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Abstract.  Multimedia and network processing applications make ex-
tensive use of subword data. Since registers are capable of holding a full

data word, when a subword variable is assigneda register only part of
the register is used. We proposean instruction set extension to the ARM

embedded processorwhich allows two data items to reside in a register
as long as each of them can be stored in 16 bits. The instructions are
used by the register allocator to speculatively move the value of an oth-
erwise spilled variable into a register which has already been assigned
to another variable. The move is speculative becauseit only succeedsif
the two values (value already presert in the register and the value being
moved into the register) can be simultaneously held in the register using
16 bits each. When this value is reloaded for further use, an attempt is
rst made to retrieve the value from its speculatively assignedregister.
If this attempt succeeds,load from memory is avoided. On an average
our technique avoids 47% of dynamic reloads causedby spills.

1 Intro duction

Recer researh has showvn that embedded applications, including network and
media processingapplications, contain signi cant amourts of narrow width data
[4,13]. Network processingapplications usually padk the data before transmis-
sion and unpadk it before processing.The unpadked data is composed of sub-
word data. Media applications typically processbyte streams. Since subword
data requires fewer bits to store than the machine word size, its presencecan
be exploited by many optimizations that can help satisfy the tight area, per-
formance and power constraints of embedded systems.Recert work has focused
on exploiting narrow width data to carry out memory related optimizations [5,
14{16]. In this paper we shon how narrow width data can be exploited to make
e ectiv e use of small number of registers provided by embeddedprocessorsWe
addressthis problem in context of the ARM processor[10].

The main objective of this work is to develop the architectural and compiler
support through which the registers can be used more e ectiv ely in presenceof
subword data. In particular, our goalis to allow two variablesto be simultane-
ously assignedto the sameregister such that if their valuescan be represertied
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using 16 bits, they can be simultaneously held in a register. To demonstrate
that this objective is worth pursuing we collected somedata by executing a set
of embedded applications. We found that the averagebitwidth acrossall vari-

ables over ertire program execution rangesfrom 15.87to 20.74 bits acrossthe
benchmarks. We alsofound that the percertage of variableswhoseaveragewidth

for the entire execution doesnot exceed16 bits rangesfrom 33%to 61% across
the bendmarks. Thus, it is quite clear that many variables can be stored using
16 bits for signi cant periods of time during execution.

Table 1. Dynamically observed narrow width data.

Benchmark Dynamic Bit width [Variables 16 Bits
g721.decode 17.43 49%
g721.encode 18.99 44%
epic 16.35 61%
unepic 19.52 45%
mp eg2.decode 17.59 45%
mp eg2.encode 15.87 59%
adp cm.dec 17.07 50%
adp cm.enc 16.87 54%
drr 18.81 35%
frag 20.52 33%
reed 20.74 38%
rtr 19.03 38%

Generally the obsened subword data can be divided into two categories:
(static) a variable is declaredasa word but in reality the valuesassignedto the
variable can never exceed16 bits; and (dynamic) a variable is declaredasa word
but in practice the valuesassignedto it do not exceed16 bits most of the time
during a program run. In our prior work on bitwidth aware register allocation,
the compiler is responsible for identifying the upperbound on the bitwidth of
variablesand then multiple subword variablesare packedinto individual registers
during register allocation [11,6]. This approac exploits only the opportunities
due to static subword data.

In this paper, we proposea speculative subwod register allocation (SSRA)
scheme. A speculative allocation passis intro duced after the normal register al-
location pass.In the speculative pass,an additional variable may be allocated
to a register which was assignedto another variable in the normal pass.A de-
cision to assignanother variable to an already allocated register is made only if
the value pro le data indicates that most of the time the two variables can t
into a singleregister. While the value of variable assignedto the register in the
normal passis guaranteed to be presert in the register, the value of the variable
assignedto the sameregister in the speculative passmay or may not be presert
in the register depending upon whether the two valuescan t into a single reg-
ister or not. Code is generatedin a way that while loads are generatedto reload
the value of the variable assigneda register during the speculative pass,these
loads are only executedif the value cannot be saved in the register. While the
benet of this approad is the reduction in the number of dynamically executed
loads, in casethe value cannot be kept in the register we pay an extra cost.
This extra costis due to additional instructions introducedto save and retrieve



speculatively stored values in registers. The main advantage of this approac
is that both categoriesof subword data (static and dynamic) can be exploited.
Moreover, static bitwidth analysis [9,11,3] that is otherwise usedto compute
bitwidths of variables in no longer needed.Instead, speculative register alloca-
tion is driven by value pro les. It should be noted that our work is orthogonal to
speculative register promotion technique of [7]. While speculative register pro-
motion allows allocation of registersto variablesin presenceof aliasing, our work
assignsalready allocated registersto additional variables when no free registers
are available.

The rest of the paper is organizedas follows. In section 2 we discussbitwidth
aware register allocation and identify the challengesin deweloping a speculative
register allocation scheme. The architectural support is introducedin section 3.
Section4 discusseghe speculative register allocation algorithm. The implemen-
tation and experimental results are presened in section 5. Related work and
conclusionsare given in sections6 and 7.

2 Bit width Aw are Register Allo cation: Static vs.

Dynamic Narro w Width Data
The discussionof register allocation in this paper targets embedded processors
where small modi cations can be madeto e ectiv ely manipulate subword data.
Each register R can contain up to two ertities that are of samesize,i.e. it can
hold a whole word R;::35 or two half-words R1::16 and R17::35.

Let us considerthe existing approach to bitwidth aware register allocation
[11]. Figure 1(a) contains a code fragmert in which variablesband c are assigned
to registersR1 and R2 respectively. Moreover there is no freeregister for variable
a. Thus, spill code is generatedto store new value of a back to memory after
computation and a load is introduced to bring the value from memory before
a is used (Figure 1(b)). The approac in [11] determinesthe bitwidths of the
variables using data o w analysis. Let us assumethat the resulting bitwidths
indicate that all three variables can be stored in 16 bits. Thus, the variables
can ead be assignedto use half of a register as shown in Figure 1(c). In the
transformed code, instead of being spilled to memory, variable a is assignedto
usehalf of a register R1;7..3, while the other half of the sameregister is usedto
hold the value of variable b.
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Fig. 1. Bitwidth aware register allocation.

While the above approad is e ectiv e, there are situations under which op-
portunities for subword register allocation cannot be detected and/or exploited.
It is possiblethat the compiler is unable to establish that variables a, b and



¢ occupy only half a word or that they occupy half a word most of the time
and only rarely take up more space.In particular, the three situations under
which the above approad fails are asfollows: (a) The program doesnot contain
enoughinformation to enablediscovery of true bitwidths. For example,an input
variable may be declaredasa full word variable although the valid inputs do not
exceedl16 bits. The compiler will fail to realizethat the input variable represens
subword data; in addition, bitwidths of variables that depend upon this input
will also be likely overestimated; (b) Even if the program contains information
to infer the true bitwidths of variables, the imprecision in static analysis may
lead us to concludethat the bitwidths exceed16 bits; and (c) We miss the op-
portunity to optimize variables that represen subword data most of the time
but only sometimesexceed16 bits. For example,for the code in Figure 3(a) the
value pro les may show that for most executionsor for most of the time dur-
ing a single execution variables a, b, and c take valuesthat can be represened
in 16 bits. Howewer, existing register allocation techniques cannot exploit this
information and will introduce spill code asin Figure 1(b).

In summary we can sa that while the existing method for bitwidth aware
register allocation can take advantage of statically known subword data, it can-
not take advantage of dynamically obsened subword data. In this paper we
addressthis issueby proposing a speculative mechanism for padking two vari-
ables into a single register. Pro ling information is used to identify variables
which when padked together are highly likely to always have their values t into
a singleregister. If the valuesdo t into the sameregister, loads assaiated with
reloading of values are avoided; otherwise they are executed. While the basic
idea of our approach is clear, there are architectural and compiler challengesto
achieving sud a solution which are as follows:

Arc hitectural supp ort. The key challenge here is to design instruction set
extensionsthrough which the mecanism for speculative pading of two variables
into one register can be exposedto the compiler. Compiler should be able to
control which variable is guaranteed to be found in a register and which variable
is expected to be presen. Instruction for speculatively storing a value into a
register and checking whether it is presen are needed.Finally oncetwo values
are presert in a register we needto be able to addressthem.

Compiler support. We needto develop an algorithm for global register allo-
cation suc that it leadsto performanceimprovemerts when speculative register
assignmeits are made. This requiresthat we carefully choosethe pair of variables
that are assignedto the sameregister. The compiler must choosethe variable
whose value is guaranteed to be found in the register and one whose value is
expected to be found in the register. Since there is extra cost due to cheding
whether a speculatively stored value is present in a register, the compiler must
usepro le data to pair variables such that it is highly likely that the values of
both variableswill be able to residesimultaneously in the sameregister. Finally
speculative register assignmen should be carefully integrated into convertional
global register allocation algorithm.



3 Arc hitectural Supp ort

In this section, we discussthe necessaryarchitectural support to enable specu-
lativ e subword register allocation. To support subword accessesye attach one
bit with ead register, allocate a global bit in status word register and add four
new instructions. Theseextensionsare described in greater detail next.

3.1 Register File Enhancemen t

The register le in ARM processordncludes 16 user visible 32-bit registers. We
add oneextra bit B to ead registerwhich is usedto indicate whether the register
currently holds subword data. As shown in Figure 2, when the bit is cleared,the
register stores one 32-bit value. When the bit B is set, the two halves of the
register store two 16-bit values. The upper half of the register is usedto store
the speculatively saved value and it can be separately accessedy the four new
instructions we add (discussedlater). When accessinghe value that is de nitely

presen, i.e. when register is accessedoy normal instructions, the lower half is
accessed.

Fig. 2. Accessingregisters.

3.2 Instruction Set Supp ort

To speculatively store a value in the upper half of the register and to accessit
later on, we proposefour new instructions. We also add an additional G bit to
the status word register which is set and examined by these new instructions.
These instructions are described in detail below. The rst two instructions are
used together to speculatively assigna value to an already occupied register
while the last two are usedto accessa speculatively saved value.

Speculativ e store: Ssw Rs, addr . This instruction storesthe value of Rsinto
the memory addressaddr. In addition, it cheds the value for compressibility. In
particular, it setsthe G bit in the status register if the higher order 16 bits are
the sameasits 16" bit, i.e. they are sign extensions.

Store move: Smv Rd, Rs. This instruction cheds the global condition bit G
and the non-speculative value residing in Rd for compressibility. If G is set, and
the higher order 16 bits of Rd are the sameasits 16" bit, the lower order 16
bits of Rs are moved into upper half of Rd. The B bit of Rd is set to indicate
that it now corntains two values.

Extract move: Emv Rd, Rs. This instruction cheds the B bit of Rs. If the
bit is set, the higher order 16 bits of Rs are sign extended and then moved to
Rd. In addition, the global condition G is set to indicate that the instruction
was successfuin nding the speculatively stored value in Rs. If the B bit of Rs
is not set, G is clearedto indicate that the value was not found.



Speculativ e load: Sld Rd, addr. This instruction cheds the G bit in the
status word. If it is clear, the value stored in memory addressaddr is loaded
into Rd; otherwise, the instruction acts as a null instruction. In the latter case
the load is not issuedto memory becausethe precedinginstruction must have
located the speculatively saved value in the speci ed register.

Let usreconsiderthe examplein Figure 3(a) where value of a is being spilled
becauseno register is free. Let us assumethat we would like to speculatively
save the spilled value of a in register which holds the value of ¢ (say register
R2). The code in Figure 3(b) shows how instructions Sswand Smvare usedto
speculatively save the value in R2 and then later instructions Emvand Sid are
usedto reload the value of a from R2 into R4. If the speculative save of a is
successfulthe Sld instruction turns into a null operation; otherwise the value
of a is reloadedfrom memory.
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Fig. 3. Example illustrating the use of new instructions.

From the above discussionit is clear that we pay a cost for speculatively
saving and reloading a compressedvalue. While traditional code would have
included a store and a load, in our casewe also introduce two extra move in-
structions (Smovand Emoy. However, the bene ts of eliminating loadsare much
greater as not only loads have longer latency, they can also causecace misses
which leads to even greater delays. Moreover our compiler will only perform
speculative register assignmem when it is highly likely that it would lead to
elimination of loads.

3.3 Hardw are Implemen tation

Other modi cations must be made to the processorpipeline when the above
mertioned instructions are introduced. Normal instructions must always ched
the B bit of a register that it readsor writes to. This is neededsothat it knows
how to interpret and update the contents of the register. Changesare needed
whenresults are being written or operandsare beingread. For modern embedded
processorssuch asARM SA-110(seeFigure 4(a)) changesa ect the secondand
fourth stageof the pipeline.

ALU instructions compute the result in exeute stage while the register is
updated at write back stage. A small componert can thus be added in the in-
tervening bu er stageto ensurethat the higher order bits are sign extensions.
If not, the ertire register is usedto hold the result and the corresponding B bit
of the register is cleared. For memory accessnstructions that use a register as



the destination, i.e. load instructions, register is ready at the end of bu er stage
and thus we do not have time to perform validation. We simply clear its B bit
and useall the bits in this case.
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Fig. 4. (@) ARM processorpipeline; and (b) Accessingregisters with subword support.

Sincethe ag bit B of a register determineswhether a 16-bit or a 32-bit value
is involved in a computation, we needa multiplexer for the higher order 16 bits.
Therefore in comparisonto a machine without subword support, we introduce
extra delay due to the multiplexer shown in Figure 4(b). However, this delay
is smaller than the delays in processorsthat support accessedo arbitrary bit
sectionssudc asthe In neon processor[8].

4 Speculativ e Subword Register Allo cation

Given the hardware support designedin the precedingsection, we now discuss
compiler support neededto carry out speculative subword register allocation
(SSRA). Sincewe have designedour algorithms so that they can be integrated
into the gcc compiler, we rst briey introduce the implemertation of register
allocation in gcc compiler. Next we describe the details of the three passeghat

implement SSRA. The pro ling passcollects information about how likely it is
that the two variablescan t into oneregister and how long is the lifetime during

which they coexist. Based on this information, the new speculative allocation

pass determines a subset of physical registers and speculatively assignsother
variables to eat of them. The variables picked up in this passare those that

otherwise are spilled into memory. The decisionis madeto achieve speculatively
best performancein terms of reduction in the number of reload operations that

are executed. In the enhaned reload pass the compiler generatestransformed
code utilizing the newly designedinstructions.

4.1 Register Allo cation in the gcc compiler

The gcc compiler [2] performs register allocation in three passeslocal register
allocation pass, global register allocation pass, and reload pass. These passes
operate on the intermediate represenation { register transfer language (RTL).
Operandsare mappedto virtual registersbeforeregisterallocation. The localand
global register allocation passesdo not actually modify the RTL represertation.
Instead, the results of thesepassess an assignmen of physical registersto virtual
registers.lt is the responsibility of reload passto modify the RTL and insert spill
code if necessary

The local register allocation passallocates physical registersto virtual reg-
isters that are both generatedand killed within one basic block, i.e. live ranges
that are completely local to a basic block are handled in this pass.The alloca-
tion is driven by live range priorities. Register coalescingis also performed in



this pass.Sincelocal register allocation works on linear code, it is inexpensiwe.
Local allocation reducesthe amount of work that must be performed by the
more expensiwe global allocation pass.

The global register allocation passallocatesphysical registersto the remain-
ing virtual registers.This passmay changesomeof the allocation decisionsmade
during the local register allocation pass.This passperforms allocation by color-
ing the global interferencegraph [1]. Virtual registersare consideredfor coloring
in an order determined by weighted counts. If a physical register cannot be
found for a virtual register, none is assignedand the virtual register is handled
by generation of spill code in the reload pass.

The reload passreplacesthe virtual registersreferencesby physical register
namesin the RTL accordingto the allocations determined by the previous two
passesStad slotsare assignedo thosevirtual registersthat werenot allocateda
physical register in the precedingpassesReload passalsogeneratesspill code for
them. Unlik e Chaitin-style [1] graph-coloring allocation, which spills a symbolic
register, a physical register is spilled. For ead point wherea virtual register must
be in a physical register, it is temporarily copiedinto a "reload register" which
is a temporarily freed physical register. Reload registersare allocated locally for
every instruction that needsreloads.

4.2 The SSRA Algorithm

In this section we rst discusshow SSRA is integrated into the gcc register
allocator described above. The details of SSRA are also discussedlater. The
modi ed designof gcc registerallocator after integration of SSRAInto it is shovn
in Figure 5. In integrating SSRA with the gcc allocator we keepthe following
in mind. There are three types of accessesllowed in our architecture: register
accessesor valuesde nitely presen in registers{ theseaccessesire the fastest;
memory accesseghat are the slowest; and register accessedor speculatively
assignedvalues which have an intermediate accesscost as an additional Sld
instruction is required.

Fig. 5. Framework for speculative register allocation.

In light of the above obsenation, we rst carry out local register allocation
and global register allocation passesin exactly the sameway. This is because
the variablesthat are referencedmore frequertly are assignedphysical registers
in thesepassesAt run time, the variablesthat are assignedphysical registersin



thesephasesoccupy either the whole physical register or possibly just the lower
half. Following the above passesSSRA is usedto speculatively assign physical
registersto virtual registersthat are not colored by the rst two passesFinally,
the virtual registersthat are still not colored are handled by generatingmemory
referencesby the reload pass.The reload passis enhancedto generatethe newly
designedinstructions.

During the speculative allocation pass,the upper halvesof the physical reg-
isters are made speculatively available for the variables that are not colored
by the preceding passesHowewer, it is important that the savings expected by
nding the speculatively assignedvaluesin registers exceedshe additional cost
of executing Emvinstructions when the values are not found in the registers
and must be loaded from memory. The savings depend on how frequertly the
variables are able to be coalescedand how often the referencesto memory can
be avoided. We add a pro ling passwhich instruments the code and records
the information neededto estimate the savings. Sincewe can only coalesceone
variable which already has a register with one variable which does not have a
register, we only needto collect pro le information for relevant pairs of values.
The SSRA passmakesits decisionsto achieve speculatively best performanceby
avoiding maximum number of reload operations. After the decisionsare made,
a speculative reload pass generatesthe code according to the decisionsmade
in all of the previous passeslt inserts spill code and the code for speculatively
allocated virtual registers. When there are no spilled variables, the behavior of
our modi ed allocator is identical to the behavior of the original gcc allocator.

Next we describe the details of the SSRA algorithm. Three main parts of
our algorithm are discussed:priorit y basedallocation algorithm; pro ling pass
details; and the speculative reload pass.

Priorit y Based Speculativ e Allo cation. The decisionto speculatively al-
locate an occupied register to another variable is made basedupon pro le in-
formation consisting of the following: coexisting lifetime of variables vl and v2
refers to the period of time during which v1 and v2 are both live during pro-
gram execution; and coalescing prokability of variables vl and v2 refersto the
percertage of the coexisting lifetime during which v1 and v2 can be coalesced.
The coalesceprobability is unde ned if two variables never coexist. Note that
during program execution one variable may be coalescedvith di erent variables
at di erent program points.

The speculative allocation passmakesuse of two interferencegraphs. One is
called the Annotated Interferenae Graph (AIG) which contains the information
neededto make coloring decisionswhile the coloring itself is performed on an-
other interferencegraph called the Residual Interference Graph (RIG). A more
detailed description of these graphs follows.

The Annotated Interference Graph (AIG) graph is built from the interference
graph after global allocation passin which some nodes are not colored. For
ead non-colorednode, we annotate the edgeshetweenthis node and its colored
neighbors with a 2-tuple (coalescingprobability, coexisting lifetime). Figure 6(a)
shows a simple example with nine virtual registers and two physical registers.



After global register allocation pass,nodes 1-6 are colored with two colors and
nodes 7-9 are not colored. The edge labels are interpreted as follows. Label
(0.9, 800) on edge(7,1) indicates that during 90% of 800 units of the time that
variables 1 and 7 coexist, both of them are expectedto require no more than 16
bits to represent and thus they can simultaneously residein oneregister.
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Fig. 6. (a) Annotated interference graph; and (b) Residual interference graph.

The Residual Interference Graph (RIG) is a subgraph of AIG that consists
of non-colored nodes and edgesbetweenthem. RIG is not annotated. The RIG
for the above exampleis shown in Figure 6(b). Note that two variablesin RIG
may be speculatively allocated to the sameregister if they do not interfere with
ead other.

The speculative allocation passcolorsthe nodesin RIG using the annotation
information in AIG. After coloring a node in RIG, it sharesthe samecolor as
at least one of its colored neighbors in AlG. While all colored nodesin AIG are
colored in the local or global allocation passes,the colored nodesin RIG are
coloredin the speculative pass.

Next let us discussin greater detail how nodes are chosenfor coloring from
RIG and how colorsare selectedfor them. This processis alsopriorit y driven be-
causethere are limited physical register resourcesto which additional variables
can be speculatively assigned.Our priority function is basednet savings that
are expected to result by speculatively assigninga virtual registerto a physical
register. The savings result from avoiding cost of reloadsfrom memory; however,
a cost of one cycle is incurred for eat referencedue to an extra instruction re-
quired whenvaluesare speculatively accessedrom registers.The savings are also
a function of coalescingprobabilities. Priorit y of node n, which is the estimated
net savings by speculatively assigninga register to n, is given by:

Priority (n) = READ(n) READCOST MCP(n) REF(n)

where READ (n) is the total number of reads of node n, REF(n) is the total
number of referenceqreads and writes) to node n, READ COST is the number
of cyclesneededto nish a normal read from memory (i.e., it is the memory
latency), and M CP(n) is the maximum coalescingprobability of n. Note that
the above Priority value can be negative for somenodesin which casethey are
not consideredfor speculative register assignmen. Nodes with higher priorit y
are consideredbefore those with lower priorit y.

The maximum coalescingprobability of n, i.e. M CP(n), is determined by
consideringall available colorsfor n and nding which color is expectedto result



in most savings. The best choice for a color dependsupon the following factors.
The higher the coalescingprobability of a pair of variables, the more bene cial

it is to allocate them to the same register. The longer two variables co-exist,
the more bene cial it is to allocate them to the same register. Based upon
these two factors we compute the maximum coalescingprobability. Moreover
we should also note that the physical register being speculatively assignedto
a node n in RIG may have been allocated to seweral non-interfering virtual

registersin earlier passesThe coalescingprobabilities and lengths of coexistence
of eadh of thesevirtual registerswith n must be consideredaslong as a virtual

registerinterfereswith n. The following equation computesthe current maximum
coalescingprobability M CP (n) for a node n in RI G:

X
CLt(n;n% CPKn;n9
M CP(n) - max n%2 N b(n;Al G)’\CISQO): c
c2C(nRI G) CLt(n; n%
n% N b(n;Al G)*CI(n%=c¢

Where C(n; RI G) is the setof currently available colorsfor noden in RI G (i.e.,
these colors have not beenassignedto neighbors of n in RI G), Nb(n; Al G) is
the set of neighboring nodesof n in Al G (i.e., these nodes were colored during
local or global allocation passes),CLt (n; n9 is the length of coexisting lifetime
of nodesn and n% CPk(n; n9 is coalescingprobability of nodesn and n° and
Cl(nY is the color assignedto node n® The max function nds the maximum
coalescingprobability acrossall potential colorsin C(n; Rl G).

Proling Pass. The speculative allocation passdependson the coalescingprob-
ability and coexisting lifetime pro ling information. We implemert the pro ling
by instrumenting the intermediate represenation of the code. Pro ling is per-
formed after the global allocation passwhen the objects of our optimization,
those variables which do not get a register, have beenidenti ed. At this time
the livenesdnformation of the variablesat eat program points is available since
data o w analysisis donebeforeregisterallocation. The intermediate represena-
tion usedstill contains virtual registersinstead of physical register sinceregister
reloading passhas not beendone.

We areonly interestedin the relation betweencoloredand non-colorednodes.
Whether two variables can be coalescedor not depends on the status of the
variables(i.e., whether they t in 16 bits or not). A variable read will not change
the status of the variablesand thus consecuti\e variable readswill sharethe same
coalescingprobability. Variable de nitions can changethe status of variablesand
thus changethe coalescingprobability betweentwo variables. Therefore variable
de nitions play an important role in the coexisting lifetime of two variables.
In the priorit y function described earlier, the number of referenceshas already
been considered.Here, we use the length of the status history of two variables
to approximate the coexisting lifetime.

Two arrays, lif etime[i][j ][k] and count[i][j ][k], are usedduring pro ling. Here
index i identi es the function, index j identi es the colored variable, and index



k identi es the non-colored variable. The lifetime array records the length of
overlap of live rangesof two variables while the count array recordsthe duration
over which the two variables are likely coalescableThe coalescingprobability is
computed by dividing latter by the former.

Speculativ e Reload Pass. Our speculative reload passis an enhancedversion
of the gcc reload pass.According to the decisionsmade in the previous passes,
we generate code to accessphysical registers, accessupper halves of physical
registersand accessmemory. In summary, we have three categoriesof variables
to handle in this pass.

First, for variablesthat are assignedto physical registersin local and global
register allocation, the compiler replacesthe virtual register nameswith physical
register namesin the intermediate represeration.

Second,for variablesthat remain in virtual registersafter speculative alloca-
tion pass,the compiler allocatesslots on the stack and generatesspill code. For
ead de nition or usepoint, we identify a reload register and generatespill code
by placing the store after the de nition and load before the use.

Finally, for variablesthat are assignedin the speculative pass,we still need
to allocate slots on the stack and generatespill code for them. Instead of using
ordinary load and store instructions, we generate speculative load and store
instructions. At a de nition point, the compiler identi es a reload register and
temporarily stores the computed value into this register. A speculative store
instruction Sswis generatedto speculative store the value badk to the stadk slot.
It is followed by a speculative Smvinstruction which speculatively moves the
value from the temporary register into the upper half of the assignedregister.

At ead usepoint, we identify a reload register and try to speculatively ex-
tract the value from the assignedupper half of the register using a speculative
Emvinstructions. It is followed by a speculative load instruction Sld which ac-
tually loadsthe value from the stack slot if at runtime the required value is not
in the register.

5 Exp erimen tal Results

We have implemented and ewaluated the proposedtechnique. The speculative
subword register allocation algorithms have beenincorporated in the gcc Com-
plier for the ARM processor.All the phaseshave beenimplemented including
the pro ling pass,speculative allocation pass,and enhancedregister reloading
passto generatespill code. While new instructions are generated,to avoid the
e ort of modifying the assenbler and the linker, we insert nop instructions in
their placein the code and generatean additional le in which the new instruc-
tions and the absolute addressesin the binary where these instructions must
replacethe nop instructions are provided. The code generatedby the compiler is
executedon the ARM version of the Simplescalarsimulator. The simulator was
modi ed to implement the proposedarchitectural enhancemets including the
newly incorporated instructions, registerswith B bits, the G bit in the status
word, and the logic neededto accesdower or upper half of the register.



We carried out experiments using some embedded benchmarks from the
Mediabench and Commbenchuites. We also took a couple of SPEC200®end-
marks to seeif the technique we have developed can be useful for general pur-
pose applications. We ran the programs with di erent memory latencies such
that when speculative reloadsfrom registersare successfulthe number of cycles
savel in comparisonto reloading from memory is 1, 2, 3 and 4 cycles.Our eval-
uation is aimed at determining the percertage of dynamic reloadsfrom memory
that are successfullytransformed into speculative dynamic reloads from regis-
ters. We also consideredthe overall reduction in execution time of the program
as a result of avoiding thesereloads.

In Table 2 we presen the bendimark characteristics. The rst six programs
are taken from embedded suite while the last two from SPEC2000The table
preseris the number of residual virtual registers presen in the intermediate
code generatedby the gcc compiler following the global register allocation pass,
the number of static reloads generatedby the gcc reload pass,and the number
of dynamic reloads that can be attributed to these static reloads during the
execution of the bendhmarks.

Table 2. Benchmark characteristics. Table 3. Improvemert in cycles.
Benchmarks Res. Vir. | Static |Dynamic Saving = [Saving = [Saving = [Saving =
H Regs ‘Reloads‘ Reloads ‘ ‘ 1 Cycle ‘2 Cycles ‘3 Cycles ‘4 Cycles ‘
Embedded Embedded
mp eg2.decode 114 483 952060 0.38% 0.65% 0.97% 1.27%
mp eg2.encode 278 1234 |29738119 2.53% 4.09% 5.70% 7.33%
epic 109 527 6307287 0.38% 1.31% 3.06% 5.17%
unepic 48 225 107759 0.10% 0.21% 0.32% 0.45%
g721.encode 9 33 3543596 0.95% 1.53% 2.11% 2.71%
g721.decode 9 33 4046653 1.13% 1.82% 2.53% 3.26%
rr 12 28 3855503 0.79% 1.20% 1.61% 2.02%
General Purp ose General Purp ose
176.g9cc [[ 1755 [ 10200 [99248047 5.06% | 897% [ 13.04% [ 17.20%
164.9zip [ 77 ] 365 [53069259 1.08% | 1.77% | 2.59% [ 3.42%

The results of studying the e ectiv enessof our technique in avoiding dynamic
reloadsare givenin Figure 7. We preser two humbersfor eac program: Specula-
tion percentageis the percertage of dynamic memory reloadsthat were changed
into speculative dynamic register reloads by our technique; and Avoidance per-
centageis the percertage of dynamic memory reloads for which the speculative
register reloads were successful,i.e. the value was found in the register. The
above valuesvary with the savings (1, 2, 3, or 4 cycles) that can be expected
from using speculative register reloads. This is becausethe savings e ect the
priorities of nodesin RIG and therefore the code generatedby by the SSRA
algorithm. For greater values of savings SSRA will perform speculative register
allocation more aggressiely.

The results show that on average,the Speculation percentageis 57% when
the saving is one cycle and 82% when saving is four cycles. Furthermore, when
the saving is one cycle, SSRA achieved an averageAvoidana percentageof 41%
(with upper bound of 91% and lower bound of 5%). When the saving is four
cycles, Avoidance percentage increasesto 47% (with upper bound of 93% and



lower bound of 16%). From these results we notice that the minimal savings of
one cycle is enoughto get most of the reduction in memory reloads.
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Fig. 7. E ectiv enessin avoiding memory reloads.

Table 3 shaws the performance improvemert in cycles. On average, our
method achieved performance improvemert of 4.76% when the saving is four
cyclesand 1.38%when the saving is one cycle. While we had originally designed
this technique for embedded applications, we notice that for a general purpose
application like 176.gcc the savings are much higher (5.05%to 17.20%).This is
becausedue to extensive useof pointers, this benchmark cortains a much larger
number of dynamic reloads. Moreover narrow width valuesappear in su cien t
abundancein this application for SSRAto be successful.

6 Conclusions

In this paper we preserted a technique that exploits presenceof narrow width

data in programsto more e ectiv ely make use of limited register resourcesin

embedded processorsValues otherwise spilled by a coloring allocator are spec-
ulativ ely saved in registers occupied by other variables. Speculative assignmen
is made such that it is expected that the de nitely assignedand speculatively
assignedvalues will be able to simultaneously reside in the sameregister. We
designeda small set of four new instructions through which the feature of spec-
ulativ e register assignmen can be implemernted without requiring signi cant

amounts of instruction encaling space. The coloring based register allocator
was extended by dewveloping a new passfor speculative register allocation. The
results of our experiments show that SSRA avoided an averageof 47% of dynamic
reloads leading to a signi cant savings in execution time. While our technique
was designedfor embedded applications, it is also of value for general purpose
applications.
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