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Abstract.  Tedhniques for global register allocation via graph coloring have
beenextensively studied and widely implemented in compiler frameworks. This
paper examines a particular variant { the Callahan Koblenz allocator { and
compares it to the Chaitin-Briggs graph coloring register allocator. Both al-
gorithms were published in the 1990's, yet the academic literature does not
contain an assessmen of the Callahan-Koblenz allocator. This paper evaluates
and contrasts the allocation decisions made by both algorithms. In particular,
we focus on two key di erences betweenthe allocators:

Spill code: The Callahan-Koblenz allocator attempts to minimize the e ect of
spill code by using program structure to guide allocation and spill code place-
ment. We evaluate the impact of this strategy on allocated code.

Copy elimination: E ectiv e register-to-register copy removal is important for
producing good code. The allocators usedi eren t techniques to eliminate these
copies. We compare the mechanisms and provide insights into the relativ e per-
formance of the contrasting techniques.

The Callahan-Koblenz allocator may potentially insert extra branches as part
of the allocation process.We also measure the performance overhead due to
these branches.

1 Intro duction

While processorspeed has increaseddramatically in the last 20 years, main memory
speedshave struggled to keepup. To addressthis disparity, current computer architec-
tures contain seeral levels of smaller but faster storagein betweenmain memory and
the processor.Consequetly, modern compilersmust ensurethat frequertly usedvalues
in a program are stored in the higher echelonsof this memory hierarchy. In particular,
registersare the fastest storagelocations and compilersrun a register allocation phase
to map valuesin the program to registers available on the target architecture. This
phaseis critical in producing a speedy program. However, it is prohibitiv ely expensive
to optimally conduct global register allocation sincethe problem is NP-complete [21].
As a result, allocation is usually performed by a heuristic driven algorithm. Our paper
will focus on two such algorithms { the Chaitin-Briggs allocator [6] and the Callahan-
Koblenz hierarchical allocator [7] { that map the register allocation problem to a graph
coloring problem. Both algorithms construct and color an interferencegraph that rep-
reseris correctnessconstraints. As canbe expected, optimal coloring of the interference
graph is also NP-complete and the allocators resort to heuristics to color the graph.
The major dierence in the two allocators lies in their consideration of program
structure. After constructing the interferencegraph, Chaitin-Briggs doesnot consider
the control o w of the program. In cortrast, the Callahan-Koblenzalgorithm constructs



a hierarchy of tiles to capture loops and conditional control ow in the program. This
tile represenation of the program is then usedto guide allocation and spill decisions.
We shall analyzethe impact of theselocality-baseddecisionson the quality of generated
code. Another key di erence in the two allocators lies in their register-to-register copy
removal techniques. The removal of unnecessaryregister copiesis an integral part
of both algorithms. While the Chaitin-Briggs algorithm conducts copy coalescingto
eliminate redundant copies, Callahan-Koblenz usesa preferencing technique which is
a medhanism that in uences the way certain nodesare colored. We shall comparethe
e ectiv enessof the two techniques on various benchmarks.

The Chaitin-Briggs allocator has beeninvestigated extensively, and is implemented
in practically every industrial and researt compiler. In cortrast, while the original
Callahan-Koblenz article presens a fascinating approach and makes compelling argu-
merts about its functionality, the authors did not presert an experimental evaluation.
In particular, they described a relatively high-level description of the algorithm and
did not provide a comparisonto a high-quality baselineallocator. If the Citeseerliter-
ature databaseis any indication, there hasbeenwide interest in the Callahan-Koblenz
article { it has been cited almost as frequertly as the well-known Briggs paper [6].
However, even after more than a decadesinceits publication, there still has beenno
evaluation published in the literature. This is unfortunate sinceindustrial practition-
ers,in particular, are necessarilyconsenative about implemerting unproven or poorly-
understood algorithms in their compilers. This is especially true in the caseof the
Callahan-Koblenz algorithm, which, aswill be seenin the following sections,is signi -
cantly more complicated than the proven, easyto implement Chaitin-Briggs allocator.
This paper intends to addressthis gap in the literature and to provide researtersand
practitioners with empirical data about the performance of this intriguing algorithm.
BecauseCallahan-Koblenz is consideredan extensionto graph-coloring techniques, we
used Chaitin-Briggs { a well-understood graph coloring algorithm { asthe baselineof
comparison.

2 Graph Coloring Register Allo cation

Registerallocators typically take an intermediate represeration of a program asinput.

This represenation doesnot imposeany architectural limitations on the number of reg-
isters { valuesare contained in locations known asvirtual registers.It is the allocator's
responsibility to map the theoretically unlimited virtual registersinto a nite number
of machine (or physical) registers. Moreover, while conducting this mapping, it needs
to maintain the semarics of the program. Graph coloring register allocators construct
an interferencegraph that represeris these safety constraints. Program valuesare rep-
reserted by nodesin the interferencegraph and edgesbetweennodesimply that those
values cannot share a physical register. Values that cannot share a physical register
are said to interfere with ead other. Both the Chaitin-Briggs and Callahan-Koblenz
allocators construct such an interferencegraph for eac procedurein the program and
then attempt to color it. However, the two graph coloring algorithms use signi cantly

di erent techniquesto construct and color their interferencegraphs and to spill regis-
ters. To understand and highlight the impact of thesedi erences in allocation decisions,
we presert a summary of the algorithms in the next two sections.

2.1 Chaitin-Briggs Allo cator

As the name suggeststhe Chaitin-Briggs allocator (\CB") is basedon Chaitin's classi-
cal graph coloring allocator. In describing their algorithm, Briggs et al. identify seweral



major phasesin their allocator. Our implementation faithfully follows the implemerta-
tion described in the paper exceptwe do not needto discover and number live ranges
(Briggs et. al call this the \Renumber" phase)sincethis information is already avail-
ablein the static single assignmei form (SSA) basedrepresenation we use.The major
phases,as depicted in Figure 1 and described in [6] are:

illcode [
—{ build H coalesce H iﬁ“c‘;fs H smplify H select P
]

Fig. 1. Overview of the Chaitin-Briggs allocator

Build the Interferene Graph Identify interferencesby constructing live rangesand
marking interferencesbetweentheseranges.

Coales®: Remove register-to-register copiesif the sourceand the destination registers
do not interfere. The build and coalescephasesare repeated until no more coalescing
can be conducted. We will provide a detailed analysis of the e ects of coalescingin
Section4.2.

Calculate Spill costs and Simplify: These phasescalculate spill costs for every node
in the interference graph and then order the nodesby pushing them on a stack after
removing these nodes from the graph. The Simplify phase rst removesall trivially
colorablenodes{ i.e. nodesthat have fewer neighborsthan than the number of available
physical registers.If it readhesthe point whereno such node remainsin the graph, then
this phaseconsults the spill heuristic, choosesthe node with the lowest spill cost, and
pushesthat node onto the stadk. The processis repeated until the graph is empty and
all nodes have beenplaced on the stack.

Selet: The allocator tries to color the graph by repeatedly popping a node from the
stack, inserting it into the graph, and attempting to assignit a color. If all colorshave
already beenexhaustedby its neighbors, then the node is marked for spilling and left
uncolored.

Spill code insertion: If any nodeswere marked for spilling by the previous phase,then
the graph was not successfullycolored. As a result, spill code is inserted for those
nodes and the allocator is restarted on the modi ed program. The Briggs allocator
marks nodesto be spilled at a later stagethan Chaitin's algorithm. The authors call
this procedure optimistic coloring sincethe algorithm defersthe spilling of a node in
the hope that the node will becomecolorable.

2.2 Callahan-Koblenz Allo cator

The Callahan-Koblenz allocator \CK") extends Chaitin's allocator by directly incor-
porating program structure into the allocation process.By doing so, the allocator can
decide which variables to spill, as well as determine where to place the spill code.
In cortrast to the \spill everywhere" approac of Chaitin, Callahan-Koblenz has the
potential to place spills in lessfrequertly executedportions of the program.
Callahan-Koblenz represers the hierarchical program structure with a tile tree.
Roughly, ead tile in the tree represerts a region of code such as a loop or conditional
and ead pair of tiles in the tree must either be disjoint or properly nested, one within
the other. Such a tree structure isolatesthe high- and low-frequency code regionsand
provides a basis for the allocator's overall operation and spill placemen decisions.



3

blocks(T0) = {START, STOP}
blocks(T0.1) = {A, C}
blocks(T0.1.2) = {B}

blocks(T0.3) = {D}

@ ® ©

Fig. 2. Example tile tree: (a) CFG; (b) tiles overlaid on CFG; (c) the tile tree.

Figure 2 shows an example control- 0 w graph and its corresponding tile tree, where
the set blocks(T) represerts all basic blocks which belong to tile T, but not to any
subtiles of T. Each tile boundary represens an implicit split-p oint of all valueslive at
that boundary. One of the strengths of Callahan-Koblenz lies in the ability to allocate
ead portion of a live range between the tile boundaries independerily. These split-
points also becomethe locations where any necessaryspill code for global values will
be placed. Figure 3 depicts the overall structure of the Callahan-Koblenz allocator.
Oncea tile tree has beenconstructed, two major passesare made over the tile tree.

each tile tin postorder traversal of tile tree

Phase 1 each subtile s

build for blocks(t) i i color summarize
| construct tile tree - © incorporate subtile
prefs for blocks(t) conflicts and prefg (pseudo colors) (for parent)

each tile tin preorder traversal of tile tree

rebuild incorporate parent color summarize tile-boundary J

(from summary) conflicts and prefg (physical registers; (for subtile) spill code

-
Phase 2

Fig. 3. The Callahan-Koblenz Allo cator

Phase 1 (b ottom-up): Eachtile T isvisited in postorderand processedndependenly

with the goal of producing a preliminary allocation. The overall processingof ead tile

is similar to a Chaitin-Briggs allocator, but includes extra bookkeepingbetweentiles,

and doesnot perform coalescing.

Build and preferences Build the interference graph much like Chaitin-Briggs, but re-
stricting attention to blocks(T). Moreover, unlike the standard builder, interferences
are not constructed for any variable which is live across,but not referencedin the
subtree rooted at T.! Preferences(such as for the source and destinations of copy
instructions) are also setup at this time.

Incorporate subtile summaries All subtiles of T will have already beenprocessedand
a compact summary of their allocations stored. This information is incorporated into

T's interference graph, as well as certain types of preferencesbasedon the subtiles'
allocations.

Color: Coloring operates similarly to the Chaitin-Briggs allocator except that color
choice may be in uenced by preferencesFurther, if a node receivesa color, that color

! Suah live ranges,which we abbreviate \LBNR", are similar to the \delayed bindings" of [18],
or the \inactiv e" live rangesof [3].



may potentially be propagated to other nodes. Except for nodes which must receive
a particular physical register, colors assignedin this phaseare \pseudo colors" in the
sensethat they will be re-colored with a physical register in the secondphase (and
there are k pseudo-colors,corresponding to the k physical registers).

Summarize After T is processeda compressedepresenation of its' interferencegraph
and allocation is constructed and passedup to the parert tile. Included in the summary
are all tile-global variables allocated to registers, all tile-globals allocated to memory,
and tile summary variables Each TSV correspondsto a set of tile-lo cal variables that
were allocated the same color, so that the local allocation is represeried in a very
compact form. Conicts involving tile-locals are stored in terms of their assaiated
TSVs.

Phase 2 (top-do wn): Each tile T is visited in preorder with the goal of providing
the nal assignmen of physical registers. Spill code is intro duced at tile boundariesto
reconciledi erences in ead tile's allocation.

Rebuild Reconstruct the interferencegraph for T from its summary information.
Incorporate parent summaries Conicts for LBNRs that were excluded in the rst
phaseare now added to the graph for consideration, if they received a register in the
parent. Certain preferencesare also setup basedon the parent's allocation.

Color: A nal coloring is performed, binding pseudo-colorsto physical registers. As
before, coloring decisionsare in uenced by any preferences.

Summarize Save T's allocation and preferenceinformation to be passeddown to its
subtiles.

Spill code: Spill code is introduced at the tile boundaries, which may not be the same
tile wherea particular spill decisionwas made. Spill instructions could be loads, stores,
or register-register copies,depending on the location of a global in T and its parert.

3 Experimental Setup

For our experimental setup, we used the LLVM compiler infrastructure [17]. LLVM
allowed us to designand implemert the register allocators in a machine-independen
manner. We ran the allocators on an Intel Perntium 4 machine with 1 GB of main
memory running Redhat Linux 9.0. The Pentium 4 processorhas 7 allocatable integer
registersand 8 allocatable oating point registers. We selectedbendimarks that per-
formed mostly integer computations, sincethe current LLVM x86 badend has limited
support for global oating-p oint register allocation. That is, LLVM is generally unable
to allocate oating-p oint values acrossbasic blocks due to complications in handling
the stack-based FP register le of x86. As a result, the allocators were evaluated on
programs from the SPEC 2000 integer bendhmarks and the Mediabend suite. The
tables and graphsin our experiments depict results from 8 SPEC benchmarks: gzip ,
vpr, crafty , parser, eon, gap, bzip2, twolf , and 1 program from the Mediabenc
suite: epic .

4 Evaluating the Allo cators

In evaluating the allocators, we posedand answered two major questions. Sincea crit-
ical goal of the CK algorithm is to minimize dynamic memory referenceggeneratedby
spill code, the primary questionthat needsto be addresseds to what extent it improves
on the \spill everywhere" approach of Chaitin. Second,the CK allocator might place
extra operations on tile boundarieswhile stitching subtiles badk together. We wish to



measurethis overheadand determine whether it is tolerable. To this end, our evalua-
tion processconsistedof running the Callahan-Koblenz and Chaitin-Briggs allocators
on a number of bendhmarks and comparing two key features of the register-allocated
output: the spill instructions emitted and the register-to-register copieseliminated. We
measuredboth the number of static spills and copiesemitted aswell asthe number of
theseinstructions executedon test inputs. We also measuredthe executiontime of the
allocated code on theseinputs.

While evaluating the allocators, it is tempting to focus solely on the runtime of the
allocated program. However, this might proveto be misleadingon certain ervironments
dueto three issues.First, somearchitectures (the x86 included) usesophisticated tech-
nigues to minimize memory latency. Thus, even if the allocation algorithm allocates
more virtual registersto physical registersand reducesthe amount of spill code in the
program, this improvemert might not be re ected in a decreasdn executiontime. Sec-
ond, the e ects of cadhe hits and misseson spill code is unpredictable and might a ect
the runtime of the code. In the degeneratecase,code with more spill code might bene t
from random cache e ects and executefaster than code with fewer spill instructions.
The allocators we evaluated do not optimize for cache e ects while emitting spill code {
asaresult, the impact of cache on allocated code is purely accidertal and we would like
to factor these e ects out. Lastly, the evaluated allocators might produce starkly dif-
ferent allocations for rarely executedproceduresof a benchmark. This di erence might
not be re ected in the execution time of the ertire program. However, it is sometimes
instructiv e to examine the contrasting allocations of these procedures.Keeping these
considerationsin mind, we decidedon spill code and register copieseliminated as our
two major ewaluation metrics. An analysis of the spills and copiesin the code will
give us a relatively architecture-independert understanding of both allocators. In our
comparisons,we usedboth the dynamic aswell asthe static versionsof these metrics.

4.1 Comparing the Spill Code Emitted by Both Allo cators

A graph coloring allocator typically usesheuristicsto color the interferencegraph using
the samenumber of colors as available physical registers, k. However, the coloring will
be unsuccessfulif the graph is not k-colorable, or if the heuristics fail to color a k-
colorable graph. At this point, most allocators modify the program and repeat the
coloring process.After an unsuccessfulcoloring e ort, Chaitin-Briggs and Callahan-
Koblenz relegate uncolorable nodes to memory and rebuild the interference graph.
This processof placing a live rangein memory instead of a register, known as spilling,
reducesthe length of the live range and, in general, makesthe modi ed graph more
colorable. Sincethe spilled range must now be fetched from memory, the allocator tries
to reducethe number of thesememory accessegspills) executedat runtime. Callahan-
Koblenz and Chaitin-Briggs useheuristic techniquesto identify candidatesfor spilling
. Though their heuristics sharea generalgoal { to make the graph more colorable and
to minimize the amount of spill code { they dier in their formulations.

Spill code insertion strategy in Chaitin-Briggs  In the Briggs allocator, the spill
heuristic is computed by courting the load and store instructions required if the live
range were to be spilled. Speci cally, if d; is the loop depth of instruction i, the spill
cost for a node is estimated to be:

SpillC ost = LoadsC ost + Stor esCost where LoadsC ost = LoadW eight ' 109
12 S pillLoads

StoresCost is calculated in a similar manner. For our experimernts, the weights for
load and store costswere setto 1. If a spill is required, the node with the lowest ratio



of spill cost to the number of interference edgesis selectedfor spilling. Once a live
rangeis spilled in Chaitin-Briggs, it is loaded beforea useand stored after a de nition
throughout the function.

Spill code insertion strategy in Callahan-Koblenz A more ne-grained spill
strategy is used by the CK allocator. We give a brief overview here, but consult [7]
for a more detailed discussion. Becauselive ranges can be split at tile-b oundaries,
the allocator may chooseto place a variable v in di erent locations for ead tile that
it crosses.For example, v may be allocated to a register within tile t, while being
relegatedto memory in the parent or a subtile. The following set of equations forms
the cornerstoneof this strategy:

X
LocalW eight;(v) = P(b) Ref,(v)

b2 block s(t)

wheret is a tile, P(x) denotesthe probability of executing a block or taking a cortrol
o w edgeand Refp(v) is the number of referencedo v within b. Assumingthat allocat-
ing a register to variable v in t is pro table (seebelow) during the bottom-up phase,
LocalW eight(v) is analogousto Chaitin-Briggs' Spil ICost heuristic and is used,along
with the degreeof the node corresponding to v, in a similar fashion. However, this cost
is computed basedonly on blocks that occur strictly within tile t, as opposedto the
whole function. Moreover, the referencecourt of block bis weighted by the probability
of bbeing executed.Note that for the purposesof this work, we usea static estimate of
P (b) rather than actual pro le data to ensurea fair comparison of the spill heuristics
for both allocators. If bis a block, we set P (b) = 109P" () |f e is an edgeemanating
from a block b, P(e) is computed as the reciprocal of the number of outgoing edgesof
b. X
Weight(v) = (Regs(v) Memsg(v)) + LocalW eight(v)

s2 subtiles  (t)

Overall decisionsregarding whether or not a variable should be spilled are basedon
W eight(v). It is computed asa combination of LocalW eight;(v) and various penalty
coststhat may arisefrom making certain allocation decisionswith respectto the parent
or children of t. It may happen that the penalty outweighsthe benet of allocating v
to a register, indicating that the allocator should force v into memory.

Transf ery(v) = X P(e) Liv ec(v); whereE(t) = Entr yEdges(t) [ ExtE dges(t):
€2 E (1)
n .
Regi(v) = 21;in (Transf ery(v); Weight (v)); :; :Esggim i Iraie
n .
Mem(v) = ?';ransf ery(v); :I :2;28128 z ;raLljse

where | nReg (v) is a boolean predicate which is true if v received a register in tile
t, and false otherwise. Liv es(Vv) is a predicate that indicates if variable v is live along
edgee.

Transf eri(v), Reg(v), and M em(v) represen the various penalty costs.The rst
corresponds to the cost due to tile-b oundary spills, while the remaining two accourt
for any penalties due to atile and its parent choosingdi erent locations for the same
live range. If v is allocated to a register in tile t, Reg(v) is the penalty of allocating



v to memory in the parent of t. Likewise,if v is allocated to memory in tile t, then
M em;(v) is the penalty of allocating v to a register in the parent of t.
To seehow W eight(v) might be negative, consideratile t and a single loop subtile
s of t. Suppose on the way up the tree, a variable v was spilled in s. If t were to
allocate v to a register, then the quartity Regs(v) Memg(v) = 0 Transfers(v) =
Transf erg(v). If Transf ers(v) is greater than LocalW eight;(v), then it is generally
better to spill v in t. In other words, if t allocatesv to a register, it will cost more
dynamic spill operations to transfer v to and from memory around s than it would to
just spill vin t in the rst place. When this situation arises,v will be marked so that
it will not compete with other variables for a color during the coloring phase.

Benchmark CB CK % imp.
M[Mtg M + Mtg [Crs All (W/ CTB)
gzip 96.82|51.01] 6.09 57.1( 0.99/58.09| 41.02 40.00
vpr 10.77|| 8.96 1.12 10.08 0.00[10.08| 6.41 6.41]
crafty 71.21|55.10 5.07 60.17, 0.44/60.61| 15.50 14.89
parser 51.54{|27.66 1.05 28.71 1.12/29.83|| 44.30 42.12
eon 36.10(36.30 0.28 36.58 0.00/36.58| -1.33 -1.33
gap 53.02(43.45 4.29 47.74 0.5548.29| 9.96 8.93
bzip2 103.00|72.1417.80 89.94 2.14192.08| 12.68 10.60
twolf 53.70|31.81{11.96 43.77 1.32/45.09| 18.49 16.03
epic 8.78| 4.50 6.85 11.35 0.44{11.79|-29.27] -34.23
MEAN IMPR OVEMENTS 20.52 19.07

Table 1. Dynamic spill operations for SPECInt2000 and epic (billions)

Analysis of Spill Code Inserted Table 1 showsthe dynamic spill behavior of eath
benchmark for CB and CK. The column marked CB is the number of dynamic memory
operations executed by the CB-compiled version of eadh bendhmark. The CK results
are broken down into the three types of spill operations that can occur. Column M
is the number of dynamic memory operations executed within tile boundaries (e.qg.,
loops). Column Mg and Cyg are the number of dynamic memory and register-to-
register copy operations executedon tile boundaries, respectively. The two additional
CK columnsrepresen the sum of all dynamic memory operations (M + Mg ) and the
sum of all dynamic spill operations (memory operations or copies).lt is usefulto isolate
the dierent types of spills for CK in order to seethe e ects of tiling more directly.
Finally, the last two columnsshow the percert improvemert of CK over CB. In the rst
case,only memory operations are considered,whereasmemory and copy operations are
consideredin the secondcase.This distinction was made to shav how prevalent any
remaining tile-b oundary register-register copieswere (indicating successor failure of
inter-tile preferencing), and what overall impact they had on the improvemerts.

Overall, the benchmarks allocated with CK executed signi cantly fewer dynamic
spill operations than thoseallocated by CB| up to 44%fewer on parser . On average,
20.52%fewer spill operations were executedfor CK than for CB. On the other hand,
there weretwo lossesfor CK. One slight lossin eon, and one signi cant 29.27%lossin
epic (more on this later).

We examined some of the benchmarks in detail at the assenbly languagelevel to
understand choices made by ead allocator, and why CK performed relatively well
comparedto CB. Consider the code in Figure 4a, which is a typical scenariopresen
in many of the benchmarks. Here there are two live rangesx and t competing for
oneregister, where x is referencedonce early, and heavily in somedistant part of the
program. There are a only few referencesto t in a small portion of the program, but
they occur in aloop, making them frequertly executed.Let us assumethe total number
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Fig. 4. Example of CK advantage: (a) Fig. 5. Dynamic Spill Operation Typesby
original code; (b) CB spills t; (c) CK splits Percertage. TBindicates operations on tile
X. boundaries.

of referencesto x exceedshose of t. In the standard CB sdheme, sincethe spill costis
calculated basedon the referencesthroughout the program, then x would get a color
and t would be spilled (as in Figure 4b). But from the perspective of t, spilling t is
a poor choice, since x is never even referencedin the loop. On the other hand, the
opposite choice (giving t the color) is bad too asthe many referencesto x will now be
through memory. BecauseCB must spill a live range ertirely, one of two poor choices
must be made. As mertioned earlier, CK can consider ead live range in fragmerts,
over regions of the program. Here CK splits x before and after the loop, so that the
loop portion and non-loop portions are allocated independertly. This allows the result
seenin Figure 4c, wheret getsthe register and x getsthe register (but x is allocated to
memory within the loop whereit hasno references)Notice alsothat there is a tradeo
in making such a split. A store and a load operation must be placedat loop erntry and
exit to make the split, which is clearly pro table here.

Returning to the lossin the epic benchmark, it is usefulto examinethe breakdown
of spill operation typesfor CK. The graph in Figure 5 shows the percertage of total
spill operations represerted by eadt type. Looking at the epic bar, it is evidert that
somethingwent wrong with CK's heuristics. That is, more than half of all the dynamic
spill operations are memory operations on the tile boundaries. Without looking at the
code, this would seemindicate that CK did not calculate trade-o s betweenintra- and
inter-tile spilling appropriately.

In fact, on examining the assenbly code, we found just that behavior. One routine
dominating execution time contains a number of triply-nested loops. In one sud nest,
there is heavy register pressurein the inner loop, little pressurein the middle loop, and
medium pressurein the outermost loop and non-loop code. There are also a number
of global valueslive acrossthe ertire loop nest, with referencesin someloops and not
others. Unfortunately, for someof theseglobals, the constituent fragments within ead
loop were alternately allocated to registersand memory. That is, the outermost loop
allocated g to aregister, the next deeper loop allocated g to memory, and the inner loop
allocated it to aregister. Thus, at every tile boundary there are memory operations to
transfer g in and out of memory as appropriate. It turns out that thesetile-transfers
dominate the spill operation court, as seenin the graph. It would have beenbetter to
keepg in the samelocation acrossmore than onetile boundary.



4.2 Inter-register Copy Elimination and its Impact on Allo cation

Prior researh hasdemonstratedthat the removal of register-to-registercopiesimproves
codequality [12,13]. Therefore,the e cacy of the copy coalescingphaseis critical to the
performance of the allocators. An e ectiv e copy removal strategy becomeseven more
imperative for register allocation in a SSA-basedintermediate represenation suc as
LLVM. In SSAform, -functions model mergepoints in a variable's path through the
code. While converting from SSAform to executablecode, -functions are replacedby
register-to-register copies[4]. In both implemented allocators, we ran an initial pass
that mergedthe live rangescreated by the -node elimination process.This transfor-
mation, speci ed by Briggs in [3], ensuresthat the input to the two allocators remained
consistert. The two-addressnature of x86-instructions posesanother challengeto the
copy-removal mechanismsin both allocators. Since most instructions on the x86 take
two operands,a three operand represenation such asLLVM insertsinter-register copies
in the code to conform to the speci cations of the instruction set. This results in the
proliferation of a large number of inter-register copiesand eliminating most of these
copiesis desirable.In addition to copiescreated due to architectural and intermediate-
represernation features, wasteful register copiescan also be generatedin straight-line
code. Thus, programs presert many opportunities for copy removal. Sincethe two al-
locators implement di erent copy-removal medcanisms, we shall comparethis feature
in more detall in the next sections.

Coalescingand Biased Coloring The Chaitin-Briggs allocator usestwo complemeriary

mechanisms{ coalescingand biasedcoloring { to removeregister copiesin the code. Af-

ter building the graph, if the allocator encourters a register copy, it coalesceshe source
and destination live rangesif they do not interfere. This algorithm is called aggessive
coalescing becauseit combines nodes without examining the resulting node's degree.
Coalescingtwo registers changesinterference information and may lead to other op-
portunities for copy removal. Therefore, the algorithm rebuilds the interferencegraph

and repeats the coalesce-rebuildprocessuntil no more copies can be eliminated. In

Chaitin-Briggs, coalescingis intentionally constrained{ to retain exibilit y during col-
oring, it only examinescopiesbetweentwo virtual registers.However, the intermediate
represertation might corntain copiesbetween physical and virtual registersthat repre-
sert architectural limitations or procedure-callingconvertions. The allocator recognizes
that thesecopiescan be made redundart by assigningthe samecolor to both registers.
To this end, Chaitin-Briggs addsthe color assaiated with the physical register to the

list of colors desired by the virtual register and attempts to assignthis color to the

register during the biasel coloring phase.Biased coloring is, in spirit, very similar to

preferencingin the CK allocator. However, unlike in Callahan-Koblenz, biasedcoloring

plays only a secondaryrole in Chaitin-Briggs since coalescingis powerful enough to

eliminate most copies.

Preferencing Preferencingrefersto the notion that it may be attractiv e to assignthe
same color to multiple variables By making the coloring algorithm sensitive to such
preferencesthe likelihood of choosing the desired color for a node is increased.Copy
removal in the CK allocator is performed by preferencingthe sourcevariable S and
destination variable D of a copy together by adding ead to the others preference list.
The preference-guidectolor assignmen algorithm then attempts to give the samecolor
to SandD. If the attempt is successfulthe preferencewassatis ed), then the resulting
copy is redundant and can be trivially removed. Similarly, if either S or D is a physical
register, such as a copy generatedto implement subroutine linkage convertions, we
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setup a local preference. This is dierent than the previous casein that a variable
is preferencedto a specic physical register. During color assignmet, when a node
receivesa color, the color is propagatedto all the nodeson its preferencelist as their
local preference.lf a node hasa local preference then the coloring mechanismwill  rst
attempt to assignthat register beforeresorting to using another register. Furthermore,
it will try to avoid giving a node a color that is preferred by uncolored neighbors.

In addition to copy removal, preferencingis usedto in uence the colorsthat di erent
parts of a global live rangereceive. Recall that tile boundariesare implicit split-p oints
for variableslive at that boundary. Becausetiles are processedndependertly, it is im-
portant to passaround information about these variables (in the form of preferences)
sothat ead tile attempts to place the sameglobal into the sameregister. These pref-
erencesof course,are not generatedin responseto copy instructions. However, if they
are not satis ed, then copy operations will be inserted at the boundary to resolve the
di ering allocations.

Register Copies Remaining in Code After Copy-Elimination, Coal./Pref,

.

Ratio of Remaining Copies: Coal. / Pref.

gzip vpr crafty parser eon gap bzip2 twolf epic MEAN

Fig. 6. Aggressive Coalescing & Biased Coloring vs. Preferencing

Experimental Evaluation To obtain meaningful results comparing the contrasting copy-
removal techniques, it wasimportant to isolate the copy elimination medcanismsfrom
the generalallocation algorithms. We wanted to ensurethat our measuremeis would
not be hampered by the inconsistert namespacesreated by both allocators. There-
fore, we modi ed CB and CK to operate on the same structure { we constructed a
single tile for the entire program and provided this tile asinput to the allocators. We
were then able to compare the e ectiv enessof the preferencing algorithm to the ag-
gressiwe coalescingand biased coloring combination. The results of these experiments
are displayed in Figure 6 { it shaws the number of copiesremaining in the code after
copy-removal was conducted. Our experiments show that overall, coalescingused in
conjunction with biased coloring performs better and removes 3.6% more copieson
averagethan preferencing. This translates into a 4.5% decreasein copiesexecutedat
runtime. We were, however, surprised by how closely the two algorithms performed.
In stark contrast to coalescingwhich is executed ead time the interference graph is
rebuilt, preferencingcanremove copiesonly while coloring the graph. We concludethat
the careful medchanismshbuilt into preferencingallow it to be competitiv e with a much
more aggressie technique.

4.3 Control-o0 w Overhead of Tiling

A key characteristic of the tile tree construction preserted by Callahan and Koblenz is
that for any edge(vy; v2) that originates from a block outside of a tile T and terminates
at a block in T (an entry edge),v; must be a block in the parent of T. Similarly, tile
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exit edgesmust terminate at a block in the parent of T. These conditions ensurethat
empty spill blacks canbe placedalong a particular entry or exit edgeof a tile to contain
spill code. If all edgesin the original cortrol- o w graph do not satisfy these conditions,
then the CFG will be modi ed by adding the appropriate basicblocks. Typically these

Overhead of Tile Construction

Normalized Execution Time of Allocated Code

in cB

in CK / Branches

anches

gzip  vpr  crafty parser eon  gap  bzip2 twolf  epic  MEAN gzp  vpr  crafty parser  eon gap  bzp2  twolf  epic  MEAN

Fig. 7. Static and Dynamic Branches Fig. 8. Runtime of Allo cated Code

extra blocks fall through to their successorand thus do not result in any additional
branchesin the nal program. However, there are caseswhen inserting blocks results
in unavoidable branches. Consider a branch in block vy, in the original program that is
situated in the innermost loop of a loop nest L, and which targets a block v; outside of
L. Each loop in L will have beenplacedinto its own tile after the tree is constructed,
say t1;to; g, where v, 2 blocks(ty) and v; is in the root tile to. Since the edge
(vb; Vi) doesnot terminate at the parert tile of tq, a spill block will be inserted at every
tile boundary betweenty and to. If any of these blocks end up with spill code after
allocation, and they don't naturally fall-through to the successora branch will result.
It is possible, then, that the resulting code might execute more branches than the
original, potentially degrading performance.In order to quantify the actual impact, we
comparedthe number of branch instructions executedin allocated code produced by
both allocators. Figure 7 indicates that the CK allocated code executesmore branches
than the CB allocated code.

On average,the Callahan-Koblenz allocator inserted around 5.8% more branchesin
the code. It is interesting, however, to note from Figure 7 that the increasein executed
brancheswas comparatively lower: 1.4% over all benchmarks. This di erence between
static and dynamic branchesindicates that the branchesplaced at tile boundariesare
infrequently executed.

4.4 Execution time dierences

We built three versionsof eat benchmark and comparedtheir execution times { ex-
ecutableswere created by running the Chaitin-Briggs allocator, the Callahan-Koblenz
allocator, and the default linear-scanallocator that shipped with LLVM. Both CB and
CK perform better than the linear-scanallocator, recordingimprovemerts on averageof
5.4%and 10.6%respectively. The comparisonbetween Callahan-Koblenz and Chaitin-
Briggs is summarizedin Figure 8. As can be seenfrom the experimental results, CK
outperforms CB on most of the benchmarks { on average,it improved performanceby
6.1% over CB. Thesegainswere mainly a result of the substartial reduction in spill in-
structions executed,as described in Section4.1. However, on epic , asa consequencef
the extra spills inserted by Callahan-Koblenz, it performed worsethan Chaitin-Briggs,
increasing program runtime by 10.4%.
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5 Conclusion

We have evaluated the Callahan-Koblenz allocator on three major criteria: the amount
of spill code inserted, the register-to-register copieseliminated, and the overheadin-
curred due to tile construction. As seenin Section 4.1, CK was able to signi cantly
reducethe number of spill instructions when comparedto Chaitin-Briggs. This reduc-
tion can be attributed, in part, to being able to independertly allocate di erent parts
of one live range. Secondly tile local variables are given precedenceover LBNRS in
that we prefer to spill a LBNR over a tile local. This strategy is often bene cial, since
unreferencedvariables are typically long lived and thus conict with many variables
in the sameregion. The CK results emphasizethat the spill-everywhere approac of
Chaitin-Briggs can potentially degradeperformance.

We were initially concernedthat copy coalescingmight signi cantly outperform
preferencingbecausecoalescingis conductedrepeatedly until all opportunities for copy
elimination have beenexhausted.In contrast, whether preferencingchoicescan be sat-
is ed dependson the order of the nodesin the coloring stack. However, asthe resultsin
Figure 6 indicate, preferencingis reasonably competitiv e with coalescing.Our experi-
merts showved that, on average,Callahan-Koblenz emitted fewer spill instructions and
produced faster running code than Chaitin-Briggs. However, we reiterate that these
experiments were not designedto determine which allocator is better. Rather, our pri-
mary goalwasto provide an understanding of the CK allocator by using another graph
coloring technique as a point of reference.To that end, we did not consideradding im-
provemerts in the Chaitin-Briggs spilling strategy assuggestedn various researt pub-
lications. Speci cally, modi cations proposedby Bergner [1] and Simpson [11] would
reducethe number of spills producedby the allocator. Briggs alsosuggestshat aggres-
sively splitting live rangescould help reduce spill code in loops [3]. Rematerialization
is a technique that reducesspill instructions by identifying valuesthat are cheaper to
recomputethan store in memory. [5]. In future researt, we intend to devisetechniques
for improving the quality of spill code in both allocators.

6 Related Work

Though early computer scienceliterature alludesto graph coloring approachesto reg-
ister allocation, Chaitin et al. preserted the rst paper comprehensiely describing a
graph coloring register allocator [9, 8]. Subsequetly, a number of improvemerns have
beenproposedfor Chaitin's Yorktown allocator: Bernstein et. al. augmerted the alloca-
tor's coloring strategy by choosingthe best of three heuristics [2]. They also presenied
a technique that attempted to reducethe amount spill code inserted by Chaitin's al-
locator. Bergner and his colleaguesnoted that spilling can be improved for live ranges
that have a small region of overlap [1]. They called their technique interferencegraph
spilling. Our paper focuseson the re nement of Chaitin's allocator by Briggs et. al [6].
By adding deferredspilling, Briggs and his colleaguesvere able to signi cantly improve
allocation, registering a reduction of spill costsup to 40%n their test suite.

While the Yorktown allocator and its improvemens described above focus on re-
ducing spill code, they do not consider program structure while making allocation
decisions.Somereseartersnoticed this de ciency and incorporated program structure
into their allocation e orts. Norris et. al. [20] designedan allocator that operateson the
program dependencegraph and attempted to carefully placespill code. They compared
their results to a Chaitin-style allocator which lacked a coalescingphasebut was aug-
mernted with deferred spilling and reported up to a 3.7% decreasen spill code. Knobe
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and Zadedk [14]describe a structure-basedallocator using the notion of a control tree,
which is vaguely similar to a tile tree. This allocator is similar to Callahan-Koblenz in
that it cansplit live rangesaround cortrol tree nodes, it can spill inside of conditionals,
and its pruning of wedgesis not unlike CK's handling of LBNRs; however, no empirical
evaluation of the technique is preseried. Lueh's \F usion" allocator also leveragespro-
gram structure and appearsto improve performance over Chaitin-style allocation by
an averageof 8.4%on the SPEC92benchmarks [19]. A recert article suggestghat with
a careful relaxation of the ordering of the coloring stadk, more preferencescan be sat-
is ed [15]. The hierarchical allocator evaluated in this paper was designedby Callahan
and Koblenz and published in 1991[7]. Sincethen, we know of oneother attempt to im-
plemert the CK allocator by Wu [22]. However, the implementation deviatesfrom the
published algorithm. The author resenesregistersto accommalate machine operands
for spilling which signi cantly cripples the algorithm while the published Callahan and
Koblenz paper clearly statesthat the hierarchical allocator does not resene registers.
There are seweral other major di erences from the published algorithm including ig-
noring the degreeof a node while spilling and not maintaining information during the
bottom-up walk of the tree. Many other graph coloring approachesexist that do not
derive from Chaitin's algorithm. Notably, Chow and Hennesseyconstructed basicblock
level interferencesand used splitting to attempt to make uncolorable rangeseasierto
color [10]. Larus and Hil ger describe a Chow-style allocator that assumesvaluesreside
in registers[16]; their allocator is more directly comparableto the Yorktown allocator.

As described above, seeral publications proposedesignsfor graph coloring register
allocators. Howewer, the papers do not contain detailed and comparative performance
results. This is partly due to the dicult y of implemerting di erent allocators on the
sameintermediate represeration and target architecture. In particular, the literature
does not cortain analysesof competing graph coloring techniques on realistic imple-
mertations. By implemerting and running the Chaitin-Briggs allocator along with the
Callahan-Koblenz allocator on the sameernvironment, we intended to addressthis de-
ciency and provide an understanding of a hierarchical allocator that attempts to take
advantage of program o w.
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