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Abstract

Recently, high-performance computer architecture has
focused on dynamic scheduling techniques to issue and ex-
ecute multiple operations concurrently. These designs are
complex and have frequently shown disappointing perfor-
mance. A complementary approach is the use of static
scheduling techniques to exploit the same parallelism. In
this paper we describe some of the tradeoffs between the
use of static and dynamic scheduling techniques and show
that with appropriate scheduling, low-complexity designs
using only static scheduling have significant advantages
over high-complexity designs using dynamic scheduling in
real systems.

1. Introduction

High-performance processor design has recently taken
two distinct approaches. One approach is to increase the ex-
ecution rate by increasing the clock frequency of the proces-
sor or by reducing the execution latency of the operations.
While this approach is important, much of its performance
gain comes as a consequence of circuit and layout improve-
ments and is beyond the scope of this research. The other
approach is to directly exploit the instruction-level paral-
lelism (ILP) in the program and to issue and execute mul-
tiple operations concurrently. This approach requires both
compiler and microarchitecture support.

Traditional processor designs that issue and execute at
most one operation per cycle are often called scalar designs.
Static and dynamic scheduling techniques have been used to
achieve better-than scalar performance by issuing and exe-
cuting more than one operation per cycle. While Johnson[7]
defines a superscalar processor as a design that achieves
better-than scalar performance, popular usage of this term
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refers exclusively to those processors that use dynamic
scheduling techniques. For clarity, we use instruction-level
parallel processors to refer to the general class of proces-
sors that execute more than one operation per cycle.

The primary static scheduling technique uses the com-
piler to determine sets of operations that have their source
operands ready and have no dependencies within the set.
These operations can then be scheduled within the same in-
struction subject only to hardware resource limits. Since
each of the operations in an instruction is guaranteed by
the compiler to be independent, the hardware is able to is-
sue and execute these operations directly with no dynamic
analysis. These multi-operation instructions are very long
in comparison with traditional single-operation instructions
and processors using this technique have been called Very
Long Instruction Word (VLIW) processors.

The primary dynamic scheduling technique uses special
hardware to analyze the instruction stream at execution time
and to determine which operations in the instruction stream
are independent of all preceding operations and have their
source operands available. These operations can then be is-
sued and executed concurrently. Processors using dynamic
scheduling techniques have been called superscalar proces-
sors.

Both of these techniques have advantages and disadvan-
tages and both have demonstrated significant problems that
limit their achievable performance despite claims of strong
peak performance. Statically scheduled processors require
that the latencies of all operations be fixed and known in
advance. Because statically scheduled processors do not
support dynamic dependency detection, this restriction lim-
its the changes that can be made in an architecture to those
which do not affect operation latencies. However, the ab-
sence of dynamic analysis hardware allows fast and sim-
ple implementations. Dynamically scheduled processors re-
quire a significant amount of hardware to perform the in-
struction stream analysis (which scales as O(n?) where n
is the number of operations being analyzed). This analysis



can rapidly become the critical path in the processor and can
lead to an increase in the cycle time or the pipeline depth.
However, the presence of dynamic analysis hardware does
not require that the compiler know anything about operation
latencies allowing significant flexibility in implementation
changes and code generation techniques.

Although dynamic analysis is useful, in the typical su-
perscalar processor there is a significant amount of redun-
dant analysis performed by the compiler and the hardware.
Ignoring issues of code compatibility, this redundancy is
inefficient and undesirable. Finding a reasonable dividing
line sharing the work between the compiler (static schedul-
ing) and the hardware (dynamic scheduling) will lead to im-
proved performance.

This paper examines some of the tradeoffs of using static
and dynamic scheduling techniques in instruction-level par-
allel processors and examines the question as to where the
dividing line should lay between hardware and software
techniques. After discussing both of these scheduling tech-
niques we define a universal ILP microarchitecture, de-
scribe our experimental framework, and introduce the de-
sign space that we are evaluating. We then present our re-
sults including some surprising trends.

2. Instruction-level parallel microarchitectures

Examining VLIW and superscalar architectures we see
that both instances of instruction-level parallel architectures
require the same instruction stream analysis in order to ex-
ploit the available ILP—they only differ in where this anal-
ysis occurs. There are two phases of this analysis that must
be performed to properly schedule and issue the operations:

1. Identify and schedule independent operations
2. Issue ready operations for computation

The two analysis phases are fairly independent of each
other and each can be performed using a range of static and
dynamic techniques. Figure 1 represents the four combi-
nations of schedule and issue approaches (both limited to
static and dynamic for simplicity) and places both canonic
and typical superscalar and VLIW processors in the matrix
appropriately. Figure 1 also includes expanded instruction
caches (Johnson [6]) as an instance of dynamically sched-
uled and statically issued microarchitectures.

In a VLIW architecture, the first phase is performed ex-
clusively by the compiler and the second phase is a trivial
task performed by the hardware. In a superscalar architec-
ture, the first phase is likely performed by the compiler but
both phases must be performed by the hardware.

In fact, neither VLIW nor superscalar processors rely
completely on static or dynamic scheduling. VLIW pro-
cessors often use limited dynamic behavior to improve per-
formance, primarily focusing on the memory system: the
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Figure 1. Instruction-level parallel schedule-
issue regions

Cydra-5 processor [14] includes the ability to deal with ad-
justable memory system latencies under program control;
the Philips TriMedia TM-1 processor [16] includes a high-
performance cache subsystem that supports non-blocking
references, memory regions locked in the cache (under pro-
gram control), and dynamic stalling for delayed memory
values. Superscalar processors do not always depend as
much on dynamic analysis as one might suppose and many
designs have simplified the instruction stream analysis to
limit complexity: the HP PA-8000 [4] processor can sched-
ule at most 4 operations per cycle despite being able to
track a total of 56 operations and to manage 10 function
units. Even so, the level of dynamic issue analysis in a
superscalar processor is far greater than the level of dy-
namic issue analysis in a VLIW processor (which is typi-
cally limited to stalling the processor on a late result or use).
There is a clear overlap in the area of dynamic issue anal-
ysis that recommends further study of the second analysis
phase—that performed internal to the microarchitecture of
an instruction-level parallel processor.

While VLIW and superscalar take different approaches
to issuing and executing these operations, the source of
these internal packets of operations does not have a di-
rect effect. Whether the instruction stream consists of in-
struction packets of independent operations or a sequence
of potentially dependent single-operation instructions, the
microarchitecture itself remains relatively unaffected—it
eventually sees a collection of independent operations and
issues ready operations to available function units. Because
we are looking at microarchitectural complexity, we are not
interested in the specific technique used to construct packets
of independent operations, we presume that the instruction
stream is provided in a packetized form. This gives a best



case schedule since (in our case) the scheduling is done by
the compiler with the entire program text available to it for
analysis. This is in contrast to the traditional superscalar in-
struction window which can analyze only a few instructions
(on the order of 4-8) for scheduling. We will review what
effect this optimistic scheduling will bias the results in favor
of processors using dynamic analysis hardware.

We have developed a trace-driven simulator that imple-
ments the execution model described in [15]. This model
characterizes each operation as a triple consisting of the
source operands, specific computations, and destination
operands. It also distinguishes between the architectural
(programmer visible) and implementation (as-built) specifi-
cations. A specification consists of a set of operation triples
which define the behavior of the architecture. Despite
differences between the architectural and implementation
specifications, an implementation guarantees that the per-
ceived behavior is precisely that of the architectural specifi-
cation, thus providing the illusion of a virtual processor just
as memory management hardware and the operating system
provide the illusion of a virtual memory system. In both
cases, the distinguishing characteristic between virtual and
real systems is the actual performance—the program is un-
aware of any difference. This model is a general model that
can be applied to a wide range of operation definitions—
including complex operations that have indeterminate or it-
erative execution patterns!—and is based on earlier work by
Rau [12, 13].

3. Simulation framewor k and methodology

As an evaluation platform, we define a “universal” ILP
microarchitecture that we use as to evaluate processor con-
figurations using a range of dynamic analysis techniques to
issue operations to function units. Based on a number of
studies of available ILP [18, 8] we have defined a nominal
architecture that ensures that our results are not significantly
affected by the use of an unreasonably narrow or wide con-
figuration. Using this nominal architecture we are able to
vary a number of aspects in order to explore the effects of
these changes on performance.

For the nominal architecture we use a configuration con-
sisting of two of each kind of function unit—integer, float-
ing point, load/store, and branch—for a total of eight func-
tion units. This configuration allows the support of a rea-
sonable level of ILP as well as allowing the exploration of
the performance impacts of double and half wide—four and
sixteen function unit—versions to understand how these
changes affect performance.

We make a further simplifying assumption that the cy-
cle time for all processor configurations remains constant
and is unaffected by the complexity of any dynamic analy-
sis hardware. While this choice simplifies the experiment,

it potentially complicates the data analysis—by not consid-
ering the complexity and cost of the analysis logic we are
biasing the results in favor of processors using these tech-
niques. We will revisit this bias in the conclusion and its
impact on these results.

The architectures that we studied share a common set
of features. The memory system consists of split instruc-
tion and data caches, a pipelined bus, and a main memory
system. The instruction cache is 32kB with 128 B lines
(4 instructions per line); the data cache is 32 kB with 64 B
lines. Both are direct mapped. Memory is reached through
a pipelined 64 b bus using an 8 operation deep load/store
queue. Branch prediction is performed using a 1024 entry
direct-mapped counter-based history mechanism. Nominal
function unit latencies are 1 cycle for integer operations and
2 cycles for floating point operations (8 and 15 cycles for
floating point divide).

Around this common core we define five virtual archi-
tectures. One architecture has all operations completing ina
single cycle and is used to represent a typical scalar proces-
sor instruction stream. The other four architectures are vari-
ations of the nominal architecture with the assumed/actual
latency to the data cache scaled by multiples of 1 (the nom-
inal architecture), 2, 4, and 8 times.

In order to explore the effects of the memory system on
these architectures we use memory latencies of 4 cycles
(approximating the effective latency when using a second
level cache), 25 cycles (a nominal value for a moderate sys-
tem), and 100 cycles (representing a system with a high-
performance processor and a realistically slow main mem-
ory). To establish a measure of an upper bound on perfor-
mance we also consider the case where the implementation
has perfect branch prediction and perfect caches.

While the caches block on a miss (causing further ref-
erences to stall until the miss is completed), this restriction
only affects the relative cost of memory for the different ap-
plications. Non-blocking caches allow subsequent memory
references to be serviced by the cache during miss process-
ing and rely on the independence of memory references.
Depending on the nature of the application’s memory refer-
ence pattern, the benefits of a non-blocking cache will vary
with the worst case being equivalent to a blocking cache.
Because the gain provided by non-blocking caches is pro-
gram (and data) dependent, the performance for an architec-
ture cannot be compared across the different benchmarks
because each benchmark has different memory reference
stream characteristics. However, the general characteristics
of increasing memory latency still hold.

In order to see how performance varies with complex-
ity, we vary the number of pending instructions analyzed in
the hardware. In each cycle, there are a certain number of
instructions available from which ready operations can be
issued to function units—the greater the number of pending



Static Dynamic Simulation
Benchmark operations | packets | ops/pkt operations |  packets | ops/pkt samples
008. espresso 104.47 x 10° | 51.22 x 10° 2.04 || 10.12 x 10° | 3.82 x 10° 2.65 50
022. 1i 21.14 x 10° | 11.83 x 10° 1.79 8.66 x 10° | 3.81 x 10° 2.27 43
052. al vi nn 5.41 x 10° 2.34 x 10° 2.32 36.0 x 10° | 9.23 x 10° 3.90 180
056. ear 12.15 x 10° 6.03 x 10° 2.02 115.0 x 10° | 38.4 x 10° 2.99 575

Table 1. Summary of benchmark characteristics

instructions, the greater the number of operations available
for issue. This is analogous to varying the size of the in-
struction pool (reservation station, reorder buffer, etc.) in a
superscalar processor.

We have simulated pending instruction window sizes
from 1 to 64 pending instructions. These configurations
cover the range from a simple in-order processor (with a
window of 1 instruction) to a massively out-of-order pro-
cessor (with a window of 64 instructions). Because the ini-
tial results have shown that the benefits from out-of-order
issue rapidly saturate, we limit our results to architectures
with window sizes up to 8 instructions.

We use four benchmarks from the SPEC-92 benchmark
suite (two integer, two floating point) to analyze the per-
formance of the different configurations. These bench-
marks were chosen because they give a range of integer
and floating-point as well as loop-based and table-search
control-flow patterns. The basic characteristics for these
benchmarks (nominal latency schedule) are shown in ta-
ble 1.

4, Reaults

We have generated and analyzed data from simulations
using the configurations and benchmarks described in the
previous section. These have shown us a number of in-
teresting and sometimes surprising results. The first result
is the dependence of the performance of the code sched-
ule technique on the level of dynamic analysis performed
by the hardware. The second result is that as the mismatch
between processor and system performance increases (as is
the case with processor performance improving at a faster
rate than memory system performance), the benefits of dy-
namic analysis hardware are reduced so that all configura-
tions yield similar performance.

A third result observed is that there is little benefit to in-
creasing the number of function units beyond that assumed
by the schedule. Simulations with double the number of
function units showed only slight improvements over the
nominal architecture. On the other hand, reducing the num-
ber of function units to a half of nominal resulted in perfor-
mance comparable to a half-wide schedule configuration.
There is little benefit in having a configuration that exploits

more ILP than is available in the schedule (or program).

The correspondence between the schedule (virtual archi-
tecture) and the actual machine (implementation architec-
ture) is described by a qualitative matching value that has
three basic values. When the virtual and implementation
machines agree we say that the schedule is well matched.
Accordingly, a schedule that is not well matched is poorly
matched and may be either undermatched (when the virtual
latencies are shorter than the implementation latencies) or
overmatched (when the virtual latencies are longer than the
implementation latencies). While it is possible to have some
virtual latencies that are shorter and other virtual latencies
that are longer than the implementation latencies, we have
not considered these configurations and do not define any
particular naming for these cases.

The matching value is important because it qualitatively
describes the nature of the code stream as seen by the pro-
cessor. An undermatched schedule has operations sched-
uled before their source values become ready giving a
densely packed schedule. A well matched schedule has op-
erations scheduled as their source values become available
giving a schedule that matches the expected level of ILP
in the schedule. An overmatched schedule has operations
scheduled after their source values become available giv-
ing a sparsely packed schedule. This can be seen in table 2
which shows the operations per packet for the instruction
streams for the benchmark 022. 1i .

The effects of these three kinds of matching can be seen
in figure 2. In this figure, the x-axis is the number of instruc-
tions analyzed at any given time to issue computations to the
function units (a value of 1 is effectively a statically sched-
uled VLIW architecture which stalls whenever a source or
destination operand is not available as scheduled or used);
the y-axis is the achieved performance in operations per cy-
cle (the limit for performance is 8 operations—the number
of operations in an instruction).

The data in figure 2 is for the benchmark 022. 1i with
perfect caches and branch prediction (figure 5 shows the
same data for all four benchmarks). By using perfect caches
we are able to focus on the variations due to schedule
matching. This figure shows the general behavior that is
seen throughout our results. The performance of the un-
dermatched schedule increases dramatically up to the point
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Figure 2. Achieved performance in operations
per cycle of 022. 1i (perfect cache and branch
prediction)

that the number of dynamically analyzed instructions cov-
ers most of the implementation latency for the operations
in the instruction stream; after this point the gain rapidly
tops out. For an implementation with only a single dy-
namically analyzed instruction, any mis-scheduled opera-
tion will cause the processor to stall resulting in a perfor-
mance loss. Since most operations are either 1 or 2 cy-
cle latency operations, most of the gain is achieved by this
point. The actual cross-over point will vary as the operation
mix varies between programs. The well matched schedule
has flat performance over the range of dynamically analyzed
instructions considered. With this schedule, all operations
complete as scheduled. The overmatched schedules with
scaled memory access latencies—the doubled and quadru-
pled cache latency schedules—also show flat performance
but have lower achieved performance due to the poor sched-
ule utilization.

It is instructive to look more closely at these results to
understand the performance of the three scheduling classes.
To do this we must examine the concepts of operation den-
sity and schedule efficiency. Operation density is a poten-
tial measure of program performance—the average number
of operations per instruction packet. Program efficiency is a
measure of how well the program ran in contrast to how well
it should have run—the ratio of the scheduled execution
time to the actual execution time. Neither operation density
nor schedule efficiency alone is sufficient to compare per-
formance values: while the operation density is a measure
of the available ILP, a schedule may stall frequently result-
ing in poor overall performance; similarly, while a schedule

Operation
Scheduling approach density
Packed unit-latency schedule 2.75
Nominal latency schedule 2.28
Doubled cache latency schedule 1.82
Quadrupled cache latency schedule 1.49

Table 2. Instruction stream density (opera-
tions per packet) of 022. | i (perfect cache and
branch prediction)
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Figure 3. Schedule efficiency of 022.1i (per-
fect cache and branch prediction)

may run very efficiently, it may not utilize the exploitable
ILP and again result in poor overall performance. However,
the product of these two values yields program performance
in terms of operations per cycle which is a useful measure-
ment of performance between benchmarks, schedules, and
configurations.

Table 2 shows the variations in the operation density for
a range of schedules for 022.1i. As can be seen, the op-
eration density is greatest for the undermatched schedule
and decreases steadily from undermatched to well matched
to overmatched. Figure 3 shows the differences in the effi-
ciency of the processor for the same schedules. We see that
the well matched and overmatched schedules have perfect
efficiency. This should come as no surprise since the caches
are perfect and all operations complete at or before their
scheduled time—there is no delay due to the schedule. In
addition to having poor efficiency (due to the frequent stalls
from the optimistic schedule), the undermatched schedule
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Figure 4. Comparison of performance of
052. al vi nn (varying memory latencies)

requires a significant amount of analysis hardware to issue
around the many delayed operations.

Even though the efficiency of the undermatched sched-
ule never reaches that of the well matched schedule, the in-
creased number of operations available for dynamic analy-
sis more than compensates for the inefficient schedule and
results in improved performance over the other configura-
tions. However, although the effect of the increased oper-
ation density provides a large pool of operations available
for issue, the performance of the undermatched schedule
is not always better than that of a well matched schedule.
This overall behavior also holds in the presence of cache
misses since all schedules suffer the same cache misses but
the undermatched schedule suffers stalls due to optimistic
scheduling as well.

Next we examine the performance variations that occur
in the presence of realistic memory latencies. Figure 4
shows the behavior of 052. al vi nn as the memory sys-
tem performance varies from a perfect cache to a latency of
100 cycles on a cache miss (figure 6 shows the same data for
all four benchmarks). Just as in figure 2, the overmatched
schedules show increasingly poor performance and are not
shown here. Surprisingly, a memory latency of only 4 cy-
cles to main memory shows that there is little benefit from
the improved code density of the undermatched schedule
even in configurations with much dynamic analysis hard-
ware.

There is a small performance improvement as the dy-

namic analysis hardware is able to exploit out-of-order op-
eration issue. As the number of dynamically analyzed in-
structions increases, there is a related increase in perfor-
mance. This is most significant in the 4 cycle memory con-
figuration (and is clearly absent from the perfect cache con-
figuration!). As the memory system latency increases the
benefit from this behavior diminishes to the point that at re-
alistic main memory latencies there is again little to no ad-
vantage to the dynamic analysis hardware. The fact that the
fraction of real time spent waiting for the memory system
becomes greater and greater as the latency increases is a di-
rect application of Amdahl’s law [1]. In this case, it does not
matter how fast we can execute operations in the processor
if we are limited by the speed of the memory system.

5. Conclusions

These results lead to one basic conclusion—in the pres-
ence of significant memory latencies there is little difference
in performance across a wide range of simple and complex
processors. With memory systems performing 100 times
more slowly than high performance processors, this is a
significant consideration. There is limited benefit from dy-
namic dynamic analysis hardware in some benchmarks (as
seen by 052. al vi nn in figure 4), yet the benefit rapidly di-
minishes to the point that it is not clear that the performance
improvements are worth the complexity. The ability to sup-
port two pending instructions gives a significant portion of
the achievable benefit while limiting the complexity of the
analysis hardware dramatically.

As was noted in earlier, we do not consider the complex-
ity of the dynamic analysis logic and its cycle time impact.
We need to consider both the assumption that the instruc-
tion stream consists of packets of independent operations as
well as the assumption that the cycle time is fixed and unaf-
fected by the number of outstanding instructions analyzed.
What is the effect of this analysis hardware?

Dynamic analysis hardware that detects and schedules
independent operations can produce no better performance
than the compiler can with its static schedule—while com-
pilers can look at the entire program, hardware has a very
limited analysis window. Both the reduced quality of the
schedule and the likely increase in cycle time combine to
reduce overall performance.

Dynamic operation issue logic may affect the cycle time
but may also result in improved performance by reorder-
ing around delayed operations—this reordering cannot be
exploited by static scheduling. The effective performance
impact of dynamic operation issue hardware is impossible
to determine in the general case—although it is clear that
the addition of this hardware will not reduce the cycle time!
Again, any effect would be to reduce overall performance.

Our results show that the type of static schedule is im-



portant only with little to no dynamic analysis hardware—
in this region the well matched schedule is vastly superior
to both undermatched and overmatched schedules. When
dynamic analysis hardware is added, the differences be-
tween the undermatched and well matched schedules are
reduced and both are superior to the overmatched sched-
ules. In the presence of realistic memory latencies the dif-
ferences between schedules is reduced further. However,
there is little observed performance improvement overall as
the amount of dynamic hardware increases even without pe-
nalizing these configurations with increased cycle times.

These results recommend using little to no dynamic
analysis hardware in the microarchitecture (and, conse-
quently, well matched schedules)—and adding in a cycle
time penalty will only serve to strengthen this result. The di-
viding line between the hardware and the software is clear:
as little dynamic analysis as necessary should be performed
in hardware. Using dynamic analysis hardware to issue
ready operations to function units simply does not provide
a significant performance benefit in realistic systems. As
always, the compiler is still required to do as much analysis
as is required to produce a good schedule.

There may yet be a need to use dynamic analysis hard-
ware to schedule operations—as long as there is a demand
for high performance processors that maintain compatibil-
ity with a scalar processor architecture there will be a need
to perform dynamic scheduling. However, because a sim-
ple microarchitecture is desirable, this niche may best be
filled by dynamically scheduled, statically issued proces-
sors. The dynamic object code translation performed by
both Intel and AMD [10, 3] are both related to this area.
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Figure 5. Achieved performance in operations per cycle for all benchmarks (perfect cache and branch
prediction)
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Figure 6. Achieved performance in operations per cycle for all benchmarks (varying memory laten-
cies)



