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Abstract

Dynamic optimization can apply several difficult to apply optimizations at run time.
These optimizations are difficult to apply at compile time because of lack of accurate
run time information. A dynamic optimizer can make use of run time characteristics to
identify optimization opportunities. However, to deploy the optimizations, extra
registers are required. In this report we explore methodology and issues involved in
techniques that can be used to allocate registers dynamically and present experimental
results. The techniques that have been explored include dead register detection,
register spilling and using 1A64 specific alloc instruction under the ADORE

framework.

1. Introduction

Dynamic optimzation offers several oppairities for applying optimations that
are typicallydifficult to apply at compile tim For exanple conpilers generally schedule
the code based uponetlassumtion that datas presehin the cache. This assumption
may not be true leading to inferior run tnbéravior. At higher level of optinzations the
conmpiler aggressively applies optimizationschuas data pre-fetching, which at ésncan
result in a slowdown. This ag happen bcause of cache pollan and extra cycles
introduced in loops. In other cases iaybe impossible to apply any optiration. For

instarce, stared libraries are load into process adebs space at run tien This



precluces ®verd importart optimizatiors sud as procedre irining, which provides
other inportant static optim@ation opportunitiessuch as dead ode elinination,

instruction scheduling, cogyropagation, comon sub-expression elimation, etc.
1.1 Need for dynamic register allocation

A dynamic optimzer can optirnze a binarybased upon runtiencharacteristics.
However to deploy the optizations, the optimzer needs dra regisers. The optinizer
may be targeting to reduce data latency by issuing a prefetch instruction for the data
earlier in tle code sequence. However thdadaddress needs to be calculated in a
register. The dynaia optimzer may also spedatively execute instictions, for which
even larger nutver of free rgisters is neededRegsters aleady pesentin the code
sequence holding live values cannot be uddence registers need to be allocated
dynamcally to apply the optimations.

In this report we discuss theethodology ad issues involved in dynamregister
allocation using various techniques such aslifig dead registers, register spilling and
using sore |1A-64 specifc features for th ADORE [ runtime optimization systemlA-

64 related rmethods involve the use oélloc instrudion present in the ISA and
manipulating Register Stack Engine (RSE) bunp up the process register stack.
Average lifetine of dead registers has bemraluated for several SPEC2000 benchmarks.
Dead regiter evalation has been dw on taces[2] generated fronbinariesby ruming
themunder the ADORE fr@ework. We also evalta the percentage oégisters that can
be spilled in a given trace.

The rest of the report is organized alolws. In the next subsections we give a
brief descripion of the ADORE dynama opimization system, trace gemation and IA-

64 architecture. In the next section we expltre register allocation techniques. This is



followed by conclusion and references.

1.2 ADORE Framewor k

ADORE [1] (Adaptive Object cod&RE-optimzation) is a ynanic optimzation sysem
It is implemented on 1A-64 architecture. It & shared library #t is loaded with the
application at gartup and executeas a sparate thread. The systemses Itanim
Hardware RBrformance Monitoring (HPM) [8 unit to cdlect information abat the
runtime characteristics of thieinary. In particular, it useBranch Trace Buffer (BTB),
which is canfigured to record four most reddoranch source/targetshi information is
used to build traces [2] that m&sent hot code in the current executione interval of
the progam. ADORE defines tracess singg entry multiple exit sequace of code tha
could range frona few to tens of bas blocks. The systenpptimizes these traceplaces
the opimized tracesn the code cache, armhtchesthe entrances to the traces in the
original binary by a branch to the optirad traces in the codsache. Earlier ADORE
used toreserve registes in the campiler for deploying optineations. This technique
however was not traparent. Sikge it is unlikdy all conpilers are willing to supprt
ADORE type of dynamt optinmzer. This alsdeaves less registifor use by copiler.
The approach of register reservation is dess flexible in that soenlong traces ma
need a lot of registers to gberm optimization while sore simple tracesieed onlya few
regigers.Allocating afixed nunioer ofregigerswill be insufficient for sane cases athbe
wasteful for other cases. Lal®DORE started to exploit th&lloc instriction in 1A-64 to
bump up the size of stacked register windallocated by the copiler. This technique
though applicable to ast caseslacks generality, as thereeasone corner cases in which

it is either ot applicable or ray lead to inferior perfor@nce.



1.3 Brief Description of the | A-64 Architecture

IA-64 [5] is a RISC based, regestregister instruction set. It has several features such as
predicated execution, meny refelence speckation, and massive resources in tesrof
integer and floating point regestfile. Both these registdites support rgister rotation,
which nmekes software-pipelined loops easigr implement. These features aike it
suitable to eploit conpiler-ba®d eploitation of ILP. The HPM unit provides hundreds

of counters which provide runteninformation about executable such as CPU cycles,
data cache ms addresses, load latencis, which nakes it a sitable plaform for
implementation of dyname optimzation systers. The techniques discussed in the next
section are discussetth respetto thisarchtecture. The dmils of sgcific features of

the architecture are provided wherever assurption is mede aboutthe underlying

platform



2. Dynamic Register Allocation Policies

In this chapter we discusarious dynant register allod@on policies, explaining the

methodology and issues with expeental results.
2.1 Dead Registers

A register is said to be dead in a tracéneen its lasusage and its redefinition or a
definition and a redefinition without any inteming usage. The usage location is defined
as one having any instruction in whichethegister is used as a source operand.
Redeinition is the loation where an instrution uses th regiter & a destindon
operand, thereby destroying the old value. Hemecegister cannot beonsidered dead if
there is no redefinition of thegester at any point in the tta. The retgter is effectively
free for usage by the dynanoptimzer in the detected range. It can be assuall
regiders are defined at trace entiyat is, they htal live values.

There are several issues in the detection aadgeusf dead registers. Some of these issues
arise becawsof the IA64 ingruction set architecte while others are ane general
language and systedependentssues. W first discuss the struction set related issues
and then language and systmssues.

2.1.1 Instructions with side effects

IA-64 indruction st has sone instuctionstha have sie effects, i.e.they nodify their
source operands. A register can be used @defined by the saminstruction. These
instructions &l into the categoy of integer and floating pant loadstae and lietch [7]
instructions with baseipdate form The Ifetch instructioms used toprefetch a cachline

to reduce load latency. The basayrbe updated through a register or an inediate. The
load irstructions are Id Idf(floating point loa) and Idp(floating pant load pa). A

pseudo load fonat can be written as



(qp) Id rl =[r2], addend
Here the addend parameter (which is optiooal)ld be a register or a signed ietiate.
Registen2 is atomcally updated wh addend. Hece we first include a usage & and
then a definition for tis instruction location.
The store instructions are st and stf(floatpant store). A pseudo store foat can be
written as

(gp) st [r1] = r2, addend

Registerrl is atomcally updated with the valuef addend. Hence we include a usage of
rl and tlen a redfinition for this indruction. The sene holds for line pefetch
instruction.
2.1.2 Branch instruction [7]
The traces we consider inighdudy ae sngle entry, multiple et sequence of
instructions. This inplies that thee could bea branch (direct, indirect, function call or
return) within the rangef register usage and redefion. To exanne their effect we
consider four kinds of branches.
2.1.2.1 A normal branch
This is a predicated conditional branckhich is not takenfrequently. If it's
unconditional, i.e. un-predicated branch arahs$fers control out of the trace then the
branch target should be parttbé trace. If it is in trace, thehshould be part of a loop or
a forward jump.

2.1.2.1.1 Off-trace Branch

If the branch target isfbtrace we must assume a usage of all teggsat this poirt. To

see why thiss necesaryconsider the case shown below.



R (used) A

Offtrace branch B

R (defined) C
We cannot consider register R dead frAno C because of the inteniag branch. The
branch targeingructions could poteatially read R resulting in incorrect executionwe
had nodified R. Hence theansevatve and carect appoachwould be to consider R
dead fromB to C.
2.1.2.1.2 In-trace branch
We consider the following cases for backward branchesgjcom forward brancheln
trace branch here does natam a jump into a trace frooutsde.
2.1.2.1.2.1 Forward jumps
These branches can exist inside a loop which ¢akérol out of the loop or part of an IF
statenent. Since we cannot know whether thariwh condition is truer not we assum
that branch is never taken. i¥hoonstricts therange ofa plausibe dead regster but
preseres carectness.
2.1.2.1.2.2 Backward branches (loops)
Let's asume a trace diged irto blacks of instrictions as shon in figure 1.
Region A includes the entry pamh of the trace and ag beenpty. B is the loop target;
C is the loop body, in which we asserthere are no backward branches for sake of
simplicity. D is the couwlitional brarch and Econsists of inuctons after the loop.
The following cases exist (we asseiall registers have a definition loeé the beginning

of the trace).



a) A register is ddined/used in region A and is used in B or some instruction in C but not
redefined. In this case the regisis not dead anywhere witththe loop. However, ifit
has a redefinition in E, then its can be assito be dead frorthe beginning of E till the
definition. Assunng it dead fom its usage in C and adifying it would cause incorrect
execution of loop body. If it isot redefined in E, theme cannot assuenit dead

anywhere irthe trace.

Figure 1: A, C, and E represent blocks of instructions without branches. D is a branch and B is the target.

b) A register is defined/used negion A and is redefined iB or C before the usage. In
this case theegiste is dead fom the lastdefinition/usage in A till the resfinition in B or
C. The register ideadfrom last wsage tillthe end of théoop but only incas the bbanch
is taken. In static alysis we cannot be sure tifis condition. However the last usage
point can be assuwed to be in region B/C agpposed tathat inca® a). Hence ik ca®

does not need special treant from the stight-line code analysis without any branch.



c) A register is defined/used in region A andisged in B or C before redefinition in C. In
this ase tke regiser is dead betwen thelast usage in loop antthe redefinition. The
redefined value flows to the usage in the rigedation or outside the loop. This case too
does not need speciandling as in b).

d) The regster is not used at all in B @&. If the redahition appees in E thenthe
register is dead throughoBtand C. However this too doesnéed special handling.

This discussion thus suggeshat for loops only cas® need to be considered. In region
C we assume there can be no backward bemdhé do not considemultiply nesed
loops since they are rare in traces.

2.1.2.2 Procedure call instruction

This brant instrudion is used to &éct a procedure call in 1A-64. This branch
effectively swves thecallers stacked register frame. Theledlfunction is provided with a
register frare consisting of oyl output registers of the cally procedure i.e. the output
registers are visible across the procedure ddlese output registers could be used as
scratch registers by the called procedurds Tiitrodwces two problems withespect to
correctness of using dead registers andritended optinzation. 1) We may detect an
output register as dead anadhfy it resuting in wrong pararger being passed to the
callee. 2) The called function ay change tle value of a dadregister during the call in
which we nay have stored soenvalue foruse after the call.This would affect any
optimization we intended using this regist@his is not a very serious problerinthe
optimizationis arclitecturally sak. In worst case the optimation ray just fail.

In absene of any knavledge abat the dacked regster coniguration of the cdling
procedure w need to be conservative aigghore the trace having a procedure cafiisT

is the approach we have used in thiady. However if we knovthe register stack



configuration, which can bdeermned by exaiining thealloc instruction paramters,
then we would be able toake intelligentdecisions and consider only the input and local
registers for “deadness”. &\also don’t coader static registers becae of issues with
exceptions discussed later. Table 1 showawbegives the nmber of traces having a call
instruction and the t@l nunber of traces created duringobaphase of execution of the

binary. The binaries have been quled by ORCC with O2 option.

Table 1. Number of traces with calls/total number of traces detected

Benchmark Callg/Trace
Ammp 03,09
Bzip 442,821
Equake 3/26
Gap 2/30,3065,1322,1223,1223
Gcece 27/120
Mesa 8/48
Twolf 5/37
Vpr 8/28
Mesa 11/49
Parser 41/120

As the data suggests thereaissignificant amount of functionalls in bzip, gap, gcc,
parser, and vpr traces.
2.1.2.3 Function returns
This branch affects a retuto the calling function. This ian off-trace branch and we

can effectively ignore it soe if executed the registastack would go out of scope

10



However for thesale of corretnes we nust assura a use of reigters r8-rlla the
location of this branchisce these registerseaused to return values to calling function.
Failing this we my end up mdifying thesaegisters destroying the return values.

2.1.2.4 Explicit Loops

IA-64 provides special branchadifiers for counted loops and instructions for software
pipelining and rodulo scheduled loops [5]The stacked regists are renaed by
hardware in software pgine and modulo dtedile enalted loops, durig each iteration.
Hence it is not safe to dewiith registers insidehese loops. Thus we ignore the traces
with branches controlled by wtop, wexitfop and cexit mdifiers. However loops
controlled by cloop mdifier (counted loop) cabe taken into considation and treated in
a simlar way as described for noambranchcontrolled logs. Téle 2 below shows the
number of oftware pipelined/mdulo scheduledbops and the total numer of traces with
loops.

Benchmark  Special Loops/Total Loops

Ammp 02,47
Bzip 1V15,34
Equake 6/11
Gap 1010,5/6,0/0,000,00
Gce 1538
Mesa 7/8
Twolf 1818
Vpr 18
Parser 17/31

Table 2: Number of traces with special loops and total number of loops in all the traces.

To sumnarize, for off trace brarhes, we assuneeusage of all the resiers at the lanch

11



point. We ignore the traces hayy functions calls. Wmake ausage of r8-r11 at function
return. We ignore traces with software pipeed and nodulo scheduled taps. For norrd
andcloopcontrolled logs a special case is negdonly when there is no definition inside
the loop body. Forward jups are assued to be not taken.

2.1.3 Predicated I nstructions

IA-64 provides Pr corditional execution of instrugions, which ae contrdled by a
predicate regster [5], [6]. The archecture provides 64, 1-bit regfiers ina pedcate
regider file. If the predicate is true thahe instuction exeutes nornally. Otherwise the
instruction does not wdify the architecttal date. A zero prélicate is intepreted asdse
while a ore is irterpreted as true Prediate regiter zero ishardwired to one. The
predicatesare set rostly by conpare instructio cmp andcmp4[7] that, in tle nomal
form, set two predicate registers to quementary values. Other instructions that set
predicatesaretbit, tnat, fcmp, fclasdrcpa, fprepa, frsqrtaard fprsqrta[7]. The bst four

in the list €t only one prediate. for all the instrudions except the lat four, multiple
types of conparison are availablwhich dictate how thealuesof predicates aress This
implies that both therpdicatesmay be set to the sasvalue.

The presece of predicated insictions notonly conplicates tle detection of dead
register, but also reduces the range in Whicis dead. As an exaie consi@r the
straight-line pseudo codeagment shown below.

add r13=r21,r22 // X

(p8) add r21=r25,r26;; . /l X+m
(PO) addr21=r25:27 /I X+n
subri3=r21,r22 /I X+0

Here a register isdfined at location X and redefined undeortrol of predicdes at

12



locations Xm and X. If we dort have any infamation about the predicates then we
are no longer sure which defimiti is actually takinglace, if at allsince both predicates
may be false and the original valueaynflow right up to the usage at X+o. Hence we
cannot consider r21 dead anywéor the sake of correctnestowever, even if we dan’
know the value of predicates)e knowledge thathey are complementary can help us
reachthe caclusionthat at least andefinition is takingplace. W\ can select the earlier
definition asthe one taing place andleternine r21 to be dead between X and X+fhe
actual range @ay be from X toX+n but we cannot be sure thfat. This is certainly better
than the earlier case where we armptetely cle less. It carbe deternmed whether the
predicates antrolling cefinitions of a regiser ae conplementary or nd by exanmning the
conpare instruction, responsible for segithem. The fobbwing cases can be age
where we cannot accea definition as takg place.

1) The inbbormation abot predcates is not awilable in the trace (i.e. the contolling
predicates ere set before entry toettrace).

2) The compare instructioretsing predicatess of sucha type that ray set both the
prediates tathe sare value. This ocurs br the bllowing types:ung and or, or.andcm
orcm, andcm and.orcm

3) When the instration setting the igdcates sets only single predicate.

4) When the corpare instrution itself is predcated. Here we areot sure whether the
prediates will be sd or nd. This may make us looseprior knowledge abat the
predicatesexcept for tie case when theyaknown to be coplementary. The property
of being complerentary will not ctange wiethe the instruction is eecuted or not.

For register usage infoation we always selethe latesusage, either predicated or not.

Hence we dohheed to reke a special case for them

13



Algorithm and ImplementatioiWe store tle predicate anthe location of their defining
instruction for each registerefinition. If the predicates for two definitions arefohed at
the sam location tlen they are comlementary. A list ofall the deinitions of a particlar
register between usages isintained. If weare alke to find predtated definitions that
are controlled by coptementary predicates #n the earlier definitin is kept else both
are deleted. The algorithm can be extendetht®s where more than twefinitions are
controlled by different predicates between usages.

2.1.4 Asynchronous Exceptions

Asynchronous exceptions cause systdependentrestrictions onthe usage of dead
registers. Several cases exist whenasgnchronous exception cdoe generated and
delivered to an applicationhe application may have ranged the delivery by itself
(timer), may have been signaled by a co-opeigprocess (i system call), notified by
the operating systenof some systemewent (from keyboard) or it ray have been
generated by erroneous execution by the applicatsdf (segnentation fult, illegal
instruction, etc). W are not concerned abotlite case where the signal causes process
termnation, resulting fronerroneous behaviar where tle defaultbehavior is ignoring
the sigmal o terminating the praess. A problem may arise when the applicatidras
installed a user defined signal handl8mce the signal delivery is asynchronous, we
cannot be sure when it's deliverethelsignalhandler nay use the register we have dse
as dead and ay execute erroneously. Thegptem however, occurs only if the signal
handleris dealingwith global variables, which are aflatedin a register, denitely a rare
condition. The conditioomust be rare becauseich a perm@nent register allocation to a
variable nust hold throughouthe lifetime of the applicatin, because the cqiter has no

knowledge about whether a function is a aigmandler or a norah function and cannot
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guarantee Wether it will be executed or noln caseof separtely compiled nodules
linked together, this is very difficult. A locahriable being allocated to the samgister,
which was used earlier as dead, is not a lprotsince the entire giste contet is
created and saved by the operating systedrestored autaatically on return.

The sinplest approach to alléate the problemvould be to refrain fronusing the static
regigers i.eregigers 0 to31 for optinmzations. This however decressthe dead résters
we may find in a trace.The problem is worsen if the trace belongs to a hot ftioa
that is small in size and uses none or onlfesv stacked registers. The next section shows
the percetage of static registers that adead separateljrom stacked regters for
conparison. The graphs show that the dead registonprise nostly of static registers in
conmparison to stacked registers in a large banof traces.

A possible solution against the gil|® approachof ignoring static registers is to provide
information about global variables, to tdgnamc optimzer directlyfrom the conpiler,
which would prevent it fronusing sich registes. Another approach could be to block all
the signals. Upon detection osmnal, patch the binary to retuto the original code and
deliver the signal. Since the asynchronous &vare generally rare during the lifegrof

an application, the tim overheadshould not be significant. Because the signal is
asynchronous it does nottter when it is delivieed, only that it is delivered eventually.
We can alsdlock the signals when we enteettrace ad unblock at eix. However this

is high overhead since two systaralls arerequired during entry and exit, to prevent
against a condition, which is supposedly rare.

2.1.5 Synchronous Exceptions

Languages such as C++ suppsynhchronous exceptions themply that they can be

generated fronfthrow" expressions. The prah is similar to that for asynchronous
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exceptions i.e. only for global variables allazhtn regiter. For examle, congler the
code snippet shown below.
regiger int i;

try {
if (error) throw (new error);

} catch (erro) {
recovery_code block;
}

In this case if the variablg is allocated taegister R and the recovery code iaking use

of register R, then we cannotke tenporary use of R anywhere else.
2.1.6 Experimental Results

In this section we present expeemntal resuls regarding dead reges$ in traces ceatd
from applications in SPEC2000 benchwk suite All the reported binaries have been
conpiled by ORCC at O2 option. The data indesiaverage lifetie of a register in a
trace. The range over which a register is detk as dead is divided by the number of
instructions in the tra@e (lengh). This gives the averag dead time of a register.
Individual contributiondrom all theregistes ae thenadded and divided by the number
of registers present in the ¢ea This figure can be thoughtad the probability of finding

a dead reigter in a partic@r trace tht is indepedentof the trace length and the number
of registers present inghtrace. Hence it came argued that a larger percentage is more
valuable in term of optimzations. Howeverthis assertion can be wrong, for example
when the opmizer neds to inset a prefetch at a ggafic location in trace and noregste

is dead at that location. It does not matter tenge the probability ior the entire trace.
For exanple trace 1 for AMMP phase 1 hagpm@babilty of approxirately 9% for finding
dead register. The nurar of instructions irl3 and the number of registers is 8, hence
dead registers are present in a total raoige9 (13*8*9/100) instructions. This range

however possibly includes ovaps and is not gdiguous. Hence th requirerent is
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independen of availability afecting the usailness ofdead registersof optimization
purposes.

The fomula used to caldate the percentage is

percentagedead registers=>_{ >  DR,/1 }/NRx100

i
where,

DR is the range in which registeis dead in trace,

| is the number of instictions in trace,

NR is the number of registereferened in trace, and

i is the sumration over all the NR registers.

The results have been reported for the tlaptraces, where possibleatidon’t hae a
function call or a softwarpipelined/nodulo scheduled Igm Only the first two phases
are showndr binaries laving multiple phass. The floating-point regi®rs, thoughshown
in the sane chart hae been calclated sepaately using the saenformula. Hence the
height of the bars is not indtive of the total nurber of dead regstersin thos traces.
Instead the difference betwetlre base and top should b&da. The table at the both
of each chart shows the trace ragnand the naber of registerandingructions present

in that trace.
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2.2 Register Spilling

Register spilling refers to@ting the value of register to sommemory location upon
entrarce to the trace. Only thegegisters, wich are not pesent inthe trace, are likely
candidates for spilling, since otherwise the rbead involved in spilling and restoring
live registers would be high. Thiegister value is restored tioe original value upon exit
from trace. This need tsave and restoredhregsters upon trace entry and exit ituze
extra overhead. There are severslies related to register spilling.

1) The memory locationsed for spilling This seernmgly trivial prodem occurs because
to store a register value toemory, another register is regeil to hold the address of the
location, which is not available. Useremory stack is a likely candide for storage. No
extra regster is requirecbecause the stack regr is alreadypresent. However, this may
produce incorrect execution of the progrdrthe code is written to use space belie
stack panter. Such a situation ikkely to arise only in case dhand written assembly
code. Itarum runtime convention gide advsesapplicatiors against writing below the
stack pointer [10].

2) Asynchrmous Exception€Exceptions prohibit using thetack as spilling area because
during exception procesg, activation reaa o the signal handler isuilt on top d the
stack frane of the currentlyexecting function This @n owerwrite thespilled regster
values.Also as in the case of deadgstess, there is a msibility of a global variable
allocated in a regisr beingaccesseduring hanter executian.

3) Candidate registers to spillWe said edier that regstess not presenin the trace are
likely candidates for spilling. However, jusy exanning the trace it is not posséto
deternine the nurber of registers that haveeen allocated by the procedure, and hence

the regsters not present in the trace. Hence we neednow exactlythe sze of the
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stacked register fram A technique that hasdreused to allocate extra registers ggire
alloc instruction can be usedrfthis purpose. fie function istraversed backwards from
the begnning of the trace tsearch dr the alloc instruction, which ighe first instruction
executed upon function entry. The register lstiiame size can then beéeternmned by
decoding the instruction opcadé&his technique however, ight fail in case ltere are
multiple alloc's used in the function.

The graphs on the next page show datdherpercertage of rgisters that can be
spilled in a trace as a percentage of the twiaiber of registersrpsen in the function,
for top ten traces of SPEC2000 beneaks. Tle X-axis slows the nmber of registers
allocated by a procedure and the Y-axis shtive percetage that carbe spilled. The
binaries are O2 copiled with ORCC.

Following registers hag not beerconsideredor spilling: RO (constant)R1 (global data
pointa), R8R11 (réurn value registers), R12 (emory stck pointer) and R13 (thread
pointer) [1Q. If they are present in theace, we ignore thenThe spill-able reigters
have been calculated by stduiting the nurber of registergresenin a tace from the
total nunber of registers altated by the function. This inaes the static registers and
the stackd registers. \Wenever a calis found in a trace, we subtract @ field instead
of thesoffield. Thisis because dput regstersif spilled would need tde loagd kefore
the call, increasing the overhead. We find thassibly a large nuber of registers are
available for spilling. We sethat for Ammp, ~65-98% of #hallocated registers in a
function can be spilled im trace. The ORCC caqiter does not seento follow the
convention of only eight registers in the jpuit region. Someties it is allocating mch
more. Thus we see that in semnaces of rasa there are noegisters to be spilled. This

happens because there is a call in the @wadethe nurber of outputegisters is larg.
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2.3 Using alloc Instruction

IA-64 archtectue povides alloc instruction through whit, a new stack fraenis
allocatedon the gneral register tack [5], [7]. This aveds unnecesay spilling and
filling of registers at proature call and returthrough regster renarmg, which isunder
the cortrol of the conpiler. The virtual regigeridentifiers in the istructions are renaed
through a base register intiwe physical registers. Tluallee canfreely use tle available
registers without having tepill and later restore theallers regsters. Tle alloc
instruction specifies te nunber of registers thecallee expects to se. If sufficient
regigders are not available, thestnudion stalls the proessor and spills theallers
registers into a backing storeamory. During reéurn froma function, the base register is
restoed to thecallers value pior to the cd. If the ragisters have been spilled by the
hardware and not yet restored, then the iotitn stalls until proesso has restorethe
registers. General regist&?2 to r127are stacked regers in the ardkecture.
2.3.1 Theallocinstruction [7]
The asseiier format of thealloc instruction is shown below.

(gp) alloc r1 = ar.pfs,i,l,o,r
This instruction can besad to incease ordecrease theze of the current register stack
frame by changing the paratersi, |, o, andr. The previous function state regisserpfs
is coped toregisterrl. The change of the frame size immediate with registerl
belonging to the new frae. The paramtersi(size of inputs))(size of locals)p(size of
outputs), and(size of rotating) specify the size of the stackmiga Fgure 2 shows the
allocated frare and the fields.
2.3.2 Using alloc for Dynamic Allocation of Registers

Thealloc instrudion can be used t@llocde exra register in the output area beyond the
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currert stack frane. The instructions sinply executed upon entry to the trace so that the

GR32
Local Output
sof ) g
sol «—»
Ssor

Figure 2: Register Stack Frame of a procedure.
output area has ore registers. The schens attractive because potentially a fam@unt

of extra regsterscanbecone available byexeauting a sngle instruction. Thisscleme
has been successfullyadsin the cuent inplementation of ADORE system

2.3.3 Issues

There are several issues and prolslesith usingalloc, which may prohibit its use in
Sore situations.

1) The current regisr usage of the predure may extend alrost to the maximum
available stacked registers. Thus wayrhavevery few or none of the registers available
in the stack to bum

2) The use ofalloc to increag the frane size nay cawse Register StkcEngine (RSE)
stalls kecawse exra regsters nay not be awilable andthe processomay have to sthl
execution until it spills the dirtyregisters to the backing store. This ditwa is
unpredictable and out @bntrol of the softare. The tire spent in spilling @y amortize
the benefits of any possibggin through optinzations. Figue 3 shows the overhead of
using alloc for register allocation iIADORE for some SPEC2000 benchanks. The

overhead is the timrequired to scan for tladloc and executing the instruction.
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Figure 3: Overhead of using alloc for register allocation.
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Figure 4: Speedup comparison in case of statically reserved registers and using alloc to allocate registers
dynamically

Figure 4 [1] however, suggests that substhrgpeedups can be obtained when more

registers usin@lloc are available, as cqared to te case when only five regersare

resered statically at ampile time.

3) In ca® there is a procedure call in the gabenthe wse of regsters inthe ouput

region nay be prohibited. This is because thdpai region of thecaller is visible tothe
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callee as the input registers. Even though wecaneful not to touch thregisters used to
pass paraeters, ensuring correctness, the axtutput regsters can be used as dcta
registers by he calee. This may destroy the values wmay have stored for possible
optimization. At the least, we ag loose tle advantage of intended optration, if it was
architecturally safe. At worst, we an end up with incorrectexecution for more
ambitious optimzations.

4) To increase the fraensize, knowledge aut the original stackconfiguration is
required, i.e. we need to know the curreminfe size and the size of the output region
since we allocate the registers begiathe otput region of current stack fram This
information can be obtained by examimg the encoding of thalloc instruction, vhich
specifies the various reans of the &ck. Ore approach is to traceadkwards, from the
location wlere we intend to place thaloc, to the function begning in the code.
Generally thealloc instruction is thefirst ingruction executed by any procedure requiring
a stack frame. The instructi@an be decoded to deteamathe frane size and the second
alloc codedaccordingy. This approach thoingsinple and applicale to nost of the
cases, is not general. The following caflestrate when the approachaynfail.

(i) The procedure body ay have multipleallocs controlling different execution paths.
This may be done by the capiler to reduce rgister pressure, which indirectly affects
RSE stalls. One such scenario i®wh inthe control flow graph of figure 5. There are
two paths of execution controlled by an IF-EHL.$onstrut If the IF path is the more
frequently executed path requiring lesser stegs than theebddom executed ELSE path,
the conpiler may use twaalloc instructions alleaing dfferent nunber of registers along
different paths.

In such a scenarithe simple approach dfaversing backhe ingruction sequence ay

32



not work because it is impossilitestaticdly determne, whichalloc is controlling vhich

execution path.

Frequent IF path

.

alloc alloc

-

Figure 5: Code fragment with multiple allocs on different execution paths.

(if) Certain static profile based cepiter optimizations targéed towards istrudion cache
performance nay not preserve the continuityf a procedure body. The geedure ray be

split into several parts bas@pon the frequency of executiand code fronhot portions

of other procedures ay be inserted to aintain continuity of ingruction stram.
Exanples of such optimations are procedersplitting am hot cold optineations [3],

[4]. If the procedure body is split then traversing back to dithmt may no longer be
feasible.

However sora workarounds for this situation are possible. In the next section we discuss
technigues that could be used to bump upehester stack indireat] i.e. without the use

of alloc.
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2.4 Manipulating Register Stack Engine (RSE) for register allocation

In this section we describe two techniquest thranipulate the internal state of RSE to
bump the register stack.The techiques a@ dependent upon thegeesor architecture.
We first describe the RSE and its inteinstate, folloved by a discussion of the
techniques.

2.4.1 The Register Stack Engine (RSE) [6]

The RSE is responsible foraving registerdetween the register stack and the backing
store in nemory without explicit prograncontol. It operates cocurrently with the
processor and tries to takelvantage of the unusedemory bandwidth by dynamnoally
issuing regster spill ad fill operations. Tle operation othe RSE is sped#d by the
Register Stack Configurationgister (RSC). Th regster stack frams are rapped onto a
set of physical registers. These registers dpesa a circular listEach register stack
frame is asociated withthe Current Fram Maker (CFM) regster [5]. Itholds he sate

of the current stack frae The CFM is noarchitedurally accesble. The organation of

the CFM is shown in table 3 below.

Table 3: CF'M organization

Field Bit Range Description

Sof 6:0 Size of stack frae

Sol 13:7 Size of local portion of the fraen

Sor 17:14 Size of rotating portion of stack fram

Rrb.gr 24:18 Registerrenane base forgeneral registers
Rrb.fr 31:25 Register renambasefor floating point registers
Rrb.pr 37:32 Register renambase forpredicate registers
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We basically seek to elnge the value cfofin this egister to efect thechange infame
size. The value of CFM is copied to Pms Function State (PFS) register during a
function call and to the Interruption Functioratet register (IFS) when interrupts occur.
They are used to rese the state of CFMn returns fronfundions and interrupts.

2.4.2 Backing store memory and RSE internal state[6]

As shown in the figure 6, theacking store is organized asstackin memory that grows
from lower to higher ramory address. The emory allacaed is genelly part of the
paged virtual address ape of the pcess.This necessgatesa switch of backingtae
during each context switch. Two application stgis store iformation about the backing
store nemory. These are, the Backing Storerer (BSP), which contains the address of
the fird memory location reswed for spiling the curert frame (i.e. the locatio for
GR32) and the BSPSTORE, which contains #udress tere the next RSE spill will
occur. Only BSPSORE can be read or wten directly. BSP cawonly be read and is
altered as a side effect wfrites to BSPSODRE. All RSE activity occurs below BSP
since it operates on ment procedres paretis frames. The RSE aintains internbstate
elenents that are raexposed to the programer directly bu are nanipulated indirectly
as side effects to instructis that deal with RSE. Thestore the physical register
numbers in the regter file that dredly correspond to the BSP and BSPSTORE pointers
in memory. Figure 6 sbws this correspondench.also shavs various partitios of the
regider file and the instictions that manipulate themThe states beginning with RSE are
the internal states. For a diégd dscussion ee chapter 6 of Itaniur8ystemArchitecture

Guide [6]
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RSE.BspLad BSPSTORE BSP Backing Stoe

Figure 6: RSE and backing store organization

2.4.3 The approach used

During a context switchthe currethregister sick configuration of a process is saved in
the uer area asgiated with the process the kerml address space. If we wd
sonehow manipulate the registethat save imrmation used by the processor to restore
the stack configuration on a process switththen we can increase/decreathe
available rgistas & will. The reasm this scleme can overcora the limtations liged in

4) of last setion, is tha only the current stack configuration use & the time of switch
out would be saved. Hence it does natter how nany allocs were presnt in the atual
function body. In the following subsections we describe the h@isgace mechanism
followed by pertinent wents that take plae during a comext switch, how the seme

works and issues involved.
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2.4.3.1 Ptrace() [9]
Ptrace()is a systentall available on Unix/Linux systegrthat allows a process to control
the execution of another pra= It is extensively usal to implement break point
debugging. The tracing process can attach tanning process @& child process can
arrang to be tracedby the parent q@cess.For optimzation purpose the tracingrocess
could be the process responsible for depigythe optineation or acompletely different
process. The traced process runs radigmuntl it receives a signd when it is sopped
and the tracing process is notified throughlzét() system callPtracethen allowsthe
tracing process to inspect ancaaoe the cee image of the ticed process. It also gives
access to the set of registers saved in thearsarof the traced gress dring switch out.
These regigrs are accesd asoffsets fromthe beginningof a kerml stricture and can be
found in a header file (ptrace_offsét$or Linux).
2.4.3.2 Backing Store Switch on Interruption [6]
The backingstore is alloated in the virtd address space of a process. During a switch
from user tokernel node, the ger backingstore nemory needs to be stehed to kernel
backing store and vice versa for switch frekemel to user mode. During a switch-out the
following steps occur.

1. RSC and PFS registers are saved.

2. A cover irstruction isissued which increents BSP to include the current fram

All registers between BSP and BSPSTORte dirty, i.e. not yet saved to the
backing store.
3. The CFM is copied to the IFS registeriaterruption. This regiter is also saved.
4. The BSPSORE register is saved and averwritten with the value of new

backing store addressh@ BSP is pdated to the value of BSPSTORE+ndirty,
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wherendirty is the nurber of dirty regsters. BSP is also saved.
The kernel stack fraelooks as shown indure 7, imnediately afterswitch-out, and just
before switch-in. The dirtyupsaed) regisers are savedn the kernel-backing swr

during nornal RSE operation.

l RSE.StoreReg l RSE.BOF

Dirty

BSPSTORE BSP

7: State of register stack and kernel backing store just after/before process switch in/out.

2.4.3.3 Methodology
Fromthe sequence described in the lastiseatre can determe howthe registers need
to be changed to affect the increas&ame size upon return to useode.

1. The value 6 CFM is stored inFS register. So a change $of field of IFS is
required. Toincrease ta frame size by ‘hregisters,we adl n to IFS. Thesd
field is theleas signficant 7 bits or IFS. It needs tobe checked before
increnmenting so that it doesn’'t @eed the t@l nunber of physical stacked
registers.

2. The value of PFS is changed to that of new IFS.

3. BSP is updated to (BSP+n*8) (each registef4 bits). The change in BSP is
required because the kernel restotbe user rmade registers usindoadrs
instruction, which loads the emory locations between BSP and BSPSTORE to
the stacked register file andarks themas dirty. The processor then detares

the physical register number GR32 (i.e. RSE.BOF) by subtractisgf from the
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physical register nuber, which correspond$o the value loaded from BSP. If
BSP is not changed, asdfis increassed thertheregister mapping would change,
i.e. stacked regier R, before chaging the CM, would be napped to register
R+n. To avoid tfs we increrent BSP accoidgly, allowing junk \alues from
kernel backing store to be ceglito the new output registers.
The only nissing piece is how to transfer thentol from user to kenel mode from the
desired location. This can be achieved kgkimg the process exeeua break instruction
with an imnediate value of 0x80100. This brea&lue is interpreted by thenhux kernel
as a debugging trap. Signal SIGTRAP is dernthe executing process, which is stopped
immediately.
2.4.3.4 Cost of using ptrace
Using ptrace to bunp up the output region is natcheap solution. At least six system
calls are regired to achieve this increaseol calls for reading and setting the values of
IFS and BSP, one for setting PFS and onecttart the process. Context switches are
expensive operations andayn amortize anybenefit that couldbe gained from
optimizatiors. Hence theptimizer must havetrong reasons t@gply this approach.
2.4.4 Using a function call and return sequence
The previous approach discudsmakes use of IFS to chanG&M. This appoach uses
PFS register to change the value of CHMe schera works by inserting a function call
at that location in the cl® sequence, whevee need extra registers. &lgalled function
executesalloc ingruction to dlocate its stackframe. The value of PF is saed in a
register. Thecallee then reads and updates the valueallers PFS and executes a return.
On return CFM is restored from PFS thmrencreasing or decrsimg the stack size.

However, there is a problemith this appoach. The RSE can detect a condition of bad
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PFS when the following condition holds true

PFS.sof-PFS.sol > N_STACKED_PHYS - RSE.ndirty
i.e. the number of output regess specified is geater thartotal physical registers minus
the registers in dirty partition. Mén RSE dets this situation iloes not restores CFM
to the value specified by PFS. Instead all te&l§ are reset to 0. To avoid this situation,
a flushrs instruction can be executebebre the retun. This instruton flushes all the
dirty registers to backing store,aking ndirty zero. Hence the condition is avoided.
However fushing regiters stalls th process ntil the opeation conpletes. Hencehis

might be an expensive operation depagdipon the size of dirty partition.

2.4.5 | ssues

With both the discussed approaches, the apgintannot know which registers to use for
optimization until after it has craad the trace ahit has erauted the be&k instructian or
called the function responsible for increming the stack size. This pthies that the
optimization code has to be inserted aftee trace has starteskecution. This is in
contrast to approaches dissedearlier, when theoptimizer could irsert thecock in
traces while being created. The reason of coisréleat tle stack confuration in which
the trace isexecuting cannot be known tiit starts ercution. Tls increasesthe

conplexity of optimzer and places momgringent tining constraints on it.
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3. Conclusion and futurework

In this report we have situssed several techniques that can be used for thaigm
allocating registers in a trace tianium architecture. Dead gesters and register spilling
are general approaches, applicable to wiffe procesor architectures. However eth
implementation is very ISA dependent.eMavepresented mues relted to deteting and
using such registers undertloonstraints of I8, systemand the source language eW
also present experental data on averagddiime of dead registers on several SPEC2000
benchnarks. We find that registers areedd fom 0-70% ofthe tot# lif etime in the
traces. V¢ also presnt data on # nunber of registers that can be spilled in traces
agains total regisers allocated in # function. Register spitig has a good potential to
provide the needed regers for rutime ogimizatiors. However, it renains a dificult
issue to locte spae for spilling registersThe cost of reigter splling is also a cocern

for non-loop traces. This leads to discuss the approactesfic to Itaniumarchitecture
that wesalloc indruction to dlocate extra registers. This scéme is attrative but fails in
case ofmultiple allocs. Two different approa€ls toovercone the limtation have been
proposed. Tie scheres have been verified expemntally for correctness.

Future workincludes inplementing the schees and incluchg themwith the optinizer.
The effectiveness of variousethods andoverhead introduced for allocation can be
guantitatively analyzed. An algorithm that aynamically decide the most cost effective

way to allecdae registers is an iteresting area that could be explored.
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