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Abstract
The goal of this paper is to show that instruc-

tion level parallelism (ILP) and data-level parallelism

(DLP) can be merged in a stngle architecture to eze-
cute vectorizable code at a performance level that can
not be achieved using either paradigm on its own. We
will show that the combination of the two techniques

yields very high performance at a low cost and a low
complexity. We will show that this architecture can
reach a performance equivalent to a supers calar pro-

cessor that sustained 10 instructions per cycle. We

will see that the machine exploiting both types of paral-
leiism improves upon the IL P-only machine by factors

of 1.5–1.8. We also present a study on the scalabil-
ity of both paradigms and show that, when we increase

resources to reach a 16-issue machine, the advantage
of the IL P+DLP machine over the IL P-only machine

increases up to 2.0-3.45. Whiie the peak achieved IPC
for the ILP machine is 4, the ILP+DLP machine ex-
ceeds 10 instructions per cycle.

1 Introduction
Historically, there have been two different ap-

proaches to high performance computing: instruction-
level parallelism (ILP) and data-level parallelism

(DLP). The ILP paradigm seeks to execute several in-
structions each cycle by exploring a sequential instruc-
tion stream and extracting independent instructions
that can be sent to several execution units in parallel.
The DLP paradigm, on the other hand, uses vector-
ization techniques to specify with a single instruction
(a vector instruction) a large number of operations to
be performed on independent data.

The ILP paradigm has been exploited using com-
binations of several high performance techniques:
superscalar out-of-order execution [2, 21], decou-
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pling [17, 12], VLIW execution [20, 6] and multi-
threading [1, 19, 7]. The current generation of micro-
processors all use superscalar execution coupled with
a complex memory hierarchy based on several cache
levels to attempt executing several instructions per
cycle. VLIW processors have long been researched
but have not reached the mass market due to their
software compatibility problems. Multithreading is a
technique being actively researched that might appear
in commercial products in a few processor generations.

Measurements of actual performance of appli-
cations running on machines exploiting the ILP
paradigm [5], show that the actual IPC achieved falls
very short of the theoretical peak performance of the
machine. Many studies have pointed out that this
lack of performance can be due to different effects,
such as cache Misses, i-cache misses, branch mispre-
dictions, memory dependence, lack of program par-
allelism, etc. )

The DLP paradigm has been exploited using vec-
tor instruction sets and appears primarily in parallel
vector supercomputers [16, 11, 13]. The DLP model
has many advantages: a small number of instructions
can specify many independent operations, yields sim-
ple control units, has efficient instructions to access
the memory system and can be easily scaled up to
execute many operations per cycle. The main draw-
back of the DLP paradigm is that it is not as general
purpose as the ILP paradigm. It can provide large
speedups mostly for highly regular, vectorizable, ap-
plications. Interestingly enough, the ILP and DLP
paradigms have been always exploited independently.

The goal of this paper is to show that ILP and
I)LP can be merged in a single architecture to exe-
cute regular vectorizable code at a performance level
that can not be achieved using either paradigm on its
own. We will try to show that the combination of
the two techniques yields very high performance at a
low cost and a low complexity: the resulting architec-
ture has a relatively simple control unit, tolerates very
well memory latency and can be easily partitioned into
regular blocks to overcome the wire delay problem of
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future VLSI implementations. Also, the control sim-
plicity and the implementation regularity both help
in achieving very short cycle times, Moreover, we will
show that this architecture can be scaled up very eas-
ily, while scaling up an ILP processor is very costly
in terms of hardware (and, at some point, may even
not be feasible . Even if one scales up a superscalar,

Lwe will show t at their performance falls behind the
performance of the machine exploiting both ILP and
DLP.

This paper tries to make the case that, given

enough transistor resources? both paradigms should
be implemented together m the same chip. Our
view of the future is that, in a first step, vector co-
processor will appear closely coupled to a superscalar

cpu. When enough real estate becomes available, a
vector pipeline will be introduced in most micropro-

cessors. The tasks assigned to this vector pipeline will
be the traditional vectorizable floating point applica-

tions plus the ever-growing number of computationally

and bandwidth intensive media tasks: 3D rendering,

MPEG processing, DSP functions, encryption, etc.

2 Strengths of the DLP model
Exploiting DLP has many advantages that can

be classified in three areas: Instruction fetch band-
width, memory system performance (latency and
bandwidth), and datapath control. This section will
outline the benefits of using a vector instruction set in
each of these areas.

Instruction fetch bandwidth. The main differ-
ence between a vector and a scalar instruction is that
the vector instruction contains a higher semantic con-
tent in terms of operations specified. This difference
translates into a myriad of related advantages. First,
to perform a given task, a vector program executes
many fewer instructions than a scalar program, since
the scalar program has to specify many more address
computations, loop counter increments and branch
computations that are typically implicit in vector in-
structions (section 4 provides quantitative support for
this claim). As a direct consequence, the instruction
fetch bandwidth required, the pressure on the fetch en-
gine and the negative impact of branches are all three
reduced in comparison to an ILP processor. Also, a
relatively simple control unit is enough to dispatch
a large number of operations in a single go, whereas
a superscalar processor devotes an always increasing
part of its area to manage out-of-order execution and
multiple issue. This simple control, in turn, can po-
tentially yield a faster clocking of the whole datapath.

Memory system performance. Due to the ever
increasing gap between memory and cpu speed, cur-
rent superscalar micros need increasingly large caches
to keep up performance. Nonetheless, despite out-of-
order execution, non blocking caches and prefetching,
superscalar micros do not make an efficient use of
their memory hierarchies. The main reason for this
inefficient use comes from the inherently predictive
model embedded in cache designs. Whenever a line
is brought from the next level in the memory hier-
archy, it is not known if all data will be needed or
not. Moreover, it is very uncommon for superscalar

machines to sustain the full bandwidth that their first
level caches can potentially deliver. Since load/store
instructions are mixed with computation and setup
code, dependencies and resource constraints prevent a
memory operation to be launched every cycle.

In contrast, in the DLP style of accessing memory
every single data item requested by the processor is
actually needed, There is no implicit prefetching due
to lines. Moreover, the information on the pattern
used to access memory is conveyed to the hardware
through the stride information and it can be used to
improve memory system performance [15].

Memory Latency: When it comes to memory 1a-
tency, a vector memory instruction can amortize long
memory latencies over many different elements. By
using some ILP techniques coupled with a DLP en-
gine, up to 100 cycles of main memory latency can be
tolerated with a very small performance degradation
[8, 10, 9].

Memory Bandwidth: Regarding memory band-
width, a DLP machine can make a much more effective
usage of whatever amount of bandwidth it is provided
wit h. While a superscalar processor requires extra is-
sue slots and decode hardware to exploit more ports to
the first level cache, a DLP machine can request sev-
eral data items with a single memory address. For ex-
ample, when doing a stride-1 vector memory access, a
DLP machine need not send every single address to the
memory system. Simply sending every Nth address, a
bandwidth of N words per cycle can be achieved.

Datapath Control. In order to scale current su-
perscalar performance up to, say, 20 instructions per
cycle, an inordinate amount of effort is needed. The
dispatch window and reorder buffers required for such
a machine are very complex. The wakeup and select
logic grows quadratically with the number of entries,
so the larger the window the more difficult is to build
such an engine [14]. If current superscalars use 4-wide
dispatch logic and barely sustain 1 instruction per cy-
cle, a superscalar machine that sustained 20 opera-
tions per cycle seems not feasible.

On the other hand, a vector engine can be easily
scaled to higher levels of parallelism by simply repli-
cating the functional units and adding wider paths
from the vector registers to the functional units. All
this without increasing a single bit the complexity or
the pressure on the decode unit. The semantic con-
tents of the vector instructions already include the no-
tion of parallel operations.

3 Methodology

This study will compare the relative merits of the
ILP and ILP+DLP models using both trace-driven
simulation and data gathered from hardware counters
during real executions. We use instruction and mem-
ory traces from a Convex C3400 vector machine [4]
and from a Mips R1OOOOmicroprocessor [21]. Traces
on the Convex machine where gathered using the Dixie
tool, while the R1OOOOmeasurements were obtained
using the SimpleScalar toolset [3]. We start by briefly
describing our benchmarks, the relevant aspects of
both architectures, and then we discuss our perfor-
mance measures.
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