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Abstract

Modulo scheduling is an effective code generation tectitpat
exploits the parallelism in program loops by overlappimgations.
One drawback of this optimization is that register requizats
increase significantly because values across differeptitetations
can be live concurrently. One possible solution to redugéster
pressure is to insert spill code to release registers. &k stores
values to memory between the producer and consumer iristnact
Spilling heuristics can be divided into two classesalosteri-
ori approaches (spill code is inserted after scheduling thp)loo
or 2) on-the-fly approaches (spill code is inserted during loop
scheduling). Recent studies have reported obtaining roetselts
for spilling on-the-fly In this work, we study both approaches and
propose two new techniques, one for each approach. Our gew al
rithms try to address the drawbacks observed in previoysggais.
We show that the new algorithms outperform previous teckesq
and, at the same time, reduce compilation time. We also shaty t
much to our surprisea posteriorispilling can be in fact slitghtly
more effective thamn-the-flyspilling.

Categories and Subject Descriptors D.3.4 [Processors Code
generation/Compilers

General Terms Algorithms, Languages

Keywords Modulo scheduling, register allocation, spill code

1. Introduction

As the complexity of microprocessors continues to incresise
each new generation, power consumption becomes a growing is
sue. One possible solution is to use a simpler processdn, &sic
avery long instruction wordVLIW) architecture. These architec-
tures have been shown to provide a good compromise between pe
formance and power consumption. VLIW processors execute in
structions in order. Therefore, performance relies hgamil the
compiler, and in particular, efficient code generation.

In recent years, VLIW architectures have become very popula
in the embedded DSP domain. In this context, multimediaiappl
cations and numerical code are the most commonly executed pr
grams. For these applications, loops represent the majufréxe-
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cution time. Hence, code generation for cyclic code becamesy
issue when considering compilers for VLIW-based systemthib
area, software pipelining techniques have been shown t@ehe v
useful to boost the execution performance of loops. To &ffely
schedule loop bodiemjodulo schedulingMS) [15] has been shown
to achieve very good results.

MS increases parallelism by overlapping the execution df mu
tiple iterations of a loop. New iterations can start withauatiting
for the previous iterations to finish. A new iteration canrtstd-
ter a constant number of cycles. This constant number ofsycl
is known as thénitiation interval, or Il. Since many iterations are
executed concurrently, register pressure increases feoaany in-
stances of the same instruction from different loop itersimay
be live concurrently. In this work we have assumed a file tisasu
rotating registers [6] to deal with these lifetimes.

The use of cluster architectures is spreading to overcome de
lays that arise due to the transmission of signals with i@spehe
clock frequency [1]. For clustered processors, registessgure is
even higher because of several issues. First, some valugbena
live in various clusters concurrently, therefore consiwgrone reg-
ister in each cluster. Moreover, computation may not berizaid
across clusters, thus some of the clusters will be resplenib
larger portion of the computation. This imbalance may resul
increased register pressure. Finally, inter-cluster camoations
may increase the lifetime of some values.

Spill code reduces register requirements at the expense of i
creasing memory traffic. Spilling a value means storing vaiie
to memory. Then, the register where the value was being miaint
can be released between consecutive uses. Before the eexhas
value is re-loaded from memory.

Based on the phase of instruction scheduling where spi# tod
inserted, spill algorithms can be divided into two main gatées:
spill codea posterioriand spill codeon-the-fly The former in-
serts spill instructions after scheduling the loop. Theratdds spill
code during loop schedulin@n-the-flyspilling has more freedom
to spill. Besides, scheduling decisions can also take ddganof
register spilling. Therefore, it seems to have a biggermatk In
fact, current state-of-the-art modulo scheduling techesqginsert
on-the-flyspill code [5, 20]. We performed a thorough study of
previouson-the-flyspilling schemes. This study has motivated the
design of the new scheme described in this paper that overom
many of the drawbacks we found. At the same time, we have stud-
ied previousa posteriorispill algorithms and identified their main
limitations. Based on this study, we then developed anraiter
spilling scheme for posteriorialso.

In this paper we present an evaluation of both techniques and
compare them against state-of-the-art spilling algorghResults
show that both schemes outperform previous approachesaand,
the same time, they reduce compile time. However, one simgri
result was that posteroriand on-the-flytechniques turned out



to achieve very similar results. In fac,posterioriachieves even
slightly better performance.

In this work, we describe in detail both algorithms and répor
the results obtained. We also analyze the the cause of whyaspi
posteriori performs better thaon-the-fly and present an explana-
tion.

The rest of this paper is organized as follows: In section 2

we give some back-ground on spill code, we define some basic

concepts and relate them with previous work. In sectionsd34an
we propose two new spilling techniques, anposterioriand one

uses we will generate spill code for. Figure 1 shows moreriglea
how we define inter-use times.
Some other important characteristics of a spill heurigtic a

e how to select the values to spill,
e how many values to spill, and
¢ how to schedule spill instructions.

All these features are heavily dependent on when spillingeis
formed. We can generate spill code after schedulire, Gpill a

on-the-flybased on our study of previous schemes. In section 5 we posterior), or during scheduling €., spill on-the-fly. We describe

evaluate the new algorithms and compare them with stathesért
heuristics. Finally, in section 6 we present the conclusiohthis
work.

2. Spill code basics

For a given modulo schedulgand a cyclec, we will let alive(c)
denote the number of values that are alive in cycléVe then
define:

mazLive = max

0<e<II-1

{alive(c)}

and the cyclec where alive(c) = mazLive is defined as the
critical cycle denotedCC. As was shown in [14]maxLiveis an
accurate approximation of the number of registers requisethe
schedule. Hence, if the value foraxLiveis greater than the number
of registers in the microarchitecture (referrechasf_reg hereafter),
then the schedule is not valid. In order to reduce registesgure
we can add spill code, which involves storing values to memior
order to release a register for a number of cycles. Thesevale
reloaded when a consumer instruction needs them. We wéli tef
the store instructions inserted for spill purposespii-storesor
s-storesand to new loads aspill-loadsor s-loads

these two different approaches, as well as the other clegistats,
next.

2.1 Spill code a posteriori

Spill codea posterioriis the name of a family of spill heuristics.
The main feature of these schemes is that spilling is coresidenly
after a loop is scheduled. These approaches can take falhtate
of the information provided by the schedule in order to idwgror
which usesspills will be inserted for.

On the other hand, modulo scheduling produces very compact
code, so it may be difficult to fit the new spill instructionstinn
the computed schedule. To address this issue, predqasteri-
ori approaches compute a new schedule once spill code has been
added.

Usually, spill code is inserted for the consumer instrucfos-
sessing the longest inter-use lifetime (based on the sthbdtore
adding spill code). We can further tune the accuracy of thigistic
if we weight the inter-use lifetime by dividing it by the nuerbof
memory instructions that had to be added for the spill (dethais
newMemTrgf In [19], it is also required that the selected inter-use
spans theC.

Another important feature of aa posteriori spill code algo-

There have been a number of approaches proposed to perfornrithm is when to stop adding spills€., how many spill candidates

register allocation and spilling for acyclic code. Heudsbased on
graph coloring [4] have been shown to be very effective. dofo
nately, these schemes cannot be applied to modulo-schikidoles
because values produced by multiple instances of the satradn
tion in a loop may be live concurrently. There have been sahe s
tions proposed to overcome these limitations [14], tholngy do
not allow for the insertion of spill code. In this paper, wets on
spill code generation for modulo-scheduled code.

An alternative scheme to register spilling for modulo salesl
is to increase the Il. In this case, the amount of overlap betwit-
erations decreases and therefore fewer values are liveigendy.
However, reducing overlap also reduces the amount of jpéisali.
In fact, the goal of modulo scheduling is to try to extractgbar
lelism by overlapping loop iterations. In addition, incsewy the I
does not guarantee that we can produce a valid scheduleisHsis
pecially true for graphs with recurrences. On other hangdgittan
produce a valid schedule by inserting spill code, we can ta@in
the 11, but at the expense of increasing memory traffic. Inegeh
adding spill code is a better solution as has been shown jn [12

We can choose to generate spill codeVariablesor for uses
Spilling for variables means storing a value to memory juttra
producing the variable value and reloading it to a registeefch
consumer instruction (see figure)L Alternatively, spilling for uses
means that the value is only loaded for a subset of its consume
(see figure b). Therefore, the value has to be kept in a register for
some number of cycles. Both spill options are compared ih [19
where it is shown that spilling of uses outperforms spilliof
variables. Moreover, spilling of variables increases mgnuiaffic
more than spilling of uses.

are selected at a time). Since the new spill instruction hrent
been scheduled yet, we do not know the actual register preessu
Therefore, we have to estimate how many values need to bedspil
One option is to add only one spill, then re-schedule thetyeayl
repeat the process until no further spills can be added drwvslid
schedule is found [12]. This approach prevents over-gpiléit the
expense of more computation time. The opposite option iddes
many spill instructions as possible, that is, until we saimem-
ory bandwidth [18]. This scheme is faster because re-sdingds
performed only once. However, it over-spills (that is, traduces
more spill code than it is really requiered) so memory trafiic
creases significantly. For that reason, the resulting sdbsdare
not always beneficial. An hybrid option is to silf candidates at
a time (wherek is the number of times that we have re-scheduled
the graph) [16]. This approach is faster than spilling a aate at
a time and does not introduce as many spill instructions tasega
ing memory bandwidth. Finally, a different approach is teusse
that the spill instructions will free a register during aiketinter-
use times. Using this assumption, a new approximationafLive
is achieved. Then spilling will stop when the estimateaxLiveis
low enough (though when re-scheduling, the makLivemay turn
out to be bigger) [19].

As discussed above, previoasposteriorispill techniques re-
schedule the loop after inserting spill code. When perfagmie-
scheduling, register pressure can be further reduced ithedule
the s-stores as close as possible to the value-producendtish
and s-loads as close as possible to the consumers. To athigve
goal, previous posteriorischemes scheduled spill instructions and
their associated producers/consumers as a single irstrygair.

We define the time between two subsequent uses of a variable asThese instruction-pairs are more difficult to schedule,clvhgan

theinter-use timeThis quantity will be used to help decide which

lead to a longer schedule. In some cases, these instructomst



CProd >~ 13
ALHAL

g

L

=
v v

o~

3

=1

E

=
v v v
o> t=t

a) Original loop

G

)

b) Spill of uses

Store

v

Load

Cse3d

c) Spill of variables

Figure 1. Example: spilling for u

be scheduled due to resource conflicts and then the Il must be
increased.

2.2 On-the-fly spill code

On-the-fly spill code heuristics take into account regiséguire-
ments during loop scheduling. If, at a particular point & garital
schedule, it is detected that register pressure is highetbehemes
can insert and schedule spill instructioms-the-fly that is, at the
same time that they schedule the original loop instructidme
main advantage to using this approach is that we may have more
flexibility scheduling spill instructions. A positive sigffect will
be that instructions in the original loop can be scheduleitieték-
ing into account the already scheduled spill instructidierefore,
instruction scheduling and register spilling can intetagbroduce
a better schedule.

To the best of our knowledge, there are only two techniques
that insert spill code on the fly for modulo scheduled lodpRA-
CAM[5] and MIRS[20].

e URACAM is an approach to performing instruction scheduling
cluster assignment and register allocation in a singleglise
main obective of this approach is to maintain a balance with
critical resources (i.e., communications, register anthorg)
at each scheduling pass. In order to achieve this balancgire fi
of merit is defined which consists on a set of percentages Eac
percentage in the figure of merit is associated with a resourc
and is assigned based on the pressure placed on that resourc
during each scheduling step. This figure of merit is used to
compare partial schedules, selecting the most beneficial.

After an instruction has been schedul&tRACAMstudies
the benefits of applying spill code for each inter-use alyead
in the partial schedule by evaluating the figure of merit. The
amount of spill added at each step is only limited by the benefi
that is obtained (i.e., any inter-use lifetime that produbene-
fits is spilled). Unlike traditional approachédRACAMallows
spill instructions to be scheduled at any distance front {hrei-
ducer/consumers.

MIRS is a modulo scheduling algorithm with integrated on-
the-fly spill code generation and back-tracking. On-the-fly
spill code is inserted whenever the partial schedule reaahe
point wheremax Live > 2 - n.of_reg. Regarding spill can-
didates, they are selected following the heuristics deedri
in [19]. However, unlike in [19], the new spill instructions
are not scheduled together with their producers/consuaeers
instruction-pairs. They have some freedom to be scheduled f
ther apart. In particular, a spill instruction can be schedwp

to 4 cycles away from its producer/consumer. If spill codesdo

ses and spilling for variables.
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Figure 2. Problems with uracam

not reduce register pressure sufficiently, then back-inacis
used and selected instructions are un-scheduled in order to
duce register pressure. In particular, the cycles in whigh t
un-scheduled instruction is executed have to span Thus,
maxLivecan be reduced by moving instructions, instead of by
spilling a value to memory.

e

3. On-the-fly spill code generation

In this section we describe a new technique to generatecsulé
on-the-flypbased on our study of previous approaches. In this paper,
we will uyseURACAMas our reference technique. For this reason,
we first discuss some areas for improvement RACAM

The reason why we chose to start WitfiRACAMas our base
case is because it;-the-flyspilling strategy is less restrictive, and
thus allows us to apply optimizations such as inserting spile,
even before we detect an actual need for it.

3.1 Areas for improving URACAM

When inserting spill codeon-the-fly with URACAM we try to
anticipate register constraints and insert spill operation ad-
vance. Thus, spill instructions can be added evemdif: Live <
n.of_reg. But anticipating a spill can have some drawbacks. Since
the final schedule has not been computed yet, spilling iopagd
with limited information which can lead to making uninforthe



decisions. We can see an example of a poor decision being made
in figure 2. The graph on the left represents BeG of a loop.
According to [11], nodes in this graph will be scheduled in al
phabetical order. When nodg is scheduled, the figure of merit
of URACAMmay suggest that introducing spill code for the edge
E — B (graph in the center) leads to a more balanced sched-
ule. This may saturate memory ports. Then, when instrudfics
scheduled, it is not possible to introduce a spill for edge-> A.
This may result in an invalid schedule because efige> A has
the longest inter-use lifetime.

In fact, this may be a critical drawback. In loops with highre
ister requirements, there are often instructions at theoétitk loop
that depend on values generated at the beginning of the -
ever, these dependencies are not visible in a partial sthedtil
both the producer and the consumer have been scheduled.afinc
intermediate instructions would have been scheduled bgfbis
long dependency is not visible until a major portion of theddas
been scheduled. Thus, the memory slots may have already been
used to schedule spill for uses that possess shorter istelife-
times.

3.2 New on-the-fly spill algorithm

In this section we present a new on-the-fly spill approach tha
overcomes the problems we have highlighted above. The pegpo
scheme makes two scheduling passes. The first pass tridsed-sc
ule the loop without adding spill code. #hax Live < n_of _reg,
then the schedule is already valid and we save compile time. |
insteadmax Live > n_of_reg, we re-schedule the loop with on-
the-fly spill code generation. During this second schedupass,
the spill heuristics are guided by information obtainednfrthe
first computed schedule. For that reason, instructionsciiedsiled
following the same strategy used in the first pass so thatdmbtad-
ules are as similar as possible. The difference with thegass is
that after scheduling an instruction, adding spill codeoissidered.
More specifically, spill instructions can be inserted in wases:

1. maxLive > n_of _reg:

If, during a partial schedule, we detect thaux Live >
n_of_reg, we look for spill candidates within the current partial
schedule. The fact is that the to-be scheduled instructians
only increase register pressure, so sooner or later we aéitin
to spill some of the already scheduled values to memory.

To schedule these spills, we use thgosteriori spilling
scheme described in section 4 (without re-scheduling)aput
ply it to the already-scheduled subgraph instead of to thalevh
graph. Our objective here is to try to strike a compromise be-
tween inserting spill instructions late during scheduljsg that
the s-loads and s-stores do not interfere with the origirehm
ory instructions). We can then insert spill instructiongdyedur-
ing scheduling (so that spill instructions can be schedin¢ae
most suitable slots and then the rest of the instructionseto b
scheduled can take advantage of this knowledge).

Note that if register pressure cannot be decreased enoug
such thatmax Live < n_of_reg, then we can stop trying to
schedule. We then will increase tHeand re-start the schedul-
ing process. This helps to reduce compile time.

2. Estimation of register requirements

An important feature of on-the-fly spill code generation is
that it allows for the insertion of spill code even beforesiting
an actual need for it so that instruction scheduling can taap

lifetime of a schedules, Iftms(S) as the sum of the individual
lifetimes for each value:

I ftms(S) = 1 ftm(v)

ves
Note that if
I ftms(S) > 1T - n.of regs
then
Mmaz Live > n_of _regs

In our spilling heuristic, we estimatltms(S)for the fi-
nal schedule. Whenever this estimation satisfies the prslyio
mentioned relation:ftms(S) > |11 - n.of_regs we will antic-
ipate that the final schedule will be register constrainatiae
will insert spill code.

Hence, we need to estimafems(S)for the final schedule.
However, some instructions have not been scheduled yet. For
these instructions, we will assume that they will be schedlin
the same cycle where they were placed in the first pass sehedul
We will refer to this cycle as thestimated cycleNow, we can
estimate the lifetimes of all instructions and thereforecaa
also estimatéftms(S)for the final schedule.

Then, ifl ftms(S) > 11 -n_of _regs we will anticipate spill
code for the consumers with the longest inter-use lifetinfes
both the producer and the consumer of the value are scheduled
we can schedule the spill instructions and reduce the etstima
of Iftms(S) If any of them is not scheduled yet, we will only
reserve the memory slots required to introduce the spittiies
tions. In that casdftms(S)is reduced assuming that the inter-
use will be spilled for its whole estimated lifetime. Wherttbo
the producer and the consumer are scheduled, we will saledul
the spill instructions (if still required).

We iterate through this process until the estimation

I ftms(S) <II-n.of _regs

or until no further spill can be introduced.

Note that this algorithm will tend to insert less spill code
than may be needed since it only estimdfess(S) Since it is
only an estimate, we are conservative in order to prevent ove
spilling.

After inserting spill code on-the-fly we proceed with the poo

schedule. The next scheduled instructions will have moee-fr
dom in order to take advantage of the new spill code opemtion
More specifically, when scheduling a node we consider hgldif
scheduling the instruction so that it can obtain its opesafindm

an s-load instead of from the producer operation. Then, \eztse
the cycle that further reduces register requirements.rfesaode

is then scheduled far from the estimated cycle, the estimatio-
duced for the remaining nodes can also be imprecise. To mreve
this from happening , if:

[real_cycle(ins) — estimated_cycle(ins)| > IT

hWe re-compute the estimated cycle for the instructionsttaae not
yet been scheduled. However, this occurs for less than 10%teof
graphs that need spill code.

4. NoRPS

As was discussed in section 2.1, previously propas@osteriori
spilling schemes re-schedule a whole loop after insertpil is-

the new situation. For that purpose, we need to anticipate th structions. The reason for re-scheduling is that moduledactes

the final schedule will be register constrained. Otherwise,
could be over-spilling.

Next, we will define some concepts that we use to anticipate
that the final schedule will be register constrained. We ddfie

tend to be compact and so it may be difficult to find candidates sl
for the insertion of new memory instructions.

In this work we propose a new scheme that adds spill code

a posterioriwithout re-scheduling the loop. Spill instructions are
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Figure 3. Example for spill code a posteriori.

scheduled at the point in time that they are added to the stded
(NoRPS stands faNo Re-scheduling Posteriori Spillin order to
reduce register requirements, spill code is usually ieseidr con-
sumers whose inter-use lifetime is long (in terms of the neindd
cycles). Since there is considerable space between twaoc@s,

it is almost always possible to schedule the spill instargiwith-
out re-scheduling the loop. In fact, scheduling spills withre-
scheduling the loop has some advantages, as we will see, \Wext
will describe an example that illustrates some of thesefiisne

4.1 Motivating example

Assume we have an architecture with two memory ports anddgt2 re
isters (for illustration purposes only). Assume also thatructions

in our example system incur the following latencies: ondeyor
each add, two cycles for each memory instruction and eigtiesy
for each division. At the top left corner of figure 3 we show toee
for a simple loop. Beneath it we present the associated eaend
dence graph@IDG). Each node in th®DG represents one instruc-
tion in the loop, and each edge represents a dependencydretwe
two instructions. Inside each node we describe the instmiex-
ecuted, and in parentheses, the cycle where it has beenutetied
(assuming ai I = 3).

In tablea in figure 3, we show the lifetimes of all of the values
for the schedule, before considering spill code. The secoidnn
titled aliv represents the number of values that are alive during each
cycle. For this schedulenaxz Live = 14 (which is greater than
the number of registers available), so we need to add spik.co
We will select the edgé + + — S A because it has the longest
inter-use lifetime. We denote loads and stores associatbdpills
assld andsSt Next, we schedule the spill instructions without re-
scheduling the whole loop. We want to scheduledlaas close as
possible toStA which in this example is cycle 1G5 1 mod 3).
However, both memory ports are used at modulo cycle 1 by the
two loads of the original loop code iteration. Therefore,hage to
move the load one cycle back in the schedule to cycle 9. For the
associatedSt we want to schedule it as close as possiblate .
Again, the first candidate is cycle 1, but we have to msS8&ne
cycle forward to cycle 2 due to resource conflicts.

The resulting register requirements of each instructider -
serting the spill instructions (without re-scheduling thep) are
shown in tableb of figure 3. Since we have not re-scheduled the
loop, the only differences correspond to the value spilfest . In
cycle 2, we storé\++ to memory. However, we still need to keep

the value in a register an additional cycle longer due to #ie s
dependency. Thereford++ is live from cycle 0 to cycle 3. Note
that moving thesStfrom cycle 1 (where we would have liked to
have placed it) to cycle 2 (where we finally placed it) has no ef
fect on register pressure. We have also schedulesldtie cycle 9.
Therefore, the value produced By+ does not need to be in a reg-
ister from cycle 3 to cycle 9, saving 6 lifetimes, 2 per cydéhe
modulo schedule. Hence, we obtaitux Live = n_of_reg. Note
that forsld, a register is required from cycle 9 (where it is sched-
uled), to cycle 12 wher&tAis. For this instruction, scheduling it
one cycle earlier (cycle 9) the ideal cycle (cycle 10) insesaits
lifetime by one cycle.

Next we will see what would happen if we re-schedule the
whole loop with the new spill instructions. According to thieler-
ing proposed in [11], priority is based on path length. THeesitil-
ing order works in a bottom-up fashion. Therefore, the dndgfor
the original instructions would b8tA, +, /, IdA, A++, I1dB, B++,
StB As we mentioned in section 2.1, when re-scheduling the,loop
spill instructions are scheduled together with consumedipcer
instructions as instruction-pairs. Thus, tB#A would be sched-
uled again in cycle 12. Theld would take advantage of the re-
scheduling and it would be placed closer to its consumer in cy
cle 10, reducing its lifetime one cycle with respect to the-ne-
scheduling approach.

The / would be scheduled again in cycle 3, and tda in
cycle 1. TheA++ could be scheduled in cycle 0, but it has to
be scheduled together with its store. Since both memons Eoe
already occupied in cycle 1, we have to ma@ve+ one cycle back
to cycle -1%, such that thesStcan be scheduled in cycle 0. Then
theldB has to be scheduled in cycle -1 because memory ports are
saturated in cycles 1 and 0. Therefde+ also needs to be moved
earlier in the schedule to cycle -2. Finally, t&&8Bwould be placed
in cycle 11.

We present the register requirements of the new schedule in
tablec. As we can seemaxLive > n_of_reg. Since memory
ports would be saturated, no further spilling would be gussiAs
a result, the 1l would have to be increased.

4.2 Analysis of the motivating example

Next, we will look in more detail at the differences betweée t
two differenta posterioriapproaches used in the example: the re-
scheduling and the non-re-scheduling approaches.

1. If the loop is re-scheduled, instructisitis scheduled together
with its consumeBtA which reduceslds lifetime by one cycle
with respect to the non-re-scheduling approach. This is one
of the positive consequences of re-scheduling. Spill lcads
placed closer to its consumers.

When instructiomA++ is re-scheduled, it is moved one cycle
earlier in the schedule because it has to be scheduled @vgeth
with sStas an instruction pair. However, placistcloser to
A++ does not produce any benefit on register pressure because
A++ is alive for 3 cycles anyway due to its self-dependency. In
this case, re-scheduling has not reduce register pre3nrbe
other hand, movind\++ one cycle earlier increases the length
of the schedule. Hence, in this case re-scheduling has éveega
effect.

3. During re-scheduling, instructioldB has to be moved 2 cy-
cles earlier from its original scheduling position becatrsre
are other memory instructions (the spill instructionsgatty
scheduled. This increaskt'’s lifetime by 2 cycles. In addition,
instructionB++ has to be moved 2 cycles later in the schedule

2.

1The cycle can be negative because we are doing a modulo $ehedu



too, which in turn increaseB++’s lifetime (and the length of
the schedule) by an additional two cycles.

These 3 points have illustrated the main differences betwee
scheduling and not re-scheduling. First, when a re-scireglatep
is performed, spill instructions are scheduled closer @rtpro-
ducers/consumers. In the case of an s-load, this often hetioee
their lifetimes. In the case of a store, it does not alwaysiced
the producer-instruction lifetime because there may b&@naon-
sumer scheduled between the store and the consumer for which
have spilled. Second, when re-scheduling the original nmgrime
structions of the graph, there may already be some spitiicstns
scheduled, which can cause the original memory instrustioroe
scheduled further from their producers/consumers. THisypmay
be worse than moving spill instructions because it alsatdfether
original loop instructions, and can increase the lengtthefsched-
ule. The last important difference between both schemesdased
to the strategy used to schedule the spill instructionsndutine
re-scheduling step. These instructions are scheduled@adtion-
pairs with its associated producers/consumers. Theseidtisin-
pairs are more complex to schedule. Therefore, re-schegduohn
increase the length of the schedule and also the II.

In addition, by not re-scheduling the loop, we can also enjoy
other advantages. For instance, since all of the originap lim-
structions are already scheduled and they will not be maveaan
compute the exact benefit of spilling a certain candidaterd&fore,
we can more precisely select the instances of where to iapiit
code. We define our selection heuristic in the next subsectio

4.3 Selecting spilling candidates

Before describing our selection policy, we first introduoes new
terms to help quantify spill characteristics.

Given a particular cycle of the schedule, we definedive(c)
as the number of live values in cyateln our previous example in
figure 3, we show the value falive(c)in the second column from
the right in tables,b,c If alive(c) > n_of_regs then:

n-of_spills(c) = alive(c) — n_of regs

which indicates the number of values that need to be spiltetthe
example we show theof_spillsin the right-most column of tables
a,b,c Given a schedul§, n_of_spills(S)will be sum of the number
spills found in each cycle d&

I7—-1

n_of_spills(S) = Z spills(c)
c=0

Therefore, for the example shown in figure 3, we have 3 spolis f
the original schedule, 0 spills after inserting spill codi¢haut re-
scheduling, and 2 spills for the re-schedule.

Now we can describe the metric that will be used to determine
the spill priority. First, we compute the total number oflispin
the scheduleS. Then, for each register dependency, we compute
the cycle where a s-load could be scheduled and the cycleewher
a s-store could be scheduled. Then, for each register depeyd
we assume that the corresponding spill store and load hame be
scheduled in the previously mentioned cycles and we contpete
new number of spills that would remain in the resulting sched

S’. We select the candidate that further reduces the number of

spills, divided by the number of new memory instructionsextid
{ n_of _spills(S) — n_of _spills(S") }
maxr

newMemTraffic
Let us illustrate this metric with the example presentedguorké 3.
As mentioned above, th&d can be placed in cycle 9 and th&t
placed in cycle 2. Thus, we can save the lifetime betweeresy2l
and 9, that is, we can reduedive(c) by two in each cycle. Thus,

the resulting schedule would have 10, 12, 11 live values ahea
cycle (tableb), which means 0 spills. The reduction in the number
of spills is therefore 3. Since we have to add both sSt and sld
instructions, we assign thelueof the metric to be 3/2. In case of a
tie in this first metric (as would be the case between depaeen
A++ — SA andB++ — SB, we select the use with the
longer inter-use lifetime.

Once the spill instructions are scheduled, we update thiesyc
where s-stores and s-loads can be scheduled and the metait fo
uses. We iterate over this process untibz Live < n_of _reg. If
we find we cannot further improve the schedule during thisgss,
we re-schedule the loop with the new spill instructions. iBgire-
scheduling, we try to schedule the spill instructions aselas pos-
sible to their producer/consumer. To achieve this goallisgtruc-
tions are scheduled just after their associated produmesioner
have been scheduled. However, they do not have to be schedule
together as an instruction-pair. Therefore, in some cdsssdre
separated.

In the case where re-scheduling does not produce a validlsche
ule, we have to increase the Il. Then, all the spill instrtsiadded
are removed in the hope that by using higher II, the loop can be
scheduled without adding spill code.

5. Experimental Evaluation

In this section, we evaluate the spill techniques describetiis
paper:MIRS URACAM NoRPSand newOF(newOFdenotes our
new scheme that inserts spill code on-the-fly). In our exaina
we use more than 4000 loops taken from the SPECFP2000 suite.
In particular, we have selected only the loops present il ¢hier-
tran benchmarks in the suite. We chose not to evaluate th@-<C pr
grams because, due to C's complex memory disambiguatiere th
are a significant number of memory dependencies that cacise re
rences. Hence, for these programs, recurrences limit thefite of
modulo scheduling, independent of the particular regiatiecca-
tion and spilling technique used. To generate EH2Gs for these
loops, we have used the ORC compiler [10], with unrolling dis
abled, and leveD3 optimization. We have also used ORC to obtain
loop execution frequencies and the average number of idasat
executed for each loop.

Clustered architectures have been used in some commersial s
tems [17, 8, 13, 7, 9]. In this paper we consider three differe
clustered architecture configurations (other configunatithat we
tested exhibited similar trends): two that can issue up tus6c-
tions per cycle and two that can issue up to 12 instructiongype
cle. We also study a non-clustered (i.e., unified) configomatin
the clustered configurations, each cluster is supplied Wittieger
functional unit, 1 floating point unit, 1 memory port and 1§ise
ters. In table 1, we present the latencies assumed for tferatit
instructions. Next we describe the four configurationseidst

1. unified32r: A unified configuration with 2 integer functain
units, 2 floating point units, 2 memory ports and 32 registers
(Issue 6).

2. 2c1b1132r: A 2-cluster configuration with one 1-cyclectaty
bus for inter-cluster communication and 32 registersu@<).

3. 4clbll64r: A 4-cluster configuration with one 1-cyclestaty
bus for inter-cluster communication and 64 registersu@sk?).

4, 4¢c2b1l64r: A 4-cluster configuration with two 1-cycledaty
buses for inter-cluster communication and 64 registessu@
12).

All spill algorithms are evaluated using the same instarcched-
uler. More specifically, we utilize thewing modulo schedulgt1],

though other approaches could also be used. For the cldsteriai-
tectures, before scheduling the loop, DBG is partitioned using
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Figure 4. IPC for the different spill techniques and different confagfions.
II'sum integer | fp clusion is that the two heuristics presented in this papgrestorm
arith 1 3 previously proposed spilling schemes for all configuratiand for
mem 2 2 all programs (except for 200.sixtrack, which is recurrecoa-
mul/abs 2 6 strained and obtains almost the same performance for dihgpi
div/sqgrt 6 18 techniques).

Table 1. Latencies assumed for the instructions.

a multi-level strategy oriented towards modulo schedu[lg3].

For implementingMIRS there are some user-defined parameters
specified. For these parameters, we have used the valuasexepo
by Zalameeet al.[20].

5.1 Performance Evaluation

In figure 4, we show the IPC (average number of instructioms-co
mitted per cycle) obtained for the 10 fortran SPECFP200@iven
marks using the different spill techniques. The first imaottcon-

With respect totURACAM we only report results for the uni-
fied architecture with 32 registers. The reason why we chaose
present results for the clustered configurations istiR&CAMap-
plies additional transformations (besides spilling) fustered ar-
chitectures that may lead to very different schedules. Hetie
differences reported may not necessarily be related to reffire
cient spill code generation. Therefore, the comparisonsldvbe
unfair and inconsistent. F&RACAMequipped with 32 registers,
the average speed-up of the proposed schemes (with regpect t
URACAM is close to 5%. As we anticipated in section 2.2, the
spilling algorithm used byJRACAMoften fails to spill the longest
inter-uses because it has already filled all memory slots etier
spill instructions. Moreover, this approach sometimesiitssspill



IIsum | unified32r | 2c1b1132r | 4c1bll64r | 4c2bll64r
mirs 23786 25380 18749 17915
newOF 23695 25282 18494 17737
norps 23548 25093 18503 17732

Table 2. Sum of the Il of all the loops for the different spill

techniques and the different configurations.

SL sum] unified32r | 2c1b1i32r | 4c1bll64r | 4c2bli64r
mirs 81653 87110 77005 76876
newOF 77196 82824 75675 75722
norps 77523 82358 75857 75618

Table 3. Sum of the length of the schedules of all the loops for the
different spill techniques and the different configurasion

instructions before they are actually needed. For thisitiecte, ag-
gressive spill insertion sometimes resultirer-spilling and sig-
nificantly increasing memory traffic.

With respect taMIRS the differences are smaller. The average
speedup of the proposed techniques is 4% for the 6-issuegeonfi
urations, and 3% for the 12-issue configurations. For thkrigter
configurations, the speed-up is slightly lower for two rewsd-irst,
register pressure is not as critical because we use 64eegiSec-
ond, the 4-cluster configurations also suffer from commatia
constraints. Since we use the same graph partition algoritn
all schedules, the differences are reduced. Another irapbissue
to consider is thaMIRSuses back-tracking to produce the sched-
ule, while the two proposed techniques asldACAMdo not. This
fact improvesMIRS schedules, at the expense of a higher compi-
lation time. In particular, we have measured that compifatime
for MIRSand find that it approximately doubles compilation time

versus the other two schemes. The main reason why the two new

schemes outperformlIRSis due to the metric used to select the
spill candidates. IMIRS spill candidates are selected according
to the number of cycles between two successive consumehe of t
same value (without taking into account the cycle in whiahghill
instructions can be scheduled). Hence, this approach dud¢ake
into account the memory conflicts that will arise when sciedu
ing the new spill instructions and relies on back-tracking¢hed-
ule them in an appropriate cycle. On the other hawdRPSand
newOFinsert spill code while taking into account the impact of the
scheduling of the new instructions. Another differencé&MIRS
only requires the spilled value to be spilled to sga@, whereas
NoRPSandnewOFuse a more precise estimate, based on the im-
pact that spilling a particular candidate will have.

Finally, when we compare the two proposed spill heuristics
(newOFandNoRP$, we see that the performance differences are
very small. The IPC obtained by the approaches is almostihne s
For these two approaches, the spill candidates are chosed ba
the same metric. Therefore, the spill instructions ingkate often
the same. The main difference is tiRPSinserts spill instruc-
tions a posteriori, whereasgewOFinserts spill instructions on-the-
fly. Hence, in most cases the differences between the twalsche
ules are tied to the cycles where particular instructioessahed-
uled. This results in very small schedule differences. mescases
(wheremaxLiveis only slightly bigger tham_of_regg, this small
difference may lead to a better schedule for one of the teciesi
In general,NoRPSis slightly better because, as we explained in
section 4, it assigns higher priority to original memorytinstions
than to memory spill instructions. Nevertheless, the fiRa Mif-
fers less than 1% on average. Comparing the sum oflthend
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Figure 5. Percentage of spill instructions added on-the-fly and a
posteriori withMIRSfor the different configurations.

the sum of the lengths of the schedules obtained nélOFand
NoRPS(tables 2 and 3, respectively), we can see that the differ-
ences are small. In fact, for the 4c1b1164r configurati@mwOFob-
tains better results. HowevéipRP Serforms better in some loops
that have a bigger impact on IPC and so performance is higher f
NoRPS

The main conclusion here is thatposteriorispilling can pro-
vide a spill code picture as accurate as on-the-fly spillirigs re-
sult was a bit unexpected.

If we carefully study theMIRS approach, we will see that it
is very similar to ana posteriorispill technique. To further sup-
port this conclusion, we present figure 5. We will refer tollspi
instructions inserted during loop schedulingamsthe-fly spill in-
structions whereas the spill instructions inserted after scheduling
the original loop instructions will be referred to asposteriori
spill instructions (SinceMIRSincludes back-tracking, some origi-
nal loop instructions may later be un-scheduled. Howevercon-
sider a spill instruction to be aa posteriorispill instruction if it
is inserted after having produced a schedule where all tigg- or
nal instructions of the loop are scheduled). As we can seegin fi
ure 5, the percentage of on-the-fly spill instructions is;lapprox-
imately 90% of the spill instructions are insertacposteriori In
order to introduce on-the-fly spill instructiongl|RSrequires that
max Live > 2-n_of reg for a given partial schedule. This means
that when spill instructions are added on-the-fly, regigtessure is
very high for the partial schedule. With added register sues, it
may be more difficult to produce a valid schedule, even if veeit
spill code. In fact, when we reachax Live > 2 - n_of reg, we
often have to increase the Il. Therefore, most of the spltrirc-
tions added byMIRSare added once a first complete schedule of
the original loop has been produced.

Previousa posterioriapproaches did not perform as well@as
the-flyschemes. We will further explore the causes for this in the
next sub-section.

5.2 Further analysis of a posteriori spilling

As previously discussed in section 4, the key noveltyNoRPS
with respect to othest posterioriapproaches is that a loop is not re-
scheduled after inserting spill code instructions. We na@inthat
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Figure 6. Average for all the programs of the ratio of dynamic
memory accesses with respect NmRPSfor the different spill
schemes and the different configurations.

most of the time it is possible to schedule spill instrucsiarithout
re-scheduling the whole loop because the spill instrustiare
usually inserted for long lifetimes. To check whether thituition
holds, we computed the percentage of loops for which a valid
schedule was obtained without re-scheduling over the motalber

of loops that needed spill code. We have observed that for &%
the instances where spill code was inserted, the loop dicheed

to be re-scheduled. Therefore, re-scheduling is not @atent

We obtain a few advantages by not re-scheduling. First,éhe r
sulting schedules are shorter because the instructions heen
scheduled with fewer conflicts. However, for modulo schidyl
the length of the schedule has a limited impact on performanc
Another positive consequence of not re-scheduling wasdreih
ample shown in figure 3 in section 4. If the insertion of spil i
structions cause non-spill memory instructions presetiiénoop
to be scheduled later, this can increase lifetimes for thgiral
memory instructions, and may also increase the lifetimesthodr
instructions in the loop. Finally, the metrics used to ihseills are
more precise when no re-scheduling is performed becaugene
exactly measure the impact of a particular spill insertion.

On the other hand, if we do not re-schedule, we may find it more
difficult to find a suitable slot to schedule a spill instrocti For that
reason, in case a valid schedule has not been fduoRP Sallows
for re-scheduling to be performed. However, the re-schiegull-
gorithm is different from previoua posterioriapproaches. In pre-
vious schemes, spill instructions were scheduled togettibtheir
producers/consumers as instruction-pairs. This makeénan
appropriate slot more difficult and the Il may have to be insezl
due to resource conflicts. Using our modified re-schedullgg-a
rithm, we try to place spill instructions as close as possibltheir
producers/consumers, but not necessarily back-to-back.

5.3 Memory traffic

In figure 6, we compare the memory traffic of the schedulesrgene
ated with the different spill schemes for each configuratiomar-
ticular, we have measured the ratio of dynamic memory aesess
with respect to the number of dynamic memory accesses pedduc
with the NoRPSapproach. In the figure we present the averaged

ratios of the programs evaluated. The main conclusion istttea
differences are small (in most of the cases around 1% andlfor a
the cases under 3%).

The spill technique that produces the greatest number of-mem
ory accesses WORPSThis is due to the fact that, in general, this
spill heuristic achieves a lowér. This comes at the expense of in-
serting more spills. However, for the 4c1b1l64r configunatithe
sum of thdl of newOFwas lower than foNoRPS$and the number
of memory accesses is still smaller feewOF The newOFtech-
nigue produces fewer memory accesses because when spills ar
inserted on-the-fly, the spill instructions can be schetluleser
to their producer/consumers. Therefore, shorter lifesimee pro-
duced and fewer spills are required. In fact for 3 of the 4 cpifi
rations reportedhewOFgenerates the least memory traffic.

6. Conclusions

In this work, we have described two new spill code generation
schemes. Our new proposals are based on a thorough study of th
benefits and drawbacks of previous techniques for batithe-fly
and a posteriori spill approaches. Our new schemes outperform
previous state-of-the-art techniques for register smjlliHowever,
one unexpected result in this work is that we found that obheste
that inserts spill code a posteriori and our scheme thattmseill
on-the-fly obtain almost the same performance. In recenk veor
the-fly techniques were reported to obtain better perfommawe
have studied the reasons why the propoaegosteriori scheme
achieve similar schedules than on-the-fly, while previauppsals

did not. The key difference is that a loop is not re-schedaliéer
spill code is inserted. We have shown that this has some tatyes
The most important benefit is that it allows for a very pre@ss-
mation of the effects that spilling a selected use can haeack|,

the metric used provides more accurate spilling. The pregpas-
the-fly algorithm uses the same metric. However its perfogaa

is slightly lower than thea posteriorischeme, due mainly to the
benefits obtained by scheduling spill instructions at thek en
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