

4.6 Library Functions

On systems where the source code to the library functions is available, changes in the calling convention can be
implemented by simply re-compiling the librakhen the source code is either not available, gelaportions are
written in a language that does not allow the calling convention to be easily modified, a mechanism must be imple-
mented to allow the use of the existing libraries. This mechanism entails generating special code before each external
function call that passes actual parameters to a library function that exgecteat values to arrive in specific reg-
isters. On some systems, it may not be possible tereiitiate between calls to library functions and calls to user
functions so that special interface code is needed before every function call. This special code introduces three prob-
lems:

 the code must be annotated so that it is not counted as part of the instructions or memory references that
are executed by the program,
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« the library code is not modified to reflect the code that would be generated if the register limits of the
probe were fully enforced and
* the execution time of the programs ifeated so that wall-clock execution times are not entirely accurate.

The first problem is trivially handled Base. In order to prevent the second problem frofieciing the results of
instruction and memory reference count register deprivation test, none of the library codes are instrumented so that
the number of instructions and memory references executed by the library functions are not counted in any of the
probes in the register deprivation measurements. The last proliésts ainly the experiments that measure execu-

tion time, but this factor is not overwhelmingly significant because the benchmarks programs selected for these mea-
surements spend only a small portion of their time executing library functions.

When generating code for a probe that limits the number of parameter passing registers, actual parameters that
would normally be placed into these registers are placed in the memory locations normally reserved for actual param-
eter values that cannot be passed in registers. Special interface code, consisting of a series of uninstrumented load
instructions to transfer actual parameter values to the registers prescribed by the standard calling convention, is gen-
erated between the point where these values are stored to memory and the external function call. The library function
code is satisfied because it expects these parameter values to be in the registers that the special interface code has pt
them in. The register deprivation measurements that measure instruction and memory reference counts remain accu-
rate because the execution counts are identical to those produced with a completely modified calling convention. The
experiments that measure execution times are sligtidgtafl by this approach.

Figure 9(a) shows a sample of the code that is generated on the MIPS R3000 for a probe with only four allocable
registers. The source code consists of a simple call to a function that accepts two integer parameter values. Normally
the calling convention would pass the first actual parameter value in general-purpose register four and the second
actual parameter value in general-purpose register five. Since both of these registers are withheld from the compiler
in this probe, the calling convention is modified so that these actual parameter values are passed in a special location
in the callets activation record. In the event that the function called is a library function still adhering to the original
calling convention, the actual parameter values would not be passed properspecial interface code, highlighted
by the gray box, is generated to ensure that any function still following the original calling convention receives the
actual parameter values correcnce the special interface code is not instrumentezhdey the execution counts
generated when the code is executed reflects the instructions generated to satisfy the new calling convention. The
execution time measurements, howewaee not entirely accurate because they include the time required to execute
the interface code.

In the C library there are functions that call ustsfined functions. An example of such a library function is
gsort(). This function sorts an arbitrary array of data and one of the parameters passed to it is a pointer to a user
defined function that accepts a pair of pointers to elements in the array and returns a value that indicates which of the
two items should be ordered first. If the library functions continue to rely on the original calling convention, the actual
parameter values may be available in the registers specified by the original calling convention rather than in the mem-
ory locations from which the new code must load them. The solution once again is to introduce special interface code
similar to the code required prior to an external function call. Figure 9(b) shows a sample of the interface code that is
generated by the four register probe on the MIPS R3000. This code is placed at the entry point of functions that
accept parameters in order to transfer the actual parameter values from the registers dictated by the original calling
convention to memory to satisfy the requirements of the calling convention used by the probe.
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Thefollowing C function call:

max (15, 19)
Produces the following assembly code:
li $2, 15
li $16, 19
sw $2, 0( $sp)
sw  $16, 4($sp)
['w $4,0(3$sp)
| w $5, 4( $sp)
j al max

@

max:

The following C function declaration:

int max(a, b)

Produces the following function prelude code:

int a, b;

{

}

subu $sp, $sp, 8
swW $16, 4( $sp)
swW $4, 8($sp)

SwW $5, 12( $sp)

(b)

Figure 9: Calling convention interface code

4.7 Test Suite

The 13-program benchmark suite described in Table 4 was used to perform all of the register deprivation experi-
ments shown here. These benchmarks were chosen to represent the kinds of codes that consume most of the cyclesin
a professional development and educational environment. The register deprivation results shown in Figure 2 took
approximately 34 hours to collect on a DECstation 5000/125. Most of this time was spent compiling the test suite and
the portions of vpo/vpcc that perform register allocation for each of the 37 probes in the trial. The remainder of the
time was spent executing the test programs and collecting execution information. The process was completely auto-

mated using shell scripts to avoid human error.

Name Description Source Type Lines of C code
cache Cache simulation User code 1/O, Integer 820
compact | Huffman coding file compression | UNIX utility 1/O, Integer 490
diff Text file comparison UNIX utility 1/O, Integer 1,800
egntott PLA optimizer SPEC benchmark CPU, Integer 2,830
espresso | Boolean expression trand ator SPEC benchmark CPU Integer 14,830
gce Optimizing compiler SPEC benchmark CPU, Integer 92,630
iir Infinite impul se response filter Kernel benchmark CPU, Integer 50
li LISP interpreter SPEC benchmark CPU, Integer 7,750
linpack Floating-point benchmark Synthetic benchmark | CPU, Floating-point 930
mincost VLS circuit partitioning User code CPU, Floating-point 500
nroff Text formatting UNIX utility 1/O, Integer 6,900
sort File sorting and merging UNIX utility 1/0O, Integer 930
tsp Traveling salesperson problem User code CPU, Integer 450

Table 4: Benchmark suite
5 Summary

This paper has presented register deprivation measurements, a technique that can be used to gauge the effects of
the register set on an optimizer as a whole or on a single optimization phase. It can be used to design and then test
techniques to improve the performance of an optimizer on machines having small register sets or in circumstances
where there is a high demand for registers. Our experience shows that register deprivation experiments enhance the
ability of validation suites to reveal deficienciesin compiler systems. Register deprivation measurements can also be
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helpful in determining how many registers an optimizer can utilize effectively and provides information to a machine
designer who may be interested in designing an architecture that will be supported primarily by an existing compiler.
Compiler designers interested in devel oping new optimizations that take advantage of large register files can use reg-
ister deprivation tests to determine how effectively each additional allocable register is utilized.
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