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ABSTRACT

The advance of multi-core processors has led to renewed
interest in extracting parallelism from programs. It is some-
times useful to know how much parallelism is exploitable in
the limit for general programs, to put into perspective the
speedups of various parallelisation techniques. Wall’s study
[19] was one of the first to examine limits of parallelism in
detail. We present an extension of Wall’s analysis of limits
of parallelism, by constructing Dynamic Dependency Graphs
from execution traces of a number of benchmark programs,
allowing us better visualisation of the types of dependencies
which limit parallelism, as well as flexibility in transform-
ing graphs when exploring possible optimisations. Some of
the results of Wall and subsequent studies are confirmed,
including the fact that average available parallelism is often
above 100, but requires effective measures to resolve control
dependencies, as well as memory renaming. We also study
how certain compiler artifacts affect the limits of parallelism.
In particular we show that the use of a spaghetti stack, as
a technique to implicitly rename stack memory and break
chains on true dependencies on the stack pointer, can lead
to a doubling of potential parallelism.
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1. INTRODUCTION

The days when rising processor clock speeds translate into
automatic performance gains for software is over [18]. In the
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past software developers had been able to make programs
run faster with little effort, simply by waiting for a few years
before acquiring a newer and faster computer. Lately, how-
ever, physical constraints have meant that single processor
clock speeds have levelled off, with manufacturers focusing
instead on multi-core technologies. As a result, programs
must now be actively parallelised before their performance
can be increased to match the potential of these new multi-
core pProcessors.

Many have attempted to extract parallelism out of a se-
quential program [4, 9, 13, 12], but how much scope is there
for further improvement? There have been several studies
on the limits of parallelism in a sequential program, typically
performed in one of two ways. One way is to re-schedule each
dynamic instruction at the earliest cycle possible, using the
execution trace of a previous run, and deriving the average
number of instructions per cycle for the schedule [19, 10,
14]. The other is to construct Dynamic Dependency Graphs
(DDGs) from the execution trace, from which the average
“width” is calculated [2, 16]. The results from either method
give a theoretical upper bound on the amount of average par-
allelism available in general programs, so that we have an
idea of how much room there is for further improvement of
parallelising compilers. Although both methods should give
the same results, we have chosen the latter as it allows more
flexibility to transform the graph in ways not possible with
the former.

We evaluate the available average parallelism of bench-
marks under several models, which differ by the types of de-
pendencies considered and graph transformations applied.
The results allow us to measure the effects different types
of dependencies have on available parallelism. We find that
when we consider only true dependencies—the essence of the
underlying algorithm—the figures for average parallelism for
many benchmarks are over 100.

In addition, we argue that certain parallelism-limiting de-
pendencies are compiler-induced, and removing them would
increase potential parallelism. For instance, certain name
dependencies on a linear execution stack can be removed if
a spaghetti stack is used instead. Thus one of our main con-
tributions is to simulate the effects of using a spaghetti stack
on available parallelism. This removes inter-frame name de-
pendencies and breaks long true-dependency chains on the
stack pointer. We find that for some benchmarks it results
in a twofold increase in average parallelism. Taking this
idea further, we find that if all address calculations are dis-
regarded parallelism may be increased by up to an order of
magnitude.



2. LIMITSOF PARALLELISM
2.1 Typesof dependencies

Many forms of static analyses have been proposed for a
compiler to extract parallelism out of a sequential program,
with different degrees of speed-ups [4, 9, 13, 12]. It may
be useful to have an idea of how much parallelism can po-
tentially be extracted in this way, by evaluating limits of
parallelism in general programs. In our analysis we do this
by considering the parallelisation problem as one of min-
imising total execution time given the constraints imposed
by its dependencies. Regions of code that are independent
from each other can be executed in parallel. Parallelisation
therefore involves exposing such independence and remov-
ing or minimising certain dependencies to allow more in-
dependent code to be exposed. We consider four types of
dependencies—as illustrated in Figure 1.

e True (Read-after-Write) dependencies occur where one
instruction uses a value produced by a previous in-
struction, and are generally considered to make up the
essence of an algorithm. Most would consider true
dependencies unremovable without changes on the al-
gorithmic level. Later on, however, we show that such
dependencies are sometimes introduced instead by the
compiler and may be removed by modifying the com-
piler rather than the algorithm itself.

e Fulse (anti/Write-after-Read) and Output (Write-after-
write) dependencies, collectively known as name de-
pendencies, occur due to the reuse of registers and
memory locations. If two instructions which have such
a dependency between them are executed out of order,
use of incorrect values by an instruction may result.
One way to remove such dependencies is to rename
locations. For registers this means mapping the reg-
ister in the instruction to a different register if there
is no true dependency from an earlier instruction. In
fact, register renaming is already performed in many
modern processors (e.g. x86) and accordingly we would
ignore false and output dependencies on registers in all
of our analyses. The renaming of memory locations,
however, is more difficult, as it may not be possible to
work out the memory location accessed by an instruc-
tion until the instruction is executed.

e (Control dependencies occur when whether an instruc-
tion executes depends on the result of a previous in-
struction, for example after a branch instruction. Con-
trol dependencies cannot be removed easily, because
like true dependencies they capture some of the essence
of a program (consider for instance the role of the con-
trol dependency in y = x71:0), but their effects may
be reduced by such techniques as speculative execu-
tion, where the result of an instruction is computed
but not committed until we know it is safe to do so.

By considering different subsets of these dependencies, we
could find out the effects each type of dependency has on
available parallelism. The use of different models could be
viewed as attempts to remove certain dependencies that we
consider compiler artifacts, leaving only those that are part
of the essence of the underlying algorithm of the original pro-
gram. Ultimately we would like to explore the level of par-
allelism if all compiler-induced dependencies are removed.

add $4, $5, $6
sub $2, $3, $4

add $4, $5, $6
sub $6, $2, $3

(a) True dependency (b) False dependency

beq $2, $3, L

add $4, $5, $6 add $4, $5, $6

sub $4, $2, $3 L:

(¢) Output dependency (d) Control dependency

Figure 1: Examples of the different types of depen-
dencies. Examples here are written in MIPS assem-
bly code, where the first operand is the destination
register, and the rest are source registers.

We do not view the results of this study as definitive
limits—in particular we do not say that these limits are prac-
tically achievable (there may well be tighter architecture-
dependent limits). For example, we do not consider any
overheads related to threading, which one would imagine
must exist and will impact speedup. Conversely these limits
could also be exceeded by complex techniques, such as value
prediction [11], which would invalidate our assumptions of
dependency preservation. Our aim is only to evaluate lim-
its of parallelism in existing programs in an architecture-
independent way.

2.2 Dynamic Dependency Graphs

In a Dynamic Dependency Graph [2], a node represents
the execution of an instruction, and edges represent the de-
pendencies between instructions. Figure 2 shows an example
of a simple DDG. We assume an idealised machine model
where each instruction takes one cycle, but cannot be ex-
ecuted until all the instructions it depends on have been
executed. We also assume an unlimited number of pro-
cessors with zero inter-processor communication overheads.
The minimum execution time therefore, is the number of in-
structions in the longest chain of dependencies, or in other
words the critical path. Average parallelism, measured in
instructions-per-cycle, is then calculated as the total num-
ber of instructions (graph size) divided by the minimum ex-
ecution time (length of critical path).

Starting by considering all dependencies, we progressively
remove certain types of dependencies, to evaluate the effects
they have on parallelism. In addition to control and name
dependencies, we also consider the effects of removing true
dependencies on the stack pointer, by simulating the use of
a spaghetti stack. This is because two procedure calls that
are otherwise independent would be prevented from execut-
ing concurrently simply because the second call requires the
value of the stack pointer, which would first be decremented
and then incremented back by the first procedure call (see
Figure 3). In the DDG this would show up as a true de-
pendency from the second to the first procedure call. It can
be argued however, that this dependency is only an arti-
fact of the execution stack data structure introduced by the
compiler, rather than part of the essence of the original al-
gorithm used by the programmer. Indeed, if a linear stack is
replaced by a spaghetti stack (also known as heap-allocated
stack frames [1] or cactus stack [7]), such dependencies can
be eliminated, along with name dependencies between dif-
ferent stack frames.
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$sp,$sp,-32 #
$fp,$0,$sp #

call foo()
foo: decrement stack pointer (new frame)
copy stack pointer to frame pointer

# main:

. <code for foo()>...
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void main() {
foo(); 10
bar(); 11
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(a) Code for two procedure calls in-
side main in C

$sp,$0,$fp # copy frame pointer to stack pointer
$sp,$sp,32 # increment stack pointer (discard frame)
$ra # return to main()

bar # main: call bar()

$sp,$sp,-32 # bar: decrement stack pointer (new frame)
$fp,$0,$sp # copy stack pointer to frame pointer

$ra

. <code for bar()>...
$sp,$0,$fp #
$sp,$sp,32 #

copy frame pointer to stack pointer
increment stack pointer (discard frame)
# return to main()

(b) Instruction trace of the execution of main in MIPS assembly

Figure 3: An illustration of the true dependency chain on the stack pointer. The dependency chain in this

case goes through lines 2, 3, 4, 5, 8, 9, 10 and 11.

3. IMPLEMENTATION

We examined the execution of programs taken mostly
from the miBench [8] suite. We chose this because while
they provide a representative sample of real world applica-
tions, many of them also have data sets small enough for
our analysis—currently our tool enables us only to examine
program traces up to a few tens of millions of instructions
long, and we prefer to analyse each program execution in its
entirety. In addition we also analysed the synthetic bench-
marks Whetstone [5] and Dhrystone [20].

The programs were compiled into MIPS binaries on Linux
using gcc with uClibe as the standard library. The binaries
were then simulated, mostly on QEMU [3], a uni-processor
emulator capable of emulating most Linux system calls. The
simulator would output a trace detailing the opcode of each
instruction, as well as names of registers and addresses of
memory locations that it has read from and written to,
which is then analysed to build the DDGs.

Ignoring
True | Name| Control| Spaghetti| address
Model || deps | deps | deps stack calcs
TruNamCtl || v v v
TruCtl || v v
TruNam || v v
Tru || v
TruNamSp || v v v
TruSp || v v
TruNoAddr || v v

Table 1: Table comparing the seven models used in
our analysis

We built the graphs under several models which differed
by the types of dependencies they considered, as well as the
graph transformations applied, as detailed below, and sum-
marised in Table 1. The critical path was then extracted for
the graphs, enabling us to calculate the limit of parallelism
as detailed above.

TruNamCtl This is the most restrictive (or pessimistic)
model. We include in the graph all true dependencies

for registers and memory locations. We also include
name dependencies for memory locations but not reg-
isters, as it is relatively straightforward for register re-
naming to be performed in a modern processor (pro-
vided there are enough registers). Finally control de-
pendencies are also included, which means that every
instruction is dependent on the most recent branch or
indirect jump instruction. This has the effect of limit-
ing parallelism to within a dynamic basic block®.

TruCtl Name dependencies for memory locations are ig-
nored, simulating the effects of perfect memory renam-
ing.

TruNam Control dependencies are excluded instead (e.g.
by perfect branch and jump prediction), allowing par-
allelism beyond basic blocks to be exhibited.

Tru Only true value dependencies are considered here, the
“essence” of the program.

TruNamSp Here we model what happens when a spaghetti
stack is deployed, in order to reduce compiler-induced
dependencies on the stack pointer. Two transforma-
tions are applied to the graph. The first transforma-
tion removes all inter-frame name dependencies on the
stack, as these different frames which used to occupy
the same area on the stack would now occupy different
areas in the heap. In the second transformation, ev-
ery instruction that decrements? the stack pointer has
been replaced with a malloc_frame pseudo-instruction.
Unlike the original instruction, the new malloc_frame
instruction has no true dependency on the previous
value of the stack pointer, but simply returns the ad-
dress of a free area in the heap that can be used as a
new stack frame, thus breaking true dependency chains

1A dynamic basic block is defined as the sequence of in-
structions between two branch/indirect jump instructions.
As opposed to static basic blocks, the target of a branch not
taken does not begin a new basic block.

2In a MIPS architecture the execution stack grows down-
wards so a push on the stack would decrement the stack
pointer.
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Figure 2: An example of a DDG for the calculation
of the factorial of 5. Edges out of the bgtz instruc-
tions are control dependencies—all other ones are
true dependencies. Nodes with no outgoing edges
(the mul and bgtz nodes in the bottom) are consid-
ered results of the calculation.

on the stack pointer. We ignore the overhead this
instruction might cause in practice, and assume this
instruction takes one cycle, just like all other instruc-
tions.

TruSp In this model we look at the effect of a spaghetti
stack on the DDG when only true dependencies are
considered.

TruNoAddr Taking the idea of removing compiler arti-
facts one step further, we consider the effects of re-
moving address calculations from the graph altogether,
claiming that the stack pointer is just one example
of address calculations that are only compiler arti-
facts rather than an essential part of the algorithm.?
This would show the amount of parallelism available
in a world where memory address values do not have

3 Another example is the heap memory allocator, which
would update some internal data structure (such as a linked
list) every time it is called, giving rise to true dependencies
between calls, even though commuting the orders of these
calls would make no difference to the semantics of the pro-
gram (assuming sufficient memory is available).

to be calculated at runtime, but can rather be pre-
determined statically (as in a language with non-recursive
static stack allocation such as FORTRAN). It can be
argued that such a measure is unrealistic, given that
some address calculations are in fact an integral part of
an algorithm, e.g. radix sort. Nonetheless, it still pro-
vides an estimate of the upper bound of parallelism
(albeit not the tightest one) if compiler artifacts are
removed or replaced by data structures (such as the
spaghetti stack) which are less parallelism-limiting. Note
that although this model subsumes the TruSp model,
removing nodes has the effect of reducing the graph
size, so if the critical path is not affected significantly
by this transformation, the average parallelism could
in fact decrease slightly compared to TruSp, even if
the program runs faster overall. If address calculations
made up a large part of the critical path, however, par-
allelism would still rise.

4. RESULTS

Figure 4 shows the results of our analysis under the seven
models, from which we focus on specific areas to draw several
observations.

4.1 Effectsof control dependencies

By comparing models TruNamCtl and TruCtl with TruNam
and Tru respectively in Figure 4, we see the effects of control
dependencies on available parallelism. It shows that paral-
lelism is severely restricted in the presence of control de-
pendencies, as they prevent code from different basic blocks
being executed in parallel, leaving only intra-(dynamic) ba-
sic block parallelism. With control dependencies (models
TruNamCtl and TruCtl) most benchmarks only exhibit av-
erage parallelism (instructions per cycle) of less than ten,
on which the removal of false and output dependencies have
no effect. This generally confirms Wall’s findings [19], al-
though exact comparisons are not possible. In fact a lot
of this intra-basic block parallelism is already realised in
multiple-issue processors. In order to extract more signifi-
cant amounts of implicit parallelism, therefore, we need to
look far beyond basic block boundaries for parallelism at a
coarser granularity.

Despite this low limit, fortunately there are already tech-
niques which allow us to safely violate some of these control
dependencies, resulting in parallelism higher than what is
suggested here. The first of these is the successful use of
branch prediction in computer hardware, which results in
high rates of correct prediction (at least 80% and often over
95%) with relatively straightforward schemes [15]. This al-
lows instructions following a branch instruction to be sched-
uled before the branch instruction itself, and discarding the
results of such speculative instructions if the prediction turns
out to be wrong. Nevertheless, even perfect branch predic-
tion would not be able to eliminate all control dependencies,
as it tends to apply only locally—in other words, the window
size* is still limited. This means that instructions that are
more than a few branches away cannot be scheduled before
all these branches even in the absence of other dependencies.

Secondly, it can also be argued that some inter-basic block

“In hardware scheduling, the window size is the maxi-
mum number of pending instructions that are considered
for scheduling at any one time.
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Figure 4: Parallelism of various benchmarks for the seven models

parallelism can be extracted statically. In particular, with
static control dependence analysis we can mark control de-
pendencies more precisely by eliminating control dependen-
cies after merge points. To illustrate this, in a program of
the form if R1 then { R2 } else { R3 } R4 we would be
able to remove the control dependency from R4 to R1 because
control flow merges at that point®>. This information can be
extracted using a Program Dependence Graph [6], and it will
be interesting to extend our analysis to examine the increase
in parallelism resulting from its use. However, past research
suggests the impact of such static analysis is limited in this
respect, especially regarding general non-numeric applica-
tions [10, 17]. This would mean that dynamic analysis must
play a role in reducing the effects of control dependencies,
for instance through thread-level speculation.

4.2 Truedependencies only

As mentioned earlier, while control dependencies can be
speculated away, and false and output dependencies can
be reduced with register and memory renaming and other
compiler optimisations, true dependencies represent the true
essence of a program and generally cannot be removed. The
Tru model should therefore give us a picture of the limits im-
posed on parallelism by the algorithm only. Figure 4 shows
that under this model, many programs exhibit average par-
allelism of over 100. This is much greater than speed-ups
reported for existing implementations of parallelising com-
pilers, which tend mostly to be in single figures [4, 9, 13, 12]
showing that there is still a big gap between the amount of
speed-up we can achieve with current parallelisation tech-
niques and what is theoretically possible. This gap means
that there is still much potential parallelism to be exploited,
even if such high parallelism may not be achievable without
drastic changes to compilation methods or even models of
computation.

4.3 Removing compiler-induced dependencies

We argue that even some of the true dependencies are only
compiler artifacts and do not constitute the essence of the
underlying algorithm as specified by the programmer. One

50Our dynamic-only analysis cannot identify path merge
points, and would therefore require static analysis to elimi-
nate such a dependency.

example of this is the use of the execution stack and the
stack and frame pointers. By comparing models TruNam
and Tru with TruNamSp and TruSp respectively, we see
how the limits of parallelism change when a spaghetti stack
is used instead of a linear one. This has effects on two types
of dependencies: Firstly name (false and output) dependen-
cies on the stack across different frames are removed as these
frames would now reside on different areas of the heap. Sec-
ondly true dependencies on stack pointer decrements are also
removed as they are replaced with malloc_frame pseudo-
instruction nodes. Figure 5 shows graphically the effect this
replacement has on a synthesised program with two identical
procedure calls.

Our results in Figure 4 show a mixed picture with this op-
timisation. For some benchmarks (jpeg.decode, sha, susan),
the spaghetti stack makes no difference at all to the avail-
able parallelism. For some others (dhrystone, gsm.decode),
parallelism only increases with the spaghetti stack when we
consider only true dependencies—name dependencies on the
heap and within the same frame would otherwise remain as
the bottleneck, preventing the spaghetti stack from affect-
ing the overall parallelism. But for the remaining (rijndael,
gsm.encode, jpeg.encode, stringsearch, whetstone) we have
a twofold increase in parallelism even if we still consider
false and output dependencies on the heap. This is good
news as it shows that even under more realistic assumptions
a relatively straightforward change to the compiler can still
result in a doubling of available parallelism. It needs to
be noted however that this model was used under the as-
sumption that each malloc_frame instruction, like all other
instructions modelled, takes one cycle to execute, and does
not cause other dependencies. In practice it is likely that
this instruction will take much longer, and depending on its
implementation may necessitate new instructions not mod-
elled in our graphs.

By comparing models Tru and TruNoAddr in Figure 4 we
see the effects of ignoring address calculations by removing
from the graph all instructions the results of which are sub-
sequently used anywhere as addresses for memory accesses.
In some cases (most notably gsm and stringsearch) this has
resulted in an increase of an order of magnitude over the Tru
model. In other cases there is in fact a slight drop in par-
allelism, showing that the drop in the critical path length
was not great compared to the drop in overall graph size.



Figure 5: Shape of Dynamic Dependency Graph of a
program with two identical procedure calls (a) with-
out and (b) with the “spaghetti stack” transforma-
tion. Note the relative width (average parallelism)
and depth (length of critical path) of the two graphs.

Generally, however, we see high average parallelism rising
above 1000 in a few cases.

5. RELATED WORK

Wall [19] produced a comprehensive study on the limits
of instruction-level parallelism in SPEC benchmarks. Using
an oracle based on the execution trace of a benchmark, he
used a greedy algorithm to schedule each instruction at the
earliest possible cycle. He examined the effects on available
parallelism of popular optimisations, such as alias analysis,
register renaming and branch prediction, as well as practical
limits on window size (the maximum number of instructions
considered for scheduling at any one time) and cycle width
(the maximum number of instructions that can be sched-
uled to run in the same cycle). He found that branch and
jump prediction resulted in the highest gain in parallelism
in programs, followed by register renaming and alias analy-
sis. He also discovered that parallelism was significantly lim-
ited when window size was restricted, meaning that much
of the parallelism related to instructions that were very far
apart. While Wall’s concluding view on available paral-
lelism was ambivalent, we believe that by shifting the focus
from instruction-level parallelism in superscalar processors
to coarser-grained parallelism in multi-core processors new
possibilities can be explored which had been thought diffi-
cult to achieve at the time. Our work extends the scope of
Wall’s study, for instance by also renaming memory loca-
tions and considering compiler artifacts.

Lam and Wilson [10] examined in more detail the effects of
control dependencies on parallelism. Using a similar method
to Wall’s they looked at parallelism when using a mixture
of control dependence analysis, multiple flows of control and
speculative execution. False and output dependencies were
ignored, as were true dependencies on the stack pointer and

those on call/return instructions. Their conclusions under-
lined the importance of speculative execution to realising
sufficient parallelism.

Austin and Sohi [2] was the first to study limits of paral-
lelism using Dynamic Dependency Graphs (DDGs) of assem-
bly instructions. Their study largely assumed control depen-
dencies were perfectly resolved, and focused on the effects
of false and output dependencies on available parallelism.
They found that register renaming alone resulted in good
levels of parallelism, but more is exposed when memory lo-
cations are also renamed. They also obtained a profile of the
parallelism of the program over its runtime, and found that
parallelism is often unevenly distributed and bursty. Our
Dynamic Dependency Graphs are similar to the ones used
there, but we have extended their analysis by also examining
control dependencies and address-related true dependencies.

Postiff et al. [14] ran a similar analysis using Wall’s method
and ignoring control dependencies. They reached similar
conclusions to Austin and Sohi regarding register and mem-
ory renaming. However, they also looked at true depen-
dencies on the stack pointer, and found significant gains in
parallelism in some cases when they are eliminated. Our
methodology of using DDGs is different, but our results gen-
erally agree with theirs. A significant difference between our
approach and theirs is that while Postiff et al. discarded
all true dependencies on the stack pointer, we only dis-
card decrements (that is, frame allocations) but not de-
allocations. This is because under the spaghetti stack model
that we use, the stack pointer still needs to be restored to
point to the calling frame when a procedure returns—this is
a true dependency that cannot be resolved simply by using
the spaghetti stack. Removing dependencies on frame de-
allocations would require further changes to the compiler,
but may result in additional parallelism. Our work also
extends this one by considering control dependencies and
examining the effects of ignoring all address-related true de-
pendencies (not just on the stack pointer).

Stefanovi¢ and Martonosi [16] also created DDGs to look
at the effects of eliminating address calculations. This was
done by removing loads and stores from the graph, replac-
ing them with an edge that goes directly from the producer
instruction of the value to the consumer instruction. Instruc-
tions from which values are used only as addresses to loads
and stores are also removed. They reported vast improve-
ments in parallelism in some cases (but slight deterioration
in others where address calculations do not form long de-
pendency chains). Our TruNoAddr model is similar to this
analysis, with the exception that only address calculation
instructions are removed and not loads and stores, as we
reason that loads and stores are still required even if we can
now statically determine addresses rather than calculating
them at runtime.

We claim that our research is a unified framework that ex-
plores ideas in the models presented in these previous stud-
ies, allowing like-for-like comparison between such models.

6. CONCLUSIONSAND FUTURE WORK

We have examined the limits of parallelism in benchmark
programs, and the effects of various types of dependencies on
them, by constructing Dynamic Dependency Graphs from
execution traces. As with previous studies that we extend,
we find that control dependencies form the biggest obsta-
cle to realising more than a modest amount of parallelism



(above single figures). By disregarding control dependencies
the available parallelism is much greater, even more so when
memory locations are renamed to remove false and output
dependencies. In fact, we find that parallelism for many pro-
grams reaches above 100 when only true dependencies are
considered. We have also looked at true dependencies on
the stack pointer, reasoning that these are not an essential
part of an algorithm but are only compiler-induced. By us-
ing a spaghetti stack to remove some of these dependencies,
we have managed to double available parallelism in some
programs. It would be interesting to scale up our experi-
mental framework, in order to extend our analysis from the
embedded benchmarks of miBench into server benchmarks.
Another possible direction is to try to separate the paral-
lelism found here into different granularities, as an indicator
of how the parallelism is best exploited, e.g. whether with
superscalar processors or multi-cores. We view our findings
with qualified optimism, in that while the limits of paral-
lelism are generally quite high, achieving it in practice is not
straightforward, and will require significant changes to the
current method of compilation or even model of computa-
tion. Nevertheless, we find that in most of these benchmark
programs much parallelism is there—the challenge is to find
better ways to exploit it.
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