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Abstract

There is significant performance motivation to build
larger and wider superscalar machines, however the imple-
mentation complexity can be overwhelming. When super-
scalar machines grow they necessarily become deeper in
order to maintain frequency. As the pipeline depth increas-
es the performance gained by a wide instruction fetch and
dispatch is lost to branch misprediction penalty cycles. This
work proposes the new Turboscalar microarchitecture,
which is strongly based on the superscalar paradigm. Tur-
boscalar utilizes run time information to optimize instruc-
tion execution. This new microarchitecture increases
performance by reducing implementation complexity, al-
lowing the construction of very shallow wide pipelines,
which yield high performance.

Results: A realistic Turboscalar implementation is pro-
posed, that improves performance 66% over a wide deep
superscalar that utilizes a block-based trace cache.

1 Introduction

Most technologists anticipate the continuation of
Moore’s law of increasing chip density and complexity for
another 10 years. However, existing superscalar techniques
for harvesting instruction-level parallelism (ILP) are en-
countering strong diminishing returns. In order to justify
building wider superscalar processors, new microarchitec-
ture techniques capable of achieving significantly higher
IPC (average instructions executed per cycle) for ordinary
programs are essential.

Many of the traditional methods of improving IPC per-
formance (branch prediction, larger caches, wider pipe-
lines) add complexity and increase the cycle time and/or
pipeline depth of a design. Current microprocessors depend
primarily on technology enhancements and pipelining to
improve frequency and overall performance. Figure 1 illus-
trates the effects of front-end pipeline depth and instruction
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Figure 1 - Average IPC for a superscalar machine
with varying front-end pipeline depth and overall
pipeline width.

fetch/dispatch width on the IPC performance of a supersca-
lar microarchitecture. As the number of instructions issued
per cycle increases, more parallelism can be extracted re-
sulting in increased IPC; however, greater front-end pipe-
line depth increases branch misprediction penalty resulting
in reduced IPC. The benefit of shallow wide pipeline con-
figurations in achieving high IPC is clear from Figure 1.
The challenge is how to do this without increasing front-end
pipeline depth and without increasing clock cycle time.

This work proposes and demonstrates a new microarchi-
tecture paradigm (Turboscalar) that makes shallow wide su-
perscalar microprocessor designs possible. It utilizes run
time information to simplify design complexity, which
leads to a high frequency implementation with very high
IPC.



2  Previous Work

The complexity of superscalar microprocessors is in-
creasing rapidly with each new generation. As newer and
larger performance enhancing devices are added, design
time increases and high frequency design becomes more
challenging. When developing new techniques to improve
IPC the impact on frequency and complexity must be exam-
ined. It is important not to propose large cache structures
and complicated control logic. Another complexity concern
is that the RC delay of wire interconnect is not scaling as
process technology shrinks. Wiring delay manifests itself in
every aspect of implementation, including instruction result
forwarding paths, and dispatch crossbars. The impact of
these complexity issues on microprocessor design has been
explored in [11].

An early attempt to reduce the complexity of hardware
implementations is the VLIW architecture [14]. Specifical-
ly the VLIW moves the complexity of hardware implemen-
tation to the compiler. The compiler is responsible for
resolving all data and resource hazards, thus eliminating
register renaming, result forwarding, and the more tradi-
tional dispatch crossbar. The VLIW architecture effectively
trades hardware-extracted IPC performance for simple de-
sign and higher frequency implementation. More recently
the EPIC architecture [9] introduced by Intel and HP utiliz-
es the compiler to simplify the design, similar to VLIW. A
key problem with the VLIW/EPIC machines is that the code
optimized for a current generation machine may not run
well on future generation designs.

Academic researchers have investigated the complexity
of microarchitecture and attempted to reduce the complexi-
ty of result forwarding paths and wide instruction dispatch
widths; examples include Multiscalar [18] and the Trace
Processor [16]. Multiscalar and Trace Processors relieve the
data forwarding problem by breaking up the execution re-
sources into sub-units. However, they do not address the
front-end complexity.

This work proposes the new Turboscalar microarchitec-
ture, which is strongly based on the superscalar paradigm.
Turboscalar utilizes run time information to optimize in-
struction execution. This new microarchitecture increases
performance in three primary ways. First, it reduces com-
plexity by eliminating the repetitive and redundant instruc-
tion execution overhead. This overhead is the invariant
portion of instruction processing that does not contribute to
the intrinsic function of the instruction. For example, in-
struction decode, register read, and register renaming are all
necessary to instruction execution, but do not contribute to
the final data result. Second, Turboscalar facilitates the dy-
namic transformation of the object code via an Instruction-
Path Coprocessor [3].

Finally, through dynamic code transformation, the Tur-
boscalar microarchitecture can implement optimized exe-
cution cores that still efficiently execute legacy code.
Ideally the execution core of a new microarchitecture is op-
timized for the new code base of a target machine, however
this typically penalizes the execution of legacy code. The
need to support legacy code can adversely affect the effi-
ciency of the final design. With dynamic code transforma-
tion, the legacy code can be translated into the internal
format for highly efficient execution by the new execution
core.

The previous work that most resembles the Turboscalar
idea is the Dynamic Instruction Formatting (DIF) work of
Nair and Hopkins [10]. In that work the focus is on the map-
ping of PowerPC instructions into an internal VLIW format
and the potential performance gains. This work does not
strictly employ VLIW as the internal format, it still employs
the superscalar paradigm.

The focus of Turboscalar is on efficient implementation
through knowledge of execution behavior. It is found that
many aspects of a superscalar machine can be simplified
simply by remembering much of the instruction processing
work. Section 3 discusses the concept of the Turboscalar
microarchitecture, while Section 4 details a possible imple-
mentation.

3  Turboscalar Microarchitecture

The Turboscalar microarchitecture, illustrated in
Figure 2, has three key components that differentiate it from
a conventional superscalar microarchitecture: the hot-cold
pipeline, the dynamic instruction cache, and the optimizing
back-end. The cold pipeline trains the hot pipeline, for fast
efficient execution, using the optimizing back-end and the
dynamic instruction cache.

3.1 Hot-Cold Pipeline Organization

The Turboscalar microarchitecture is implemented with
two superscalar pipelines. The cold pipeline is tall and thin,
while the hot pipeline is short and fat. The cold pipeline is
analogous to the traditional superscalar microarchitecture.
It must fetch, decode, predict branches, read sources, re-
name results, and dispatch instructions to the executions
units, before instruction execution may commence. It suf-
fers from the scaling problems of instruction dispatch width
and front-end pipeline depth as discussed in Section 1. On
the other hand, the hot pipeline avoids these problems by
learning about instruction execution characteristics from
the cold pipeline and leveraging this knowledge. Thus the
hot pipeline can be very wide without incurring front-end
pipeline depth.



Figure 2 - The Turbos

The cold pipeline executes instructions as a traditional
superscalar. As instructions complete in the cold pipeline,
the optimizing back-end records execution characteristics
and saves them in a dynamic instruction cache. Once the hot
pipeline is trained, instruction execution shifts from the
cold pipeline to the hot pipeline. Obviously, there is a small
penalty in this hand off process. If the program executes
many more instructions in the hot pipeline than in the cold
pipeline, then there can be a significant performance gain.

Figure 3 illustrates the foot print of traditional supersca-
lar machines as the machine width and the pipeline depth
increase. The traditional machine necessarily becomes
deeper and wider as performance is improved. Continuing
this trend towards ultra-wide superscalar will lead to very
large and complex implementations. The advantage of the
Turboscalar microarchitecture is the interaction between
the hot and cold pipelines. Using the cold pipeline to train
the hot pipeline allows the Turboscalar microarchitecture to
implement the ultra-wide superscalar with a much shallow-
er and higher frequency cold and hot pipeline combination,
shown in Figure 4. The cold pipeline is tall and thin provid-
ing a high frequency implementation, while the hot pipeline
is wide and shallow allowing very high IPC performance.
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Figure 3 - Traditional superscalar compared to a
ultra-wide superscalar foot print.
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Figure 4 - Turboscalar compared to a ultra-wide
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3.2 Dynamic Instruction Cache

The dynamic instruction cache is used to support instruc-
tion fetch in the hot pipeline. This mechanism allows the
cold pipeline to train the hot pipeline for faster and more ef-
ficient execution (hence the analogy to “turbocharging” in
a combustion engine). The hot pipeline, via the dynamic in-
struction cache and the optimizations performed by the as-
sociated optimizing back-end, effectively remembers and
leverages previous work, allowing it to fetch and dispatch
more instructions in a faster clock cycle and process instruc-
tions in a much shallower pipeline because the majority of
the work has been done ahead of time and recorded in the
dynamic instruction cache.

3.3 Optimizing Back-end

The optimizing back-end of Turboscalar is responsible
for all code transformation, performance optimization, and
the training of the hot pipeline. To effectively remove repet-
itive instruction processing overhead the optimizing back-
end constructs instruction fetch groups, performs code mo-
tion to eliminate the dispatch crossbar, predecodes instruc-
tions to eliminate or simplify the decode stage and pre-
renames (including dependency check) to simplify register
read and renaming after instruction fetch. The optimizing
back-end can also perform compiler type optimizations as
in [7]. Instruction translation can also be performed if the
Turboscalar core employs a different internal format. Simi-

lar to the Pentium Pro uop [17], the Turboscalar can trans-
late macro-instructions into internal micro-instructions,
however it only needs to perform this translation once to
train the hot pipeline, for repeated subsequent executions.
Once a group of instructions is gathered and all optimiza-
tions are complete it is inserted into the dynamic instruction
cache for execution in the hot pipeline. The recently intro-
duced Instruction-path Coprocessor (I-COP) [3] can be an
effective and efficient way to implement the optimizing
back-end of the Turboscalar microarchitecture.

4 A Turboscalar Implementation

The fundamental contribution of Turboscalar is the inter-
action of the hot-cold pipelines, the dynamic instruction
cache and the optimizing back-end. This unique organiza-
tion allows the Turboscalar microarchitecture to perform
many operations early in the optimizing back-end and re-
member them in the dynamic instruction cache. As a result
the hot pipeline implementation is simple, shallow and
wide, leading to high performance and high frequency.

There are many possible implementations of a Turbosca-
lar microarchitecture. This section explores one specific im-
plementation that is used for study in Section 6. The
implementation presented is not intended to be the best or
optimal solution, but merely a single point solution in a
large design space for illustration purpose. For discussion
the microarchitecture is divided into three major compo-
nents the front-end, execution core, and the back-end.

4.1 Front-end

The front-end of the Turboscalar microarchitecture in-
cludes both the cold pipeline and the hot pipeline. These
two pipelines are responsible for all instruction fetch, de-
code, dependency checking, register renaming, register
read, and dispatch to the reservation stations.

4.1.1 Cold Pipeline

The cold pipeline is simply the front-end of a traditional
superscalar machine. Instructions are fetched from a tradi-
tional instruction cache and branch prediction is performed
early in the pipeline. Instructions are decoded and after de-
pendency checking is performed source operands are read
and result operands are renamed. Finally instructions are
dispatched to the reservation stations in the execution core.
The cold pipeline only fetches instructions after a branch
misprediction and when the hot pipeline is empty.

4.1.2 Hot Pipeline

The hot pipeline fetches instructions from the dynamic
instruction cache. The dynamic instruction cache stores
both instructions and execution information. For this study



the dynamic instruction cache is implemented with the
block-based trace cache [1], which is enhanced to include
decode bits, dependency check results, and virtual renam-
ing tags for result operands. Figure 5 illustrates the flow of
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instructions through the hot pipeline. b Instructions are
fetched from each of the four copies of the block cache.
Each instruction block contains enough decode and depen-
dency information such that little or no decode time is nec-
essary before instructions are ready for dispatch. Only
source operand read is required after instruction fetch.
(Note: no branch prediction is performed in the hot pipe-
line.) All branch prediction for the hot pipeline is performed
in the optimizing back-end, during trace construction, using
the new TMP multiple branch predictor [13], as discussed
in Section 4.3.

Given the shallow hot pipeline of the Turboscalar, a new
fast single cycle register file is required. The Quack register
file, proposed in [2], provides three key ingredients to the
Turboscalar implementation. First it utilizes a virtual re-
name tag that can be generated in the back-end, requiring no
renaming in the front-end of the machine. Second, it has a
high frequency read that is independent of the physical re-
name register count and instruction dispatch width. Third,

fewer read and write ports are required by the Quack regis-
ter file than more traditional implementations, further facil-
itating source operand read for a large number of
instructions in a single cycle. [2] analyzes the latency of the
Quack register file for a 0.18um process, and demonstrates
that source operand read for 24 instructions can be per-
formed in a single cycle. The Quack register file organiza-
tion is illustrated in Figure 6. (Extensive details of the
Quack register file are documented in [2].)

The three advantages of the Quack register file are
achieved by organizing the physical rename registers into
stacks of registers or silos. There is one register silo for each
architected register. The top of each silo is the most recent
rename of that architected register. Maintaining the most re-
cent rename in the same physical location at all times, sig-
nificantly reduces source operand read latency, and
removes the need for a rename map table.

After instructions are fetched and source operands are
read, they are dispatched through a sparse crossbar to the
reservation stations in the execution core. In order to reduce
the complexity of the dispatch crossbar, each dispatch slot
is reserved for particular instruction types, similar to the Al-
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pha 21064 [6]. All instruction alignment to dispatch slots is
performed by the optimizing back-end.

4.2 Execution Core

The execution core of both the baseline machine model
and the Turboscalar microachitecture are idealized, yield-
ing higher achievable performance. Execution units are
clustered by function type with 128 entry reservation sta-
tions per cluster. Each cluster contains an unbounded num-
ber of functional units and instructions are issued out-of-
order from the reservation stations. Result forwarding be-
tween functional units is a single cycle. This highly ideal-
ized execution core stresses the performance of the front-
end and back-end of the Turboscalar microarchitecture.
Current ongoing research is investigating more realistic im-
plementations of the execution core within the Turboscalar
framework.

4.3 Back-end

The optimizing back-end of the Turboscalar microarchi-
tecture performs several tasks that simplify the front-end of
the hot pipeline. First, to support the trace construction of
the block-based trace cache, instructions are arranged into
blocks and traces are constructed from the completing
blocks. As part of trace construction a completion time mul-
tiple branch predictor is used to determine which blocks be-
long in a trace and which traces are candidates for future
trace fetching. The TMP predictor [13] utilizes a tree struc-
ture and three levels of branch predictors that record branch
behavior for the control flow graph. The TMP predictor is
very effective and as a result fetch time branch prediction is
not necessary.

The second function of the back-end is to perform early
dependency checking as instructions are bundled into
blocks for insertion into the block-based trace cache. Early
register renaming is also performed at the block level and
virtual tags are assigned to destination operands and propa-
gated to all dependent sources in the instruction block. Fi-
nally, to reduce the dispatch crossbar complexity,
instructions within a block are reordered to align with ded-
icated dispatch slots. A preliminary performance study of
the alignment is presented in Section 6. Instruction align-
ment facilitates a sparse dispatch crossbar, reducing the la-
tency of instruction dispatch.

4.4 Hot or Cold?

Instructions are fetched from the hot pipeline whenever
possible. The mechanism controlling which pipeline to ac-
cess is very similar to a trace cache in parallel to an instruc-
tion cache [2][12][15]. After trace prediction it is known if
the block-based trace cache will hit or miss in the next cy-

cle. If the trace cache will hit then the hot pipeline gains
control. If it will miss then the cold pipeline is accessed.
When a branch misprediction is detected the cold pipeline
is automatically accessed, until the hot pipeline warms up
again. Neither pipeline becomes active until the other pipe-
line has dispatched all instructions, potentially incurring a
significant fetch stall. The fetch interlock is necessary to en-
sure that instructions from the two pipelines rename in the
correct order. Having high percentage of instructions
fetched from the hot pipeline versus the cold pipeline is crit-
ical to the performance of Turboscalar. Section 6.4 exam-
ines the performance of hot pipeline instruction fetch.

5  Experimental Methodology

All the experimental data reported are generated by an
integrated functional/performance simulator based on the
PowerPC ISA. The performance model is developed from
published reports [5][8][19] and accurately models all key
features of the microarchitecture.

5.1 Baseline Machine Model

The reference machine uses the execution core outlined
in Section 4.2. The instruction fetch, dispatch, and comple-
tion bandwidth is 16 instructions per cycle. An unlimited
number of rename registers and reorder buffer entries is as-
sumed.

The memory hierarchy is fully modeled with a perfect
main memory, a 32KB Level-1 I-cache, a 32KB Level-1 D-
cache, and a 256KB unified Level-2 cache. Access latencies
are 1, 3, and 100 cycles for the L1, L2 caches and the main
memory, respectively. On-chip implementation of the L2 is
assumed. An unlimited load miss queue and an unlimited
store queue handle all load and store execution. The store
queue performs data forwarding, and load/store instructions
execute out-of-order if no address aliasing is detected. All
register and memory data dependencies are enforced. In-
struction execution latencies can be found in [8], and accu-
rately reflect the PowerPC 604.

This baseline machine model is currently very aggres-
sive, and is specifically designed to gather the preliminary
data presented in Section 6. Future versions of this work
will contain a realistic implementation for all aspects of
both the baseline superscalar machine model and the Tur-
boscalar microarchitecture.

5.2 Benchmarks

The benchmark set used is the SPECint95 suite, com-
piled by gcc 2.7.2. To reduce simulation time, we use small
input files and limit run length to 200 million instructions
for each benchmark, totaling 1.6 billion instructions. All
user library calls are modeled, though system calls are not.



6  Experimental Results

The baseline machine model outlined in Section 5, is
modified for the Turboscalar implementation as described
in Section 4. All features of the Turboscalar implementa-
tion are fully modeled. This section begins with an analysis
of the optimal configuration of the cold pipeline, determin-
ing the pipeline depth and instruction width. The sparse dis-
patch crossbar is explored and the Turboscalar performance
is compared to superscalar machines with trace cache in-
struction fetch mechanisms.

6.1 Cold Pipeline Configuration

The most significant design parameter of the Turbosca-
lar microarchitecture is the cold pipeline depth and width.
The wider and shallower the cold pipeline the faster the hot
pipeline is trained. On the other hand, the clock frequency
is adversely affected as the cold pipeline becomes wider and
shallower. Figure 7 shows the performance of the Turbos-
calar microarchitecture for different configurations of the
cold pipeline. The hot pipeline is 24 instructions wide and 3
pipe stages deep in its front-end, as illustrated in Figure 5.
Turboscalar performance is shown as a function of both the
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Figure 7 - Turboscalar performance vs. cold
pipeline configurations.

cold pipeline depth and width. (Note: As the cold pipeline
depth increases the frequency increases and as the cold
pipeline width increases the frequency decreases.) Turbos-
calar performance varies from 3.1 IPC to 4.9 IPC. At 3.1
IPC the cold pipeline depth is 16 and the width is only 1 in-
struction, with potentially the highest frequency. At 4.9 IPC
both the width and depth are 4. This figure demonstrates the
importance of the cold pipeline and how it trains the hot
pipeline. The wider and shallower the cold pipeline the bet-
ter overall performance becomes. Optimizing for both fre-
quency and performance is difficult. The remainder of this
paper assumes a cold pipeline depth of 4 and a width of 1

instruction, yielding an average IPC of 3.9 for the Turbos-
calar microarchitecture.
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6.2 Sparse Dispatch Crossbar

In order to reduce the complexity of the dispatch cross-
bar two limits are imposed on the dispatch mechanism.
First, each dispatch slot is reserved for a particular instruc-
tion type. As instructions are bundled into blocks, for the
block-based trace cache, they are aligned to the dedicated
dispatch slots. The number of dispatch slots required, with-
in each instruction block, for each instruction type is shown
in Figure 8. The graphs in Figure 8 show the diminishing
return for additional dispatch slots for each of the five Pow-
erPC instruction types. Only 1 slot is required for branch
unit instructions (branches and condition code logicals) and
complex integer instructions (compare, integer multiply
and divide). Both load/store and simple integer (add, sub,
etc.) require 3 slots each to maintain optimal performance.
Finally, since only integer benchmarks are examined 1
floating point slot is sufficient. A total of 9 instruction type
slots are required per block of 6 instructions, resulting in 2
or fewer instruction types allowed in each dispatch slot,
which significantly reduces the complexity of the tradition-
al dispatch crossbar.

The second dispatch limitation is on the number of in-
structions of each type that are allowed to dispatch in a sin-

Simple integer unit

IPC

12 - simple integer
dispatch slots required

4 6 8 10 12 14 16 18 20
# slots per dispatch group

Floating point unit

gle cycle. Figure 9 illustrates the diminishing return as the
number of dispatch slots for each instruction type is in-
creased. Again, since integer benchmarks are analyzed only
1 floating point dispatch slot is necessary. 4 branch slots are
required which coincides with the 4 instruction block fetch.
2 complex integer dispatch slots, 10 load/store slots, and 12
simple integer slots are required to support the 24 instruc-
tion wide hot pipeline.

The dispatch crossbar complexity is reduced by limiting
the number of instruction types that can reside in any slot to
2. It is further reduced by limiting the number of each in-
struction type that can be dispatched in a single cycle. Con-
sequently, the branch unit crossbar is 6:4, the complex
integer unit crossbar is 6:2, the floating point unit crossbar
is 6:1, the simple integer unit crossbar is 18:12, and the
load/store unit crossbar is 18:10. Increasing the number of
dispatch slots per cycle available for each instruction type
would completely remove the dispatch crossbar. The Tur-
boscalar performance study in the next section utilizes this
sparse dispatch crossbar.
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6.3 Turboscalar Performance Comparison

Recently there have been many proposals that very ef-
fectively increase instruction fetch bandwidth. These mech-
anisms include the new trace cache [2][12][15] and multiple
branch predictors accessing multiple instruction caches [4].
All of these proposals increase instruction fetch bandwidth
to 16 or more instructions, yet maintain a very shallow
front-end pipeline. They assume instruction decode, source
read, result renaming, and instruction dispatch will scale to
accommodate the new wider instruction fetch mechanisms.
Figure 10 illustrates the effect of front-end pipeline depth
on a 16 instruction wide superscalar machine both with and
without a trace cache. As the pipeline depth increases the
performance gained by the wide instruction fetch is lost to
branch misprediction penalty cycles. A wide superscalar
machine loses 45-48% of its performance as the front-end

depth increases from 4 to 24 cycles. Not only are these shal-
low pipelines not feasible, the performance is lost once the
pipeline depth increases.

The Turboscalar microarchitecture proposes a feasible
and shallow front-end pipeline implementation. Figure 12
compares the performance of the Turboscalar microarchi-
tecture to the superscalar with and without a trace cache for
each benchmark. The Turboscalar significantly out per-
forms a wide superscalar as the front-end pipeline depth in-
creases. At a 24 cycle front-end pipeline, Turboscalar
performance is 37% to 92% better than a wide superscalar
utilizing a trace cache.

Figure 11 is the harmonic mean of the benchmark results
in Figure 12. The Turboscalar microarchitecture begins to
out perform superscalar with trace cache at a 10 cycle front-
end. When the superscalar front-end reaches 24 cycles Tur-
boscalar is 66% better.
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6.4 Instruction Fetch

The performance of the Turboscalar is dependent on the
percentage of time instructions are fetched from the hot
pipeline instead of the cold pipeline, shown in Figure 13.
From this figure the hot pipeline is fetching between 86% to
99% of the dynamic instructions for these benchmarks. As
better multiple branch prediction mechanisms are devel-
oped the Turboscalar microarchitecture will become even
more advantageous.

7  Conclusion

The data presented in Figure 11, Figure 12, and
Figure 13 demonstrate the potential of the Turboscalar mi-
croarchitecture. Given a strong hot path bias, as shown in
Figure 13, the Turboscalar can improve performance signif-
icantly over a trace-cache based superscalar implementa-
tion. The Turboscalar can take advantage of the cold
pipeline to train a hot pipeline for fast efficient implemen-
tation and high throughput code execution.

The Turboscalar with a cold pipeline width of 1 instruc-
tion and a depth of 4 cycles out performs trace-cache based
superscalar machines with front-end pipelines greater than
8 cycles. Once the superscalar front-end pipeline depth
reaches 24 cycles, Turboscalar performance is 66% better.
The Turboscalar microarchitecture is a clear paradigm shift
in microprocessor design over current superscalar designs.
The smart hot pipeline of the Turboscalar facilitates high
performance at a high frequency, while utilizing a very thin,
deep, high frequency cold pipeline to train itself.

This paper presents an early exploration of a new mi-
croarchitecture paradigm that can potentially harvest un-
precedented levels of ILP at very high frequencies. The
Turboscalar microarchitecture utilizes run time information
to construct a shallow wide high frequency high ILP hot
pipeline implementation.
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