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Abstract. ~ Our research involves improved algorithms for graph-coloring, in the con text of register
allocation. We extend the usual algorithm, “rst proposed by Chaitin, add ing two further routines,
one a form of semi-randomized greedy allocation of colors, and the second usig local search with
random restarts, a method developed in the context of logical satis abil ity problems. For typical
register-set sizes, the extended algorithm can color graphs using sigm cantly less time and spilling
signi cantly smaller numbers of nodes to memory than does the Chaiti n algorithm; these advantages
become less pronounced, as register-set size decreases, and Chaittan o®er some small measure of
better performance for very small sizes. Our algorithm has some interesting additional features. On
the one hand, it can be extended to the general graph-coloring problem, outside of the particular
application considered. In addition, it makes available adjustable param eters for producing more-
or less-optimal executables during compiler runs.

1. Introduction to the problem

One of the most common methods for performing register allaation during the compilation of
code is by way of graph-coloring algorithms. Following on theinstruction-scheduling portion of the
process, the compiler attempts to allocate registers to thecompiler analyses sections of the code
in order to create a series ofnterference graphs As described by Appel and Ginsburg [1], \Each
node in the interference graph represents a temporary valyeeach edge {1; t») indicates a pair of
temporaries that cannot be assigned to the same register.” & a set of temporaries with their
interferences corresponds to a particular graph with edgebetween those nodes that interfere with
one another.

A permissible register allocation scheme, then, is one thahever assigns two interfering nodes of
the graph to the same register. This amounts to a version of tle k-coloring problem for graphs, as
follows. If our target machine hask registers,frq; ro; :::; rkg, then a permissible register allocation
scheme for some set of temporaries is identical to &-coloring of the interference graph such that
no neighbouring nodes|that is, nodes sharing an edgelare of the same color. If such a coloring
cannot be found, then the compiler is unable to assign all the tempaaries to registers while still
respecting interferences. So, to ensure that the section afode being compiled runs properly, it is
necessary that some of its temporaries bepilled to main memory, to be swapped in and out at
runtime using loads and stores. Due to the higher latency of remory access as opposed to register
use, spills represent a performance penalty taken by the copiled program. Too, since the insertion
of a spill means that extra code must be inserted to deal with he loads and stores|a situation that
can create new temporaries and new interferences in the owai graph|any spill can increase the
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amount and ditculty of the work that the compiler has to perfo rm. The goal, then, is to reduce
the number of spills as much as possible.

2. Goals and Methodology

Our work attempts to improve upon the standard method of solving graph-coloring problems in
compilers. Our main goals are two-fold:

(1) Generate a time-constrained graph-coloring algorithm|one that works in a reasonable
amount of time, relative to existing methods.

(2) Improve upon the standard with respect to spill cost: i.e., an algorithm that generates less
spills, and so less memory accesses in general.

We now describe the combination of methods used in our appraz.

2.1. The Chaitin algorithm. The standard algorithm for coloring graphs during register allo-

cation was rst put forth by Chaitin, et al [4, 5], who rst for mulated register allocation as a
graph-coloring problem, and put forth an algorithm originally proposed by Kempe [6]. Despite its
relative simplicity, this algorithm remains the most commonly-used graph-coloring method for use
in modern compiler technology:

For any graph G and number of colorsk:

(1) Remove from G some vertexv with number of neighbours strictly less than k, and pushv
onto stack.

(2) Remove all edges for vertexv from G, and repeat step (1) until either:

(a) All vertices are removed, andG is empty; or
(b) There exists no vertex v with less than k neighbours.

(3) If condition (2a) holds, then color G, by popping vertices from the stack one by one,
reassembling the full graph as we go, and assigning to eachrex v as it is popped some
color ¢ such that no current neighbour of v is already coloredc.

(4) Else, if (2b) holds, select some vertew to be spilled, removev, and begin again.

The resulting algorithm is sound, but incomplete|it is easy to nd even very small k-colorable
graphs for which the method is guaranteed to fail in nding a k-coloring. (A simple example is
the graph shown in Figure 1, which is 2-colorable, but for whit the Chaitin algorithm fails, since
every node has more than one neighbour.) However, given exent representations of graphs; the
Chaitin algorithm has the advantage that it can run in time li near in the number of vertices, for
k-colorable graphs; it is thus hoped that the number of probleminstances for which the algorithm
generates unnecessary spills is relatively small, and thathe cumulative cost of spills remains low.

2.2. A modi ed satis ability algorithm. Most research into altering the algorithms used in
register allocation attempts to preserve the basic Chaitinalgorithm, while minimizing the cost of
spills generated by that algorithm. For instance, a body of work [8, 9, 10, 11, 12] has concentrated
upon producing new heuristics for use in the spill phase of th code, trying to make better, or more
sophisticated, choices as to which nodes to spill, and whenOthers attempt to combine spilling

Iror discussion, see Cooper, Harvey, and Torczon [7].
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Figure 1. A 2-colorable graph for which the Chaitin algorithm is guaranteed to fail.

with other methods, such as live range splitting [13], or on tying to optimize the placement of
inserted spill code [14]. While all of these possibilities &ve merit, we consider altering the actual
graph coloring algorithm itself.

We base our work in the rst place on the randomized local seath algorithm Gsat , rst devel-
oped by Selman, Levesque and Mitchell [15]. For any boolearogical expression' in CNF form,
Gsat begins by randomly assigning truth-values to variables, andthen performs a hill-climbing
search, altering one variable's value so as to maximize theumber of clauses of made true. If,
after a xed number of iterations of the search process, no g&fying assignment has been found,
the algorithm restarts with a new random initial truth-assig nment, for a xed number of restarts.
It is easy to see thatGsat is another instance of a sound but incomplete algorithm. Whie any
satisfying assignment it nds for a logical expression is coect, Gsat may terminate without having
found any such assignment, even where such a one exists.

While the authors of the original Gsat study brie°y consider the possibility of using this al-
gorithm for graph-coloring problems, the method they descrbe is generally infeasible. In their
discussion, a graph-coloring problem is converted to a logad expression that both describes the
structure of the overall graph, and the constraints on the cdoring in question. However, this sort
of explicit method can generate very large logical expressns: a graph problem with 125 vertices
and 18 colors results, under their encoding, in an expressioconsisting of 89,288 clauses with 2,250
variables, for which Gsat took 5 hours to run. Such an encoding of problems is thus far to cum-
bersome to be of any real use in compilers, which can be deatjrwith tens of thousands of graphs,
some of size in the thousands of vertices, all in the compilédn of a single program. To avoid this
problem, we modi ed the Gsat procedure as follows.
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For any graph G and number of colorsk:

(1) For a xed number of restarts (MAX1 ), or until a permissible coloring is found, do the
following:
(a) Randomly partition the vertices of G into k separate partitions, representing thek
available colors.
(b) For a xed number of iterations ( MAX2 ), or until a permissible coloring is found, do
the following:
(i) Select that vertex v such that recoloring v most reducesthe number of con®icts
in the current coloring (i.e., the number of neighbouring nades of the same color).
(i) Recolor vertex v by assigning it to the next available partition; that is, if v
is currently in partition i, move it to partition i + 1 (modulo the number of
partitions).
(c) If after MAX2 iterations, we have still not found a permissible coloring,then restart,
going back to step (1).
(2) If after MAX1 restarts, we have still not found a permissible coloring, tren select some
vertex v to be spilled from the graph, removev, and begin again.

In e®ect, this algorithm treats the graph-coloring problem @& amulti-valued logical satis ability
problem. Rather than having two truth-values for an individu al variable, we have up tok values
through which we cycle. Each vertex of the graph can be consited a single variable, and we treat
the original adjacency matrix of the graph as our logical expession: a clause of the expression
is an edge between two vertices, and it is satis ed, in this cotext, i® those two vertices are
assigned distinct values. This provides a much smaller enating of the coloring problem than that
proposed in the original work on Gsat , especially since it does not require any direct translatio
to a logical expression, but instead treats the adjacency miaix of the graph itself as equivalent to
same. Furthermore, this method provides something similato another local search method used in
graph-coloring investigations, namely Tabu Search [16, 17]without all of the necessary overhead,
and with some important di®erences. Whereas Tabu search rains a \taboo list" of recently
visited con gurations in order to avoid local maxima in the search procedure, the modi ed Gsat
method, by virtue of its ordering or color partitions, will n ot revisit just visited states, since it only
considers recolorings of individual nodes thaincrease the color assigned to some vertex. Too, we
do not need to introduce pre-de ned restrictions on the numbe of next neighbours considered in
the search procedure, as is usual in Tabu search. Instead, i number is automatically restricted
at each iteration of local search, since we generally conséd only those recolorings that increase
the color of individual nodes by at most one color (but see thediscussion of complications with
this feature in Section 2.3, below). Lastly, we exploit the mndomness in initial partitioning at each
restart, allowing us, in theory, to visit more diverse parts of a large search space without running
our algorithm for extremely long periods of time.
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2.3. A combined algorithm. Preliminary testing indicated three main de cits with the m odi ed
Gsat algorithm:

(1) If we did not restrict the number of nodes that we had to consider for a graph G, then the

algorithm ran much too slow to be of much use in practice.

(2) The random restarts tended to create a large number of coficts right o® the bat; the search

method spent a lot of time trying to remove these unnecessargon’icts before it could get
to work on the real problem.

(3) Unless we increased our valueMAX1 and MAX2 to relatively high numbers, the perfor-

mance of the search technique was below that attained by the @aitin algorithm. Unfor-
tunately, very high values made performance even slower, ptcularly for those graphs for
which some spills had to be generated.

In order to solve these problems, we made four major adjustmas to our method:

(1)

)

®3)

(4)

Pruning the graph : Rather than perform search over the entire graph, it is sutdent
to do so for just those vertices left over after the Chaitin algorithm removes all those it
can. If a permissible coloring of the remainder can be foundthose already pushed onto the
stack can be recolored as before. Thus, we use the fast Chaitiroutine as a front-end to
our main algorithm, reducing the problem. If the Chaitin alg orithm can reduce the graph
completely, then no more need be done, and our resulting algaghm works on all graphs
for which Chaitin nds a solution without spills.

Semi-greedy partitioning : Because purely random partitions tend to start the search
procedure in unnecessarily ditcult parts of the search spae, we altered the initial parti-
tioning procedure in order to reduce initial con®icts. Our partitions are thus generated by
randomly choosing nodes from those remaining after pruningand then assigning each to
the rst available partition for which there are no con’icts . If, for some vertex, there are no
such con’ict-free partitions|since every partition alread y contains one of its neighbours|it

is randomly assigned to one of them as before. (It is worth ndhg that the addition of this
method alone completely solves some graphs that the Chaitimethod cannot, generating
no spills at all.)

Inversely proportional MAX values . Since we want our algorithm to run in a time-
e®ective manner overall, it was necessary to minimize runtie of the search over very large
sets of hard-to-color vertices. We therefore set the MAX paraneters inversely proportional
to the size of this set, weighting them further so that they decreased in proportion to the
number of overall con®icts present in the set. Thus, for a lage set with many existing
con®icts, the search algorithm is pessimistic, stopping earlier in cases where a resolution
seemed less likely.

Avoiding hopeless cases : We also reduced overall iterations by introducing a featue
that immediately ceased search if it encountered a partition for which increasing the color
of any node by one (1) onlyincreased the number of overall con®icts. In such a case, we
then restarted search, considering the case where we increzd color of nodes by two (2),
instead, and so on for all ki 1) possible increments in the color of an individual node. If
all such increments produced only increases in con’ict, thesearch algorithm immediately
restarted and re-partitioned. The number of checks performd in such a case only ends up
being at most ((kj 1) £ n), for n the number of nodes, rather than all possible recolorings

(k™).
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Our nal algorithm, hereafter referred to as the combined algorithm  (or \Combo") thus
involved combination of three diverse methods within one raitine:
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For any graph G and number of colorsk:

(1) Use the Chaitin method to prune nodes with less thank neighbours from G, pushing each
to a stack as before.

(2) If, after Step (1), we have emptied the graph and pushed dlnodes to the stack, then color
in reverse order as before for the Chaitin algorithm.

(3) Else if, after Step (1), some vertices remain in the graphperform the modi ed Gsat routine
on this remainder, using:

(a) Semi-greedy partitioning.
(b) MAX values inversely proportional to the size of the remaining et.

(4) If, any time during Step (3), we nd a permissible partiti oning of the remaining vertices,
then halt, color those vertices according to that partitioning, and then color those vertices
on the stack in reverse order as for the Chaitin algorithm, castrained by the coloring
already introduced.

(5) Else if, after Step (3), we have still not found a permissble coloring, then select some vertex
v to be spilled from the graph, removev, and begin again.

3. Testing and Results

Initial tests of our algorithm against the Chaitin method we re hampered by a decision to write
each as a stand-alone unit in Java. However, because of the atively low performance of the
Java Virtual Machine, this provided no consistent measure & program speed, and the code was
subsequently translated to C++, in which context the signi cant speed-up allowed more testing,
and constant results.

Graphs were presented to the algorithms in the form of text les containing descriptions of their
adjacency matrices. As data, we used a set of interference gphs made available by Lal George
and Andrew Appel (at www.cs.princeton.edu/ appel/graphdata ) for use as a general testbed
for graph-coloring and register allocation experiments. The testbed contains 27921 graphs, each
generated by the SMLNJ compiler running on its own source cod, and targeted to a machine with
between 21 and 29 available temporary registers at each ste@he graphs range in size between 21
and approximately 6; 000 nodes, and represent a range of challenges for colorinfgarithms, even
with the relatively large number of registers/colors available. Because these graphs do not come
with actual spill costs for individual vertices, and becaus the Chaitin heuristic for spilling bases its
decision in part upon this estimate of the \costliness" of individual spills, we simulated spill costs,
assigning each node some value at random, following a gendlyabell-shaped distribution, such that
nodes with the very lowest or very highest spill costs made up percent of the nodes overall, and 40
percent of the nodes had spill costs squarely in the middle ahe range (see Figure 2). Preliminary
results indicated that the relative performance of the two methods was generally una®ected by
changes in the particular distribution, or overall distrib ution pattern, of these costs, and so this
distribution was held xed throughout all our tests.

Following tests over the full testbed, averaging spills gerrated|a measure that only ever varies,
and slightly, for the combined algorithm, given its semi-random elements|we compared results for
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Distribution of Spill Costs

Distribution

Cost (low to high)

Figure 2. Distribution of spill costs in the coloring testbed.

each algorithm when the number of available registers was driced, rst to 16, then to 12, and
Tally to 8.2 Due to the increased time taken for each run of each algorithnfor these restricted
register-set examples, because of extra time spent in spitlg and restarting, it was infeasible to test
them as many times, but results were relatively constant ove multiple runs. Testing was carried
out on a Dell Precision 330, running an Intel Pentium4 1.7GHzprocessor, with 512MB RDRAM.

3.1. Results. Prior to the conversion to C++, the clocked testing run-times for each algorithm
varied greatly, in large part due to variations in the scheduing of garbage collection in the JVM, and
no meaningful comparison was possible. After code conversi, however, we achieved a somewhat
surprising result: for reasonable register-set sizes, ourlgorithm actually outperforms the Chaitin
method on both main counts, running both signi cantly faster, and with far fewer spills, than does
the standard algorithm.

Initially, we expected that our algorithm would run somewhat slower than the Chaitin method,
due to the additional overhead of the search routines. As wil be seen, however, the combined
algorithm systematically reduced the number of spills necesary for k-coloring the various graphs
in the testbed, and as a result, even with its additional routines, there were graphs for which our
algorithm actually performed faster than the Chaitin algorithm, due to its ability to settle on a
coloring with fewer overall restarts. In one example, for irstance, a graph with 116 nodes (graph
20 in the Appel/George testbed) was only 21-colored by the Chdin algorithm after spilling 12

°As Appel has pointed out (see the source-page for the data), such compari®ns are interesting even in the context
of large register-set machines, since we may nd that the use of registers for purposes other than the storage of
program temporaries might speed up overall system performance. Thus, there can be advantages to algorithms that
can generate the same number of spills, or less, while using fewer rgisters.
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# of Registers | Spills ( Chaitin ) | Spills ( Combo ) | Reduction
21/29 2,872 1,398 51:3%
16 6,978 5,071 27:3%
12 14; 886 13,073 12:2%
8 41,917 - 41,917 (n/a)

Table 1. Comparison of spills generated by each algorithm over varios testbeds.

# of Registers Seconds (Chaitin ) | Seconds (Combo ) | Reduction
21/29 1,602 687 57:1%
16 4;653 3,078 338%
12 13,163 14,674 11:5%
8 14;609 > 72,800 (n/a)

Table 2. Comparison of time used by each algorithm over various testbds.

nodes, given our assignment of spill costs; the combined agthm, on the other hand, was able
to eliminate all spills, nding a 21-coloring without spilli ng any nodes. Thus, for an instance like
this one, the Chaitin algorithm had to go through 12 restarts of its main procedure, whereas the
combined algorithm was able to color the graph in one pass, this saving a substantial amount
of e®ort. Added up over the large number of cases in which spsl were partially or completely
eliminated, this translated nally into notable time savin gs over the initial testbed.

Over the original set of graphs, using between 21 and 29 rediers, the combined algorithm
achieved a reduction of spills, relative to the Chaitin method, from 2;872 (or one memory access
every 10 interference graphs, on average) to;B99 (or one memory access every 20 interference
graphs, on average) for the combined algorithm: a reductionof 51:3% in the number of spills
overall. In addition, the runtime for the combined algorith m averaged 687 seconds over the entire
testbed, as compared to the Chaitin method's 1602 seconds, a reduction of 51%. As we reduced
the registers available, however, this margin of improvemat narrowed, and eventually disappeared.
While the combined algorithm consistently out-performed the Chaitin algorithm with respect to
number of spills, reduction in the number of available regisers corresponds to a reduction in the
relative bene't of performing the combined method. In addition, the reduction of available registers
to 12 or below coincides with an eventual increase in the timdaken by the combined algorithm,
over the time taken by the Chaitin method. Tables 1 and 2, as w# as Figures 3 and 4, summarize
the di®erences in spills generated, and time spent, as beter the two algorithms. Reductions are
measured relative to the Chaitin method. A negative value irdicates that the combined method
performed less welf

3Testing was conducted averaging run-times and spills over a number of runs, over the entire Appel testbed of
27,921 graphs. (Note that the number of spills for the Chaitin algorithm is an ex act “gure, constant over all runs.)
The tests were run as follows:
(1) 21729 registers: Combined: 100 runs; Chaitin: 20 runs.
(2) 16 registers: Combined: 20 runs; Chaitin: 20 runs.
(3) 12 registers: Combined: 20 runs; Chaitin: 8 runs.
(4) 8 registers: Combined: 3 runs; Chaitin: 1 run (not completed, due to time const raints).
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Figure 5. Comparison of time used and spills generated by the combinedigorithm
over various testbeds.

4. Conclusions and Future Work

Preliminary results for our combined algorithm have been faourable, but we would like to come
to a better understanding of its full features and capabilities. Initial tests show that the addition
of simple partitioning and local search routines to the stardard register-allocation graph-coloring
algorithm provides a signi cant boost in performance, running faster and reducing memory latency
by over 50% each. This suggests that further work in this areawould be of use in applications,
as there are many other methods for graph-coloring that mightbe of use in this domain. The
initial thought, that additional routines might only incre ase running time of the compiler without
signi cantly improving memory access spilling, turns out not to be the case. Instead, quite the
contrary is true: by reducing spills, overall processing time is in fact reduced, resulting in an
improved algorithm in both main dimensions of performance.In addition, because of the potential
for improved time performance, there is more room for furthe investigation into reducing spills
further|since the combined algorithm can run in half the tim e of the Chaitin algorithm, further
optimizations may be possible without exceeding the time bands set by the standard method.

At the same time, further work can be done. Future testing woud involve:

(1) Isolating the two additions to the Chaitin algorithm (th e initial greedy partitioning, and the
local search routine) from one another, in order to see how nth the performance increases
observed can be attributed to each in turn.

(2) More ne-grained testing to understand the trade-o®s betveen spill minimization, process-
ing time, and number of available registers. As described,hie combined algorithm su®ered a
drop-o® in its time performance relative to the proportional reduction of spills as the num-
ber of registers/colors was reduced. In addition, procesep time grows somewhat faster
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than additional spills (which never grows larger than the number generated by the Chaitin
algorithm, by de nition), suggesting that there exists a point at which it no longer becomes
productive to consider the use of the combined algorithm (se Figure 5). More investigation
is needed in order that something de nite can be said about tese trade-o®s, and about the
reasons why the two algorithms vary so in their performance \ith the register count.

(3) Investigating the possibility of improved heuristics for use in the spill phase of our program.
One possibility that comes readily to mind would be to use inbrmation about the various
con’icts generated by individual nodes during the search phase of the algorithm; nodes for
which every recoloring considered still yielded a large nutoer of con®icts would make for
more likely, and perhaps more useful, candidates for spilfig.

(4) Further testing of the algorithms over interference graphs generated by compilers for a
number of di®erent platforms and languages.

(5) Adaptation of the method to a general graph-coloring prodem, by letting our algorithm
vary the number k of colors considered, repeating for highek upon failure.

Clearly, this work merely scratches the surface of what is pssible when more sophisticated graph-
coloring methods are used in this application context. By catinuing our testing over the other
test instances, and by comparing results with a wider variey of coloring algorithms, we should
also be able to say more about the possibilities our own partiular algorithm makes available. In
particular, it would be interesting to look at our performan ce relative to that of algorithms that
combine a variety of methods similar to our own, including fams of greedy partitioning and search
[18]. Of real interest would be the role of the randomizationelements present in theGsat -style
search method, and the potential bene ts to be had by way of the pruning methods introduced by
the Chaitin algorithm; as far as we know, this means of both cabining methods while working
“rst to reduce the size of the problem has not been extensivglinvestigated.

Finally, we note one more interesting feature of the use of a mdi ed Gsat -type algorithm
in compilers. It is often desired that a compiler be adjustable with respect to the amount of
optimization it puts into code. During early stages of code witing and testing, it is often desirable
that compilation proceed as quickly as possible, due to therequency with which segments of
code need to be recompiled. So long as a compiler produces Wimg executable units, we can
usually omit many available optimizations, leaving them until nal compilation stages, at which
point the time required for compilation can be allowed to run longer. It is common, then, for
compilers to o®er the option to turn optimization o® or on as asired by the user, speeding up or
slowing down the process depending on circumstance. Our moéd algorithm o®ers a ready-made
means of adjusting such a process with respect to registerlakation, namely the adjustment of the
parameters governing the number of repetitions performed ¥ the local search phase. By reducing
these parameters (to zero if desired), we can reduce the acti of the local search process, at the
cost of less e®ort spent to nd spill-reducing colorings. In nal compilation stages, on the other
hand, we can increase these parameters signi cantly, and siacrease the amount of time spent on
attempts to reduce memory accesses, providing a greater meare of optimization to the resulting
executable units. The method proposed thus o®ers practicabene ts without always demanding
more time in the bargain.
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