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Abstract—Current superscalar x86 processors decompose each
CISC instruction (variable-length and with multiple addressing
modes) into multiple RISC-like pops at runtime so they can
be pipelined and scheduled for concurrent execution. This chal-
lenging and power-hungry process, however, is usually repeated
several times on the same instruction sequence, inefficiently
producing the very same decoded and scheduled pops. Therefore,
we propose a transparent mechanism to save the decoding and
scheduling transformation for later reuse, so that next time the
same instruction sequence is found it can automatically bypass
the costly pipeline stages involved. We use a coarse-grained
reconfigurable array as a means to save this transformation, since
its structure enables the recovery of pops already allocated in
time and space, and also larger ILP exploitation than superscalar
processors. The technique can reduce the energy consumption of
a powerful 8-issue superscalar by 31.4% at low area costs, while
also improving performance by 32.6%.

Index Terms—x86; superscalar;
instruction-level parallelism.

dynamic optimization;

I. INTRODUCTION

The domain of x86 processors over the general-purpose
computing market has demonstrated the importance of main-
taining binary compatibility to allow the execution of software
already deployed in new processors. However, implementing
a complex (CISC) ISA such as x86 is challenging, because
there are over a thousand instructions with variable lengths
and addressing modes.

To cope with this, x86 processors have long been designed
with a decoder that decomposes each x86 instruction into
simpler RISC-like operations named pops [1] [2]. This step
allows executing x86 in a pipelined organization, enabling
dynamic scheduling and superscalar execution of pops to
exploit high amounts of instruction-level parallelism (ILP).
However, this whole process is very expensive: the decoding
of each x86 instruction to multiple pops and their dynamically
scheduling for concurrent execution require complex structures
and logic. Previous works report that decode can account for
up to 10% of the total package power [3], and scheduling for
10-20% [4] [5]. Our own experiments, using a methodology
that will be described later, have found similar results (Fig.
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Fig. 1. Power breakdown of a modern superscalar processor. The structures
used for decode and schedulling account for 27.5% of the core’s power.

To reduce the energy costs, recent Intel processors already
store decoded pops in a special LO cache inside the pipeline
[6] [7], so that repeating instruction sequences need not be
decoded multiple times. As can be seen in Fig. 2 (a and b),
this mechanism has been moving deeper into the pipeline,
improving the amount of processing that is saved. While
previous works have proposed efficient implementations of the
scheduling logic [4] [8], no work has yet proposed to move one
step further (Fig. 2¢) and store the already scheduled pops in-
side the pipeline. By doing so, repeating instruction sequences
can be automatically decoded and scheduled in a single step,
skipping the complex pipeline stages that are involved, and
improving energy consumption and performance.

The contributions of this paper are twofold:

o We propose a new x86 processor design that reduces the
utilization of the complex hardware structures responsible
for decoding and scheduling of repeating instruction
sequences, by saving this processing in a special cache
and reusing it afterward, thereby improving energy con-

Loop
Stream
Detector

b)
C) “

Fig. 2. (a) Loop Stream Detector, in the Penryn parch (2007). (b) LO cache,
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sumption.

o We use a transparent coarse-grained reconfigurable array
(CGRA) as a means to implement this reuse, taking
advantage of its intrinsic structure to enable the recovery
of pops already allocated in time and space. Since it is
also capable of efficiently exploiting ILP, performance
improves.

To evaluate the proposed system, we use gem5 [9], McPAT
[10], CACTI [11] and Cadence RTL compiler to compare the
performance, area and energy against an 8-issue superscalar
x86 processor based on the Core 17 Haswell microarchitecture
(one of the latest from Intel [12]). The results show that we
can speed up such a powerful processor by 32.6% and reduce
its energy consumption by 31.4% in a considerable number of
benchmarks while introducing less than 12.5% area overhead.

The remainder of this article is organized as follows. Section
2 presents related work. Section 3 describes the proposed
mechanism. Section 4 presents performance, area, power and
energy results. Section 5 discusses and concludes this work.

II. RELATED WORK

The complexity of superscalar processors has long con-
cerned the designers. In these systems, dynamic scheduling
is used with out-of-order execution to exploit high amounts
of ILP by selecting independent instructions for execution.
However, the number of transistors used to implement part of
this structure, named instruction window, has a direct impact
on the energy consumption and grows quadratically with its
size and the number of operations selected concurrently [§]
[13].

There are two approaches to improving the efficiency of
these processors. The first one modifies the baseline microar-
chitecture, in particular, the instruction window, by reducing
the number of comparisons required to select instructions.
This can be done by grouping instructions by dependence
[8], which also enables fusing them for single-cycle execution
[14], or by modifying the size of the instruction window
dynamically to eliminate redundant lookups [4].

The second approach involves designing a new, more ef-
ficient microarchitecture that implements an optimized ISA.
However, this design freedom breaks binary compatibility and
therefore requires some code transformation technique, such
as binary translation [15], to allow the execution of native
programs in the new system, as discussed next.

The Transmeta Crusoe system uses a VLIW processor to
execute x86 instructions [16]. A binary translation system
named Code Morphing Software (CMS) inspects x86 code
at runtime and transforms it to VLIW instructions, saving this
transformation in a cache.

The Warp Processor [17] uses a simplified FPGA that is
coupled to an ARM7 and a small CAD processor. While the
program executes in the main processor, the CAD processor
analyses and transforms entire sequences of instructions into
FPGA configurations. These configurations are used to set up
the FPGA and execute the instructions next time.
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The Configurable Compute Accelerator (CCA) [18] is a
configurable matrix of functional units that is also coupled
to an ARM processor. At runtime, application kernels are
discovered using a graph analyzer and transformed into in-
structions for the CCA, which replace the CPU instructions in
the system’s trace cache.

The Dynamic Instruction Merging (DIM) system [19] is a
CGRA that is tightly coupled to a MIPS processor. Using a
simplified hardware binary translation algorithm, application
kernels are dynamically transformed into CGRA configura-
tions and saved in a special cache. Unlike the CCA, the system
accesses the special cache using the program counter (PC) of
the application kernels to check if they can execute in the
array.

DynaSpAM [20] is a reconfigurable accelerator coupled to
a non-x86 out-of-order superscalar pipeline. The system mod-
ifies the scheduler logic to simultaneously allocate instructions
for execution in the pipeline units and transform the code
sequence for execution in the reconfigurable fabric.

Our approach:

o Unlike all previous systems (except CMS), it is the only
one that accelerates x86 (the ISA used in nearly all
general-purpose computers) running in a superscalar core;

o Unlike CMS, our code transformation algorithm is im-
plemented in hardware and processes pops; therefore, the
overheads of the technique are much smaller;

o Unlike the Warp Processor, which uses an FPGA with
high configuration latency, our system can accelerate
any sort of application by using a CGRA with small
configuration times;

o Unlike CCA and DIM, our CGRA is tightly coupled
to a superscalar core and can exploit more ILP than
DynaSpAM.

In summary, the technique proposed is the only one that uses
a CGRA tightly-coupled to an x86 superscalar and, therefore,
is able to skip the complex pipeline stages of decoding
and scheduling, improving any application’s performance and
energy consumption.

III. PROPOSED SYSTEM

An overview of the proposed system is presented in Fig.
3. There are five blocks: the baseline processor, the code
transformation (CT) module, the configuration cache, the
CGRA and the results buffer. The process works as follows:
each instruction sequence executes for the first time in the
x86 pipeline (regular execution, in the figure). As it executes,
it is transformed by the CT module into CGRA configurations
and saved in the configuration cache. Next time the same
sequence is found again in the fetch stage, the configuration
is loaded from the configuration cache and the sequence is
executed more efficiently in the CGRA (optimized execution),
bypassing the expensive process of x86 decode and pop
scheduling.

We describe first the hardware of the system and then the
process to transform x86 code to execute in the CGRA.
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Fig. 3. Overview of the proposed system.

A. Hardware

The baseline processor is an 8-issue superscalar x86 pro-
cessor with the parameters given in Table I. This organization
closely resembles the modern Intel Haswell microarchitecture,
one of the latest Intel Core i7 processors, which is imple-
mented in 22nm [12].

The reconfigurable array, detailed in Fig. 4, is a heteroge-
neous matrix of functional units (FUs) composed entirely of
combinational logic and divided into rows and columns. Data
propagates from left to right, so each FU occupies a row and
a sequence of columns depending on its latency. The simplest
units are ALUs, which take % of a processor cycle in our
implementation and correspond to a single column. Therefore,
we define a level, the equivalent of one processor cycle, as
a sequence of 3 columns. The latencies and FU distribution
can be customized depending on the process technology and
design constraints; we describe our design in Table II.

The communication between FUs is done using context
lines, which are initially fed by values from the register file
through the input context. Before each column, a crossbar
network (X in the figure) selects the context line that feeds
each functional unit. After the operation, the crossbar selects
the value that will be propagated to the next column through
the context lines and also routes the output to the results buffer,
where up to 192 results can be temporarily stored.

The Code Transformation (CT) module is a 4-stage
pipelined unit that transforms sequences of pops into CGRA
configurations, as will be explained in detail in the next
section. The configuration cache can hold up to 256 config-

TABLE I
BASELINE PROCESSOR PARAMETERS.

Pipeline: 8-wide out-of-order, with 4 ALU ports, 2 mult. ports, 2 load
ports and 1 store port. Instr. queue: 60 pops. Load buffer: 72 pops. Store

Input Level 1 Level 2
A
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Fig. 4. The CGRA in detail.

urations and consists of two tables: the first one stores the
PCs of translated sequences and is used to quickly check if
a configuration exists (will be discussed in detail next): the
second table holds the configurations, and is accessed only
when one must be loaded and executed. Both these designs
were adapted and extended from [21] for better integration
with the superscalar core.

B. Code transformation and execution

The process described next follows the steps illustrated in
Fig. 3.

1) First execution in the baseline processor: x86 instruc-
tions are fetched from the instruction cache and decoded
into one or more pops. In the rename stage, the logical
registers encoded in the pops are renamed to physical registers,
eliminating false data dependencies. Next, pops are copied fol-
lowing program order to the reorder buffer (ROB), a structure
used to hold temporary operation results. This is the pipeline
front-end, where operations are processed in-order.

These pops are dynamically scheduled for out-of-order
execution in the back-end as their input registers become
ready. The outputs are written to the ROB and forwarded to
the pops waiting in the scheduling queue for the result. In the
commit stage, the results are processed from the ROB and
written back to the register file following program order to
preserve true data dependencies.

Memory operations are handled by dedicated load and
store queues which avoid pipeline stalls and enable memory
optimizations, such as load bypassing and load forwarding
[22]. The latter technique allows a load operation that accesses
the same address as a previous store waiting in the queue to
read its value directly, bypassing a cache access.

2) Code transformation: In parallel with the execution
previously described, the CT module processes sequences of

TABLE II
CGRA PARAMETERS.

buffer: 42 pops. ROB entries: 192 pops. Memory dependence prediction ALUs 12 per level, with a latency of % of a cycle and organized
via store sets. as three columnns with four ALU rows each.

L1 D+I caches: 32kB each. 8-way set associative, 2 cycles hit latency. Multipliers | 2 rows per level, with a latency of 3 cycles.

L2 cache: 256kB, 8-way associative, 8 cycles hit latency. Load Units | 2 rows per level, with a latency of 2 cycles.

L3 cache: 2MB, 16-way associative, 18 cycles hit latency. Store Units | 1 row per level, with a latency of 1 cycles.
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pops by using a greedy algorithm to allocate them to the
functional units in the CGRA.

The process starts when the first application basic block
(BB) commits. Each new pop is allocated in the lowest level
where its inputs are ready, and a functional unit is available.
It stops when either one occurs:

« an unsupported pop is detected (such as a floating point
operation);

« the configuration is full (all available levels are occupied);

o a maximum number of pops or BBs have been mapped;

When this process completes, a configuration for the CGRA
is generated and stored in the configuration cache, along
with the PC of the first pop transformed. Each configuration
contains the operations of the functional units, the crossbar
setup and the logical destination registers of each pop in the
sequence so that the register file may be updated later on.

To maximize ILP, the algorithm exploits two forms of
speculation using simple prediction algorithms.

o Control speculation: the algorithm speculates on the
sequence of BBs that will be executed by mapping
multiple BBs to the same configuration, allowing ILP
exploitation across control boundaries. The number of
BBs per configuration is the trace length, which defines
how aggressive the speculation is.

o Memory dependence speculation: the algorithm specu-
lates on the dependence between memory operations by
executing load operations earlier than preceding stores.
The prediction is that if a memory address collision has
not occurred in the translated sequence then it will not
occur again.

Misspeculations during execution will cause invalid oper-
ations to be flushed and the configuration to be flagged for
removal, as will be explained next.

3) Configuration load and execution: When the baseline
processor detects a new BB during regular execution, the fetch
unit looks it up in in the configuration cache. If the block is
not found, then it has not been transformed, and therefore must
be fetched from the instruction cache and regularly executed
in the baseline processor. Otherwise, the associated CGRA
configuration is loaded: the FUs and crossbars are set up
and the results buffer is prepared with the logical registers
that will be written by each pop. A synchronization pop is
inserted in the ROB to mark the code sequence that will
execute in the CGRA. This entire load process replaces the
costly decoding of x86 instructions and scheduling of pops,
enabling large energy savings. It may take up to 8 cycles (the
number of front-end pipeline stages in the baseline processor)
with no performance impact because, meanwhile, the baseline
processor will still be executing previous pops.

Execution in the CGRA starts when the configuration is
completely loaded. Data propagates from the input and is
processed by the functional units. The crossbars redirect the
output of each functional unit to the corresponding results
buffer entry, where the results are temporarily stored. When
the synchronization pop previously inserted in the main ROB
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reaches its head, the commit stage in the baseline processor
starts committing pops from the results buffer. Each pop is
then allocated to a physical register where its result will be
stored and finally committed.

The commit stage detects invalid speculations by checking
the memory addresses accessed by each load/store and also
the results of control pops. In case a misspeculation is found,
the last valid pop is marked in the results buffer, so that the
following ones will not be committed, and a misspeculation
flag is set for the configuration in the cache. If the same
happens again when the configuration executes next time, the
configuration is removed from the cache; otherwise, the flag
is cleared.

IV. RESULTS

A. Methodology

To evaluate the performance, we modified the out-of-order
processor in gemS [9] to implement the code transformation al-
gorithm, the configuration cache, and the CGRA. We used the
parameters shown in Table I to model the baseline processor,
which is based a recent Intel Haswell [12]. We used McPAT
[10] for area and energy; Cadence RTL Compiler to synthesize
the CGRA; and estimated the configuration cache size using
CACTI [11] - all considering a 22 nm process technology.
We experimented with multiple CGRA designs by varying the
number of levels (15, 30 and 60) and the trace length (from
one to 10 BBs per configuration - larger ones were tested but
provided high rates of mispredictions).

The proposed system was evaluated using a subset of 9
benchmarks from the Mibench suite [23], all compiled using
gcc 5.3.0 with the -O3 optimization flag. We present here a
characterization of these benchmarks, showing that they cover
a broad range of applications with distinct dynamic behaviors.

In Fig. 5, we ordered each application’s BBs increasingly by
their contribution to the execution time (coverage) and show
how many BBs are required to achieve a particular coverage
rate and also their average size. Some applications, such as
susans, have an avg. BB size of 22 pops and a single very
distinct kernel that covers 89% of the application, requiring
four more BBs to achieve 98% coverage. Other applications,
such as bitcount, have many distinct kernels (with a smaller
avg. size of 8.4 pops), with the most significant one covering
33% and requiring 16 additional ones to cover 98%.

100%-
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60%-
50%-
40%-
30%- }
20%- Bf
10%-
(0%
1234567 8 9101112131415
# of Basic Blocks

Benchmark (BB size)
+ bitcount (8.4)
< crc32 (8.6)
= dijkstra (8.1)
-+ FFT (8.7)
< jpegc (12.7)
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gsort (11.7)
+* sha (31.4)
= susans (22.0)

Application Coverage

Fig. 5. Dynamic behavior and avg. BB size of each benchmark.
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Applications with smaller BBs are typically more difficult to
accelerate, because they need better control prediction mech-
anism, as is the case with applications with too many kernels.
We will show that our approach, just like the superscalar
processor, can accelerate any application.

B. Results

1) Performance: We present in Fig. 6 the geomean ap-
plication speedup against the superscalar processor for each
combination of trace length and number of levels. As can
be seen, the speedup increases with both parameters, because
more speculation allows better exploiting ILP across BBs, and
more levels allow it to support larger instruction sequences that
amortize the reconfiguration costs. A highest mean speedup of
32.6% is achieved in the best case, with a 60-level design. The
only slowdown occurs when not using speculation because,
in this case, only the baseline processor can execute HOpS
from multiple BBs simultaneously. The results show that the
design with 30 levels achieves the best trade-off, given that it
enables enough pops to be allocated considering the degree of
speculation exploited.

Considering benchmark-specific execution in the 30-level
design, Fig. 7 presents the speedup and Table III additional
results. There are significant improvements in nearly all ap-
plications, because of the CGRA’s ability to speed up chains of
data-dependent operations, thereby exploiting more ILP than
the superscalar. Bitcount is accelerated the most by 120.9%,
because of the high rate of ALU operations (83.7%) and the
low rate of PC (pops per cycle) in the baseline processor (2.4),
which indicates many dependencies among these operations.

The only exceptions are crc32 and susans. In these applica-
tions, there are many memory dependencies, and the critical
path in a configuration lies in chains of load operations.
However, the baseline processor can accelerate these chains
by using the load/store queue; the code transformation module
automatically detects that this is the case and does not save
the configuration. Therefore, the coverage (rate of pops that
execute in the CGRA) for these applications is small, and
there are no performance losses. Additionally, crc32 achieves
the highest PC in the baseline processor (5.1) and the avg.
configurations in susans have the longest execution time (27
cycles) of all appplications.

2) Energy: Fig. 1 presents a power breakdown of the super-
scalar processor. We amortize the costs of decode, scheduling,
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Fig. 6. Geomean sytem speedup for distinct number of levels and trace
lengths. The text labels show the speedup with 60 levels.
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as was previously stated, and also the ones associated with
the load/store queue and integer execution because memory
operations are allocated only once when the configuration is
generated and execution is more efficient in the CGRA.

Fig. 8 shows the energy consumed by each benchmark in
the baseline processor and in the proposed system, separating
the consumption of the superscalar core, the CGRA and the
configuration cache. The results are positive in almost all
cases, and a geomean reduction of 31.4% from the baseline is
achieved.

Two factors enable these gains. First, as already explained,
we bypass the complex pipeline stages involved with in-
struction decoding and pop scheduling, therefore reducing
the energy that the superscalar consumes (Superscalar bars
in the figure). Instead, this information is fetched from the
configuration cache (CfgCache bars), and the code sequence
is executed in the CGRA (CGRA bars). Second, we reduce
the application execution time and, therefore, applications with
large speedups (such as bitcount and gsort) also achieve the
most significant energy reductions. There are only two cases
with marginal increases, which are crc32 and susans. As was
previously stated, coverage for these benchmarks is small, so
there is no speedup. However, looking up configurations in
the configuration cache add a low energy overhead to these
benchmarks.

3) Area: The CGRA and the configuration cache have areas
of 4.18mm? and 1.34mm?, respectively. The superscalar core
occupies 13.94 mm?. Because of this small size, modern pro-
cessor contain multiple cores and complex graphics processing
units (GPUs) in the same die. Compared to Haswell 4770K,
which occupies 177mm? and has four cores [24], our design
introduces only 12.5% area overhead when implementing the
technique in each of the cores.
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Fig. 8. Energy consumption by each benchmark with the 30-level design.
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V. CONCLUSIONS AND FUTURE WORK

This paper presented a means to save the decoding and
scheduling of x86 instructions for reuse by coupling a CGRA
to the superscalar pipeline. The technique can reduce the
energy consumption of a modern processor by 31.4% and
improve its performance by 32.6% while adding only 12.5%
area.

As future work, we are currently working on expanding to
multicore processors and improving the code transformation
algorithm for better selecting the code regions to transform.
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Optype Breakdown

Avg. Configuration

Benchmark Baseline uPC Speedup  Coverage
ALU Load Store  Branches pops  BBs  Cycles
FFT 63.1% 12.4% 7.5% 11.4% 33 617 7.6 12.8 1.11 44.0%
bitcount 83.7% 3.4% 0.8% 11.8% 24 66.1 7.8 11.2 2.21 94.9%
cre32 61.2% 18.4% 8.7% 11.7% 51 749 9.0 14.0 1.00 11.3%
dijkstra 714%  10.6% 5.7% 12.3% 33 699 8.7 13.8 1.44 81.4%
jpege 65.1% 17.5% 8.3% 7.9% 22 605 4.6 17.7 1.26 65.4%
patricia 66.7% 11.7% 7.6% 11.6% 22 536 6.4 11.7 1.27 51.4%
gsort 65.0% 133% 11.2% 8.6% 1.7 93.6 7.4 18.2 2.03 69.5%
sha 75.0% 11.4% 4.3% 3.2% 23 710 2.5 11.7 1.72 70.3%
susans 738%  12.77% 0.1% 4.5% 26 699 3.0 27.0 1.01 19.3%
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