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Limits of instruction-level parallelism and higher transistor density sustain the increasing need for multiprocessor systems: they are
rapidly taking over both general-purpose and embedded processor domains. Current multiprocessing systems are composed either
of many homogeneous and simple cores or of complex superscalar, simultaneous multithread processing elements. As parallel
applications are becoming increasingly present in embedded and general-purpose domains and multiprocessing systems must
handle a wide range of diﬀerent application classes, there is no consensus over which are the best hardware solutions to better
exploit instruction-level parallelism (TLP) and thread-level parallelism (TLP) together. Therefore, in this work, we have expanded
the DIM (dynamic instruction merging) technique to be used in a multiprocessing scenario, proving the need for an adaptable
ILP exploitation even in TLP architectures. We have successfully coupled a dynamic reconfigurable system to an SPARC-based
multiprocessor and obtained performance gains of up to 40%, even for applications that show a great level of parallelism at thread
level.

1. Introduction
Industry competition in the current electronics market
makes the design of a device increasingly complex. New
marketing strategies have been focusing on increasing the
product functionalities to attract consumer’s interest: they
desire the equivalent of a supercomputer at the size of
a portable device. However, the convergence of diﬀerent
functions in a single device produces new design challenges
by enlarging the range of heterogeneous code that the system
must handle. To worsen such scenario, the designers must
take into account tighter design constraints as power budget
and manufacturing process costs, all mixed up in the diﬃcult
task of increasing the processing capability.
Because of that, the instruction-level parallelism (ILP)
exploitation strategy is no longer enough to improve the
overall performance of general and embedded applications.
The newest ILP exploitation techniques do not provide an
advantageous tradeoﬀ between the amount of transistors

added and the extra speedup obtained [1, 2]. Despite the
great advantages shown in the employment of instruction
set architecture (ISA) extensions, like the employment
of single instruction multiple data (SIMD) instructions,
such approaches rely on long design and validation times,
which goes against the need for a fast time-to-market for
present day systems. On the other hand, application-specific
integrated circuits (ASICs) provide high-performance and
small chip area. However, such an approach attacks only
a very specific application class, failing to deliver the
required performance when executing applications in which
behaviors were not considered at design time, being not
suitable for executing general-purpose applications.
Reconfigurable systems appear as a mid-term between
general-purpose processors and ASICs, solving somehow
the ILP issues discussed before. They have already shown
good performance improvements and energy savings for
stand-alone applications in single core environments [3–
6]. Adaptable ILP exploitation is the major advantage of
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this technique, since the reconfigurable fabric can adapt to
fit the required application parallelism degree at a given
time, enabling acceleration over a wide range of diﬀerent
application classes.
However, as already discussed, general-purpose and
embedded systems are composed of a wide range of applications with diﬀerent behaviors, in which the parallelism
grain available varies from the finest to the coarsest. To accelerate applications that present high level of coarse-grained
parallelism (at thread/process level), multiprocessor systems
are widely employed, providing high performance and short
validation time [7]. However, in contrast to architectures that
make use of fine-grained parallelism (at instruction level)
exploitation, such as the superscalar processors, the usage
of the multiprocessor approach leaves all the responsibility
of parallelism detection and allocation to the programmers.
They must split and distribute the parallelized code among
processing elements, handling all the communication issues.
The software partitioning is a key feature in a multiprocessor
system: if it is poorly performed or if the application does not
provide a minimum parallelism at process/thread levels, even
the most computational powerful system will run way below
their full potential.
Thus, to cover all possible types of applications, the
system must be conceived to provide a good performance
at any parallelism level and to be adaptable to the running applications. Nowadays, at one side of the spectrum,
there are the multiprocessing systems composed of many
homogeneous and simple cores to better explore the coarsegrained parallelism of highly thread-based applications. At
the other side, there are multiprocessor chips assembled
with few complex superscalar/SMT processing elements, to
explore applications where ILP exploration is mandatory. As
can be noticed, there is no consensus on the hardware logic
distribution to explore the best of ILP and TLP together
regarding a wide range of application classes.
In this scenario, we merge diﬀerent concepts by proposing a novel dynamic reconfigurable multiprocessor system
based on the dynamic instruction merging (DIM) technique
[8]. This system is capable of transparently exploring (no
changes in the binary code are necessary at all) the finegrained parallelism of the individual threads, adapting to the
available ILP degree, while at the same time taking advantage
of the available thread/process parallelism. This way, it is
possible to have a system that adapts itself to any kind of
available parallelism, handling a wide range of application
classes.
Therefore, the primary contributions of this work are
(i) to reinforce, by the use of an analytical model, the
need for heterogeneous parallelism exploitation in
multiprocessor environments,
(ii) to propose a multiprocessor architecture provided
with an adaptable reconfigurable system (DIM technique), so it is possible to balance the best of both
thread/process and ILP exploitations. This way, any
kind of code, those that present high TLP and low
ILP, or those that are exactly the opposite, will be
accelerated.

2. Related Work
The usage of reconfigurable architectures in a multiprocessor
chip is not a novel approach. In [9] the thread warping
system is proposed. It is composed of an FPGA coupled
to an ARM11-based multiprocessor system. Thread warping
uses complex computer-aided detection (CAD) tools to
detect, at execution time, critical regions of the running
application and to map them to custom accelerators implemented in a simplified FPGA. A greedy knapsack heuristic
is used to find the best possible allocation of the custom
accelerators onto the FPGA, considering the possibility of
partial reconfiguration. In this system, one processor is
totally dedicated to run the operating system tasks needed
to synchronize threads and to schedule their kernels to be
executed in the accelerators. However, this processor may
become overloaded if several threads are running on tens or
hundreds of processors, aﬀecting system scalability. Another
drawback is that, due to the high time overhead imposed
by the CAD and greedy knapsack algorithms, only critical
code regions are optimized. Consequently, only applications
with few and very defined kernels (e.g., filters and image
processing algorithms) are accelerated, narrowing the field
of application of this approach.
In [10], the Annabelle SoC is presented. It comprises an
ARM core and four domain-specific coarse-grain reconfigurable architectures, named Montium cores. Each Montium
core is composed of five 16-bit arithmetic and logic units
(ALUs), structured to accelerate DSP applications. The
ARM926 is responsible for the dynamic reconfiguration
processes by executing the run-time mapping algorithm,
which is used to determine a near-optimal mapping of the
applications to the Montium cores. Although the authors
discuss the possibility of heterogeneous parallelism exploitation in a multiprocessor environment, this work focuses only
on speeding up DSP applications (e.g., FFT, FIR, and SISO
algorithms).
In [11], the authors propose the employment of a
shared reconfigurable logic, claiming that area and energy
overhead are barriers when reconfigurable fabric is used
as a private accelerator for each processing element of a
multiprocessor design. Results of area and power reduction
are demonstrated when sharing temporally and spatially
the reconfigurable fabric. However, such approach relies
on compiler support, precluding binary compatibility and
aﬀecting time-to-market due to larger design times.
In this work, we address the particular drawbacks of the
above approaches by creating an adaptable reconfigurable
multiprocessing system that
(i) unlike [9, 10], provides lower reconfiguration time,
thus allowing ILP investigation/acceleration of the
entire application code, including highly threadparallel algorithms,
(ii) unlike [11], maintains binary compatibility through
the application of a lightweight dynamic detection
hardware that, at run-time, recognizes parts of code
to be executed on the reconfigurable data path.
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3. Analytical Model
In this section, we try to define the design space for
multiprocessor-based architectures. First, we model a multiprocessing architecture (MP—multiprocessor) composed of
many simple and homogeneous cores to elucidate the advantages of thread-level parallelism and compare its execution
time (ET) to the modeling of a high-end single processor
(SHE—single high-end) model with a great instruction-level
parallelism exploration capability.
In the software point of view, we have used the amount
of fine- (instruction) and coarse- (thread) level parallelism
available in the application to investigate the performance
potentials of both architectures. Considering a portion of
code of a certain application, these software characteristics
are denoted as
(i) α—can be executed in parallel in a single core,
(ii) β—cannot be executed in parallel in a single core,
(iii) δ—can be split among the cores of the multiprocessor environment,
(iv) γ—cannot be split among the cores of the multiprocessor environment.
Let us start with the basic equation relating execution
time (ET) with instructions,
ET = Instructions ∗ CPI ∗ CycleTime,

(1)

where CPI is the mean number of cycles necessary to execute
an instruction and Cycletime the operating frequency of the
processor.
In this model, no information about cache accesses is
considered, nor the performance of the disk or I/O is taken
into account. Nevertheless, although simple, this model can
provide interesting clues on the potential of multiprocessing
architectures for a wide range of applications classes.
3.1. Low-End Single Processor. Based on (1), for a low-end
single (SLE—single low-end) processor, the execution time
can be written as




ETSLE = Instructions ∝ CPISLE + βCPISLE CycleTimeSLE .
(2)
Since the low-end processor is a single-issue processor, it
is not able to exploit ILP. Therefore, classifying instructions
in α and β as previously stated does not make much sense.
In this case, α is always equal to zero and β equal to one, but
we will keep the notation and their meaning for comparison
purposes.
3.2. High-End Single Processor. In the case of a high-end ILP
exploitation architecture, based on (1) and (2), one can state
that ETSHE (execution time of the high-end single processor) is
given by the following equation:




ETSHE = Instructions ∝ CPISHE + βCPISLE CycleTimeSHE ,
(3)

CPISHE , that also could be written as ∝ CPISLE /issue (i.e., a
high-end single processor would have the same CPI as the
CPI of a low-end processor divided by the mean number
of instructions issued per cycle), is usually smaller than 1,
because a high-end single processor can exploit high levels
of ILP, thanks to replication of functional units, branch
prediction, speculative execution and mechanisms to handle
false data dependencies, and so on. A typical value of CPISHE
for a current high-end single processor is 0.62 [12], showing
that more than one instruction can be executed per cycle.
Thus, based on (3) one gets
ETSHE

= Instructions

∝ CPISLE

issue



+ βCPISLE CycleTimeSHE .

(4)

Issue represents the maximum number of instructions that
can be issued in parallel to the functional units, considering
the best-case situation: there are no data or control dependencies in the code. As already explained, coeﬃcients α and
β refer to the percentage of instructions that can be executed
in parallel or not (this way, α + β = 1), respectively. Finally,
CycleTimeSHE represents the clock cycle time of the high-end
single processor.
3.3. Homogeneous Multiprocessor Chip. Having stated the
equation to calculate the performance of the high-end and
low-end single processor, now the potential use of a homogeneous multiprocessing architecture, built by the replication
of low-end processors, is studied. Such architecture does not
heavily exploit the available ILP, but mostly the thread-level
parallelism (TLP). Some works [13] propose an automatic
translation of code with enough ILP into TLP, so that
more than one core will execute the code. A multiprocessor
environment is usually composed of low-end processor
units, so that a large number of them can be integrated
within the same die. Considering that each application has
a certain number of instructions that can be split into several
processors, one could write the following equation, based on
(1) and (2):


ETMP = Instructions

δ
+ γ
P





× αCPISLE + βCPISLE CycleTimeMP ,

(5)

where δ is the amount of code that can be transformed
into multithreaded code, while γ is the part of the code that
must be executed sequentially (no TLP is available). P is the
number of low-end processors that is available in the chip.
Hence, the second term of (5) reflects the fact that in a
multiprocessor environment one could benefit from threadlevel parallelism, since increasing the number of processors
will only accelerate parts of the code that can be parallelized
at thread level.
3.4. High-End Single Processor versus Homogeneous Multiprocessor Chip. Based on the above reasoning, one can
compare the performance of the high-end single processor
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CycleTimeMP = K ∗ CycleTimeSHE ,

(6)

where K is the frequency adjustment factor to normalize the
power consumption of both homogeneous multiprocessor
and the high-end single processor.
Thus, the comparison of both architectures, based on (3)
and (5), is given by
ETSHE
ETMP




1
Execution time (log)

to the multiprocessor environment. However, one important
aspect is that the several low-end processors that compose
the homogeneous multiprocessor design could also run at
much higher frequencies than high-end processors, since
their simple organizations reflect smaller area and power
consumption. However, the total power budget will probably
be the limiting performance factor for both designs. For the
sake of the model, we will assume that

0.1

0.01

0.001

0.01

=

.



Instructions δ/P+γ ∝CPISLE +βCPISLE CycleTimeMP
(7)

1
γ

∝ (CPISLE /issue) + βCPISLE
∝ CPISLE + βCPISLE

βCPISLE
∝ CPISLE + βCPISLE
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0.99

128-core MPSoC
18-core MPSoC

Figure 1: Multiprocessor system and superscalar performance
regarding a power budget using diﬀerent ILP and TLP; α = δ is
assumed.

of the multiprocessor core. This way, let us consider that
TSHE = TMP ; hence,



∝ CPISHE + βCPISLE




1
.
K
(8)

From (8) one can notice that the high-end processor is faster than multiprocessor architecture when
(ETSHE /ETMP ) < 1. In addition, this equation shows
that, although the multiprocessor architecture with low-end
simple processors could have a faster cycle time (by a factor
of K), that factor alone is not enough to define performance.
Regarding the second term between brackets in (8), the fact
that the high-end processor can execute many instructions
in parallel could give a better performance. Since there is no
instruction-level parallelism exploration in a low-end single
processor, it means that the term ∝ CPISLE is always zero.
In the extreme case, let us imagine that issue = P = ∞,
meaning that we have infinite resources, either in the form of
arithmetic operators or in the form of processors. This would
reduce (8) to
ETSHE∞
=
ETMP∞

0.5

4-issue superscalar
48-core MPSoC
8-core MPSoC

By simplifying and merging (6) and (7), one gets


0.25

Parallelism percentage (α or δ)





Instructions ∝(CPISLE /issue)+βCPISLE CycleTimeSHE

ETSHE
1
=
+γ
ETMP
δ/P

0.1



1
K

.

(9)

Equation (9) clearly shows that, as long as one has code
which carries control or data dependencies, and cannot be
parallelized (at the instruction or thread level), a machine
based on a high-end single core will always be faster than a
multiprocessor-based machine, regardless of the amount of
available resources.
Another interesting experiment is to try to equal the performance of the high-end single core and the performance

=

δ
+γ
P





1

K

αCPISLE + βCPISLE



(10)
.

From (10), one can see that one must have enough lowend processors combined to a highly parallel code (greater
δ) to overcome the high-end processors advantage. This
statement is clarified by the fact that the term ∝ CPISLE is
always zero, imposing that β is equal to one and CPISLE is
much higher than CPISHE .
3.5. Applying the Analytical Model in Real Processors. Given
the theoretical model, one can briefly test it with some
numbers based on real data. Let us consider a high-end single
core: a 4-issue MIPS R10000 superscalar processor, with CPI
equal to 0.6 [14] and a multiprocessor design composed
of low-end MIPS R3000 processors, with CPI equal to 1.3
each [15]. A comparison between both architectures is done
using the equations of the aforementioned analytical model.
Figure 1 shows, in a logarithmic scale, the performance of the
superscalar processor when parameters α and β change. In
addition, in Figure 1 we also show the performance of the
multiprocessor design, varying the δ and γ parameters and
the number of processors from 8 to 128. To provide a better
view of the performance considering both approaches, the xaxis of Figure 1 represents the amount of the instruction- (α)
and thread- (δ) level parallelism in the application, where α
is only valid for the 4-issue superscalar, while δ is valid for all
the MPSoC’s setups.
The goal of this comparison is to demonstrate which
technique better explores its particular parallelism at diﬀerent levels, considering six values for both ILP and TLP. For
instance, δ = 0.01 means that an application only shows
1% of thread-level parallelism within its code (valid only for
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the MPSoC’s examples). In the same way, when α = 0.01, it
is assumed that 1% of instruction-level parallelism (ILP) is
available. That is, only 1% of its instructions can be executed
in parallel in the 4-issue superscalar processor. Following
the same strategy found in current processor designs, for a
fair performance comparison, we considered the same power
budget for the high-end single core and the multiprocessor
approaches. In order to normalize their power budget,
we have tuned the frequency adjustment factor K of (5).
For that, we fixed the 4-issue superscalar frequency to use
it as the power reference, changing the K factor of the
remaining approaches to achieve the same consumption as
the reference. Thus, the frequency of the 8-core MPSoC
must be 3 times higher than 4-issue superscalar processor.
For the 18-core, such value must be a quarter higher
than the reference value. Since a considerable number of
cores employed in the 48-core MPSoC setup, this approach
should execute 2 times slower than the 4-issue superscalar
processor to achieve the same power consumption. Finally,
the frequency of the 128-core MPSoC must be 5.3 times
smaller than the 4-issue superscalar to respect the same
power budget.
The leftmost side of Figure 1 considers any given application that has a minimum amount of instruction- (α =
0.01) and thread- (δ = 0.01) level parallelism available. In
this case, the superscalar processor and the 8-core design
present almost the same performance. However, considering
the same power budget for all approaches by using diﬀerent
operating frequencies shown before, when applications show
greater parallelism percentage (α > 0.25 and δ > 0.25),
the 8-core design achieves better performance with TLP
exploitation than the 4-issue superscalar processor with ILP
exploitation.
When more cores are added in a multiprocessor design,
the overall clock frequency tends to decrease, since the
adjustment factor of (5) should be smaller to obey the power
budget. In this way, the performance of applications that
present low-thread-level parallelism (small δ) worsens when
increasing the number of cores. Regarding the applications
with δ = 0.01 in Figure 1, performance is significantly
decreased as the number of cores increases. Nevertheless, as
the application thread-level parallelism increases (i.e., δ >
0.01), the negative impact on performance is softened, since
the additional cores will have better use.
Aiming to make a fairer performance comparison among
high-end single core and multiprocessor approaches, we have
devised an 18-core design composed of low-end processors
that, besides presenting the same power consumption due
to the power budget assumed, also has the same area of
the 4-issue superscalar processor. For that, we considered
that the MIPS R3000 takes only 75.000 transistors [16],
almost 29 times less than the 2.2 millions of transistors
spent on the MIPS R10000 design [17]. Furthermore,
for a reasonable comparison, we also considered that the
intercommunication mechanism would take nearly 37% of
the chip area, as reported in [18]. The performance of both
approaches shows the powerful capabilities of the superscalar
processor. Regarding the same area and power for both
designs, as shown in Figure 1, the multiprocessor approach

5
(18-core MPSoC) only surpasses the superscalar (4-issue
superscalar) performance when the TLP level is greater than
85% (δ > 0.85).
Summarizing the comparison with the same power
budget, the superscalar machine shows better performance
over applications with low-thread-level parallelism. On the
other hand, there is an additional tradeoﬀ that must be
considered regarding multiprocessor designs, since, when
more cores are included in the chip, the multiprocessor
performance tends to worsen, since the operating frequency
must be decreased to respect the power budget limits. When
almost the whole application presents high TLP (δ > 0.99),
the 128-core design takes longer execution time than the
other multiprocessor designs since its operating frequency is
very low.
Considering real applications, thread-level parallelism
exploitation is widespread employed to accelerate most
multimedia and DSP applications thanks to their data independent iteration loops. However, even applications with
high TLP could still obtain some performance improvement
by also exploiting ILP. Hence, in a multiprocessor design,
ILP techniques also should be investigated to conclude what
is the best fit concerning the design requirements. Hence,
the analytical model indicates that heterogeneous multiprocessor system is necessary to balance the performance of a
wide range of application classes. Section 6 reinforces this
trend running real applications over a multiprocessor design
coupled to an adaptable ILP exploitation approach named
DIM technique.

4. Reconfigurable Multiprocessing System
Section 3 demonstrated that in a heterogeneous application
environment, TLP and ILP exploitation are complementary.
This way, it is necessary to explore diﬀerent grains of
parallelism to balance performance. Aiming to support
this statement, we have built a multiprocessor structure
shown in Figure 2(a) to reproduce the analytical model
shown in Section 3 by executing well-known applications.
The architecture in the example is composed of four
cores, so TLP exploitation is guaranteed. However, as ILP
exploitation is also mandatory, we have coupled a coarsegrain reconfigurable data path to each one of the cores,
since the use of reconfigurable fabric has already shown great
speedups with low-energy consumption [6, 8] concerning
single thread applications.
Figure 2(b) shows in detail the microarchitecture of
the processor, named as reconfigurable core (RC), used as
the base processing element of the reconfigurable multiprocessing system. To better explain the RC processor, we
divided such architecture in 4 blocks. Block 1 depicts the
reconfigurable data path that aggregates the input context,
output context, and the functional units. Block 2 presents
the basic SparcV8 like five-stage pipelined processor. Block
3 illustrates the pipeline stages of the dynamic instruction
merging (DIM) [8] technique that works in parallel to the
processor pipeline. It is responsible for transforming instruction blocks into configurations of the reconfigurable data
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Figure 2: (a) Multiprocessing system. (b) Reconfigurable core. (c) Example of a loop optimization.

path at run time. Block 4 demonstrates the reconfiguration
memory and the address cache. The reconfiguration memory
holds the configuration bits previously generated by the
DIM, so next time when the same translated sequence is
found, the configuration bits are reused. The address cache
(4-way associative) is responsible for keeping the first PC
address of each translated sequence. More details about these
components will be presented in the next sections.
Figure 2(c) shows an example of how a loop would be
accelerated using the proposed process. The reconfigurable

core works in four modes: probing, detecting, reconfiguring,
and accelerating. At the beginning of the time bar shown
in Figure 2(c), the RC is searching for an already translated
configuration to accelerate through execution in the reconfigurable data path.
However, when the first loop iteration appears (i = 0),
the DIM detects that there is a new code to translate and it
changes to detecting mode. In that mode, while the instructions are executed in the processor pipeline, they are also
translated to a configuration by the DIM. When the second
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loop iteration is found (i = 1), the DIM is still finishing
building the current configuration (that started when i = 0)
and storing it into the reconfiguration memory.
Then, when the first instruction of the third loop
iteration comes to the fetch stage of the processor pipeline
(i = 2), the probing mode detects a valid configuration
in the reconfiguration memory, since the previously started
detection process is now finished and the memory address of
the first instruction of the translated sequence was found in
the address cache.
Therefore, the RC enters in reconfiguring mode to
feed the reconfigurable data path with the operands and
the reconfiguration bits. Finally, the accelerating mode is
activated and the next loop iterations (until the 99th) are
eﬃciently executed, taking advantage of the reconfigurable
logic.
4.1. Reconfigurable Data Path Structure (Block 1). Following
the classifications shown in [19, 20], the reconfigurable
data path is tightly coupled to the processor pipeline.
Such coupling approach avoids external accesses to the
memory, saving power and reducing the reconfiguration
time. Moreover, its coarse-grained nature decreases the size
of the memory necessary to keep each configuration, since
the basic processing elements are functional units that work
at the word level (arithmetic and logic, memory access,
and multiplier). The data path is organized as a matrix of
rows and columns, composed of functional units. Three
columns of arithmetic and logic units (ALUs) compose
a level. A level does not aﬀect the SparcV8 critical path
(which, in this case, it is given by the register file). The
number of basic rows dictates the maximum instructionlevel parallelism that can be exploited, since instructions
placed in the same column are executed concurrently (in
parallel). The example of the data path shown in Figure 2(b)
could execute up to four arithmetic and logic operations,
two memory accesses (two memory ports are available), and
one multiplication in parallel. The number of rows, in turn,
determines the maximum number of dependent instructions
placed into one configuration. Both the number of rows
and the number of parallel components can be modified
according to the application requirements and the design
constraints. It is important to notice that simple arithmetic
and logic operations can be executed within the same processor cycle without aﬀecting the critical path. Consequently,
data-dependent instructions are also accelerated. Memory
accesses and multiplications take one equivalent processor
cycle to perform their operations.
The entire structure of the reconfigurable data path is
purely combinational: there is no temporal barrier between
the functional units. The only exception is for the entry and
exit points. The entry point is used to keep the input context,
which is connected to the processor register file. The fetching
of the operands from the register file is the first step to
configure the data path before actual execution. After that,
results are stored in the output context registers through the
exit point of the data path. The values stored in the output
context are sent to the processor register file on demand.
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It means that if a given result is produced at any level and
it will not be changed in the subsequent levels, its value is
written back at the same level that it was produced. In the
current implementation, the reconfigurable system provides
two write-backs per level.
We have coupled sleep transistors [18] to switch power
on/oﬀ of each functional unit in the reconfigurable data path.
The dynamic reconfiguration process is responsible for the
sleep transistors management. Their states are stored in the
reconfiguration memory, together with the reconfiguration
data. Thus, for a certain configuration, idle functional units
are set to the oﬀ state, avoiding leakage or dynamic power
dissipation, since the incoming bits do not produce switching
activity in the disconnected circuit. Although the sleep
transistors are bigger and in series to the regular transistors
used in the implemented circuit, they have been designed so
that their delays do not significantly impact the critical path
or the reconfiguration time.
4.2. Processor Pipeline (Block 2). A SPARC-based architecture
is used as the baseline processor to work together with
the reconfigurable system. Its five-stage pipeline reflects a
traditional RISC architecture (instruction fetch, decode, execution, data fetch, and write-back). The microarchitecture
and the performance of such processor are very similar to
the MIPS R3000, considered as the low-end processor in the
analytical model shown in Section 3.
4.3. Dynamic Instruction Merging (Block 3). As explained
before, the dynamic instruction merging (DIM) can work
in four modes: detecting, probing, accelerating, and reconfiguring. As can be observed in Figure 2(b), the hardware
responsible for the detecting mode contains four pipeline
stages.
(i) Instruction decode (ID): the instruction is broken
into operation, source operands, and target operand.
(ii) Dependence verification (DV): the source operands
are compared to the target operands of previously
detected instructions to verify which column the
current instruction should be allocated, according to
their data dependencies. The placement algorithm is
very simple: the DV stage only indicates the leftmost
column that the current instruction should be placed.
(iii) Resource allocation (RA): in this stage, the data
dependence is already solved and the correct data
path column is known. Hence, the RA stage is
responsible for verifying the resources availability in
that column, linking the instruction operation to
the correct type of functional unit. If there is no
functional unit available at this column, the next
column at the right side will be checked. This process
is repeated until finding a free functional unit.
(iv) Update tables (UT): this stage configures the routing
to feed that functional unit with the correct source
operands from the input context and to write the
result in the correct register of the output context.
After that, the bitmaps and tables are updated and
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Figure 3: DIM activity diagram.

the configuration is finished: their configuration bits
are sent to the reconfiguration memory and the
address cache is updated.
Figure 3 illustrates, by an activity diagram, the whole
DIM process to create a configuration. The first step is the
execution support verification. If there is no compatible
functional unit to execute such an operation (e.g., division),
the configuration is finished and the next instruction is a
candidate to start a new configuration. On the other hand,
if there is support, the data dependency among previously
allocated instructions is verified (DV stage) and the correct
functional unit within that column is defined. Then, the
current configuration is sent to the reconfiguration memory.
4.4. Storage Components (Block 4). Two storage components
are part of the reconfigurable system: address cache and
reconfiguration memory. The configurations are indexed by
the address of the first instruction of the translated sequence
and kept in the address cache, a 128-entry 4-way associative
cache. The Address Cache is only accessed when the DIM is
working in the probing mode. An address cache hit indicates
that a configuration was found, changing the system to the
reconfiguring mode. In this mode, using the pointer given by
the address cache, the reconfiguration memory is accessed
to feed the data path routing. The reconfiguration memory
stores the routing bits and the necessary information (such
as the input and output contexts and immediate values) to
fire a configuration. Finally, the DIM hardware changes to
accelerating mode, beginning the execution process in the
reconfigurable data path.

5. Simulation Environment
5.1. Workload. A workload of only high parallel applications
with distinct behaviors was chosen, using benchmarks from
the well-known SPLASH2 [21] and PARSEC [22] suites. In
addition, two numerical applications written in OpenMP
were used [23].
The list below briefly describes each of them.
(i) FFT [21]. It is a complex 1D version of a six-step FFT
algorithm.

(ii) LU [21]. It factors a dense matrix in the equivalent
lower-upper matrix multiplication.
(iii) Blackscholes [22]. It solves the partial diﬀerential
equation of Blackscholes in order to compute prices
for a portfolio of European options.
(iv) Swaptions [22]. Monte Carlo simulation is used to
price a portfolio of swaptions.
(v) Molecular Dynamics (MD) [4]. It implements the
velocity Verlet algorithm for molecular dynamics
simulation.
(vi) Jacobi [23]. It utilizes the Jacobi iterative method to
solve a finite diﬀerence discretization of Helmholtz.
5.2. TLP and ILP Exploration Opportunities. In this section
we show the opportunities for coarse- and fine-grain parallelism exploration in the selected benchmarks shown in
Section 5.1. The experiments addressing these applications
were done in a SparcV8 architecture varying the number of
threads from 1 to 64.
The mean size of the basic blocks (BB) of an application
is an important aspect to define its fine grain parallelism
level since the room for most ILP exploration techniques
relies on this characteristic. The second column of Table 1
presents the mean BBs size of the selected applications. As it
can be noticed, even parallel applications provide great room
for instruction-level parallelism exploration. The remaining
columns in Table 1 show, in percentage, the load balancing
between threads of the selected applications. As expected,
most applications provide a perfect load balancing up to
64 threads. FFT and LU do not follow the trend of the
other applications, since the load balancing decreases as the
number of threads increases.
Therefore, even applications with perfect load balancing
(e.g., swaptions) provide a great room for instruction-level
parallelism since their basic blocks have enough instructions
to be parallelized. In the same way, applications with
poor load balancing, where probably thread-level parallelism
exploration will not be enough to achieve satisfactory
performance improvements (e.g., lu with a great number
of threads), can benefit even more from instruction-level
parallelism exploitation. In this way, one can conclude that
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Table 1: ILP and TLP opportunities for the selected benchmarks.
Benchmark

Mean BB size (#instr)

Swaptions
Blackscholes
MD
Jacobi
FFT
LU

5.92
4.83
6.51
6.94
8.10
8.32

4 threads
99.00
99.00
95.04
97.02
69.39
81.20

Table 2: Number of basic functional units of setups.

Columns
ALU/column
Load/column
Mul/column

RC#1
48
6
4
1

Load balancing (%)
8 threads
16 threads
99.00
99.00
99.00
99.00
83.24
88.92
97.02
92.07
49.50
31.96
56.77
29.35

64 threads
98.00
98.00
89.87
93.12
24.58
7.03

Table 3: Average speedup on diﬀerent number of cores.
RC#2
150
8
6
2

TLP
ILP + TLP

4 cores
3.74
6.46

8 cores
6.86
11.85

16 cores
12.47
21.71

64 cores
44.3
51

the reconfigurable architecture in the two diﬀerent
versions (RC#1 or RC#2);

the mixed parallelism exploitation is mandatory even for
applications where the thread-level parallelism is dominant.

(iii) the influence of changing the applications’ data set
sizes on performance.

5.3. Methodology. To simulate the reconfigurable multiprocessor system, we have used the scheme presented in [24].
It consists of a functional full system [25] that models the
SparcV8 architecture and cycle accurate timing simulators
[26] that reproduce the behavior of the individual reconfigurable cores depicted in Figure 2(b). Since the applications
are split automatically by the OpenMP and the Posix Threads
API, the cycle accurate simulator gives special attention to
synchronization mechanisms, such as locks and barriers.
Therefore, the elapsed time regarding blocking synchronization and memory transfers are precisely measured.
For all experiments, we have tuned the number of
reconfigurable cores based on the number of threads used
to run the applications presented in Section 5.1.
To demonstrate the impact of ILP exploitation in the
performance, we have used two diﬀerent configurations
for the reconfigurable data path (block 1 of Figure 2(b)),
changing its number of basic functional units. The setups,
shown in the Table 2, have already presented the best tradeoﬀ
considering area and performance executing single-thread
applications [8].

Figure 4 explores the first two aspects discussed above:
TLP exploitation only, varying the number of stand-alone
SPARC cores (solid bars) and TLP + ILP exploitation, by
coupling the reconfigurable architecture (RC#1) to each
one of the cores (striped bars). Regarding the former,
performance scales linearly as the number of cores increases.
FFT and LU do not follow this behavior, since their codes,
as shown in Table 1, do not present perfect load balancing as
other applications.
As can be observed, the results reinforce the conclusion
gathered from the analytical model in Section 3: even for
high TLP-based applications, there is a need for finergrain parallelism exploitation to complement the TLP gains.
Table 3 shows the average speedup of both approaches. This
table demonstrates that TLP+ILP exploitation, using the
RC#1 setup composed of four cores, presents similar performance gains comparing to the eight standalone cores
exploiting only TLP parallelism. The same occurs when
comparing a system with 8 cores and the RC#1 setup to 16
stand-alone cores.
Figure 5 compares the performance of a system composed of 4 or 8 cores, in which each is coupled to the RC#2
over the system in which the cores are coupled to the RC#1.
The improvement is negligible, and not proportional to the
additional number of basic functional units. This happens
because of the high TLP degree presented in the selected
workload. Their threads do not present enough instructions
that can be accelerated by the additional basic functional
units available in RC#2, so the amount of basic functional
units of RC#1 is adequate to satisfactorily explore the ILP
available in most applications of the selected workload.
Molecular dynamics (MD) is the one that best takes advantage
of the extra units of the RC#2, although it presents only
5% of performance improvements than RC#1. Jacobi and
LU executions show performance loss when using the RC#2

6. Results
6.1. Performance Results. This section demonstrates the performance evaluation of the reconfigurable multiprocessing
system over three diﬀerent aspects:
(i) TLP exploitation by changing the number of cores
from four up to 64 (in these experiments, stand-alone
SPARC cores are used: they are not coupled to the
reconfigurable architecture);
(ii) TLP + ILP exploitation, repeating the previous experiment but now using the SPARC cores together with
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Figure 4: Performance of TLP and ILP + TLP exploration using RC#1 setup.

the whole application execution time. This behavior is more
evident in the multiprocessing system composed of 16 cores.
Regarding LU, the larger data set size provides a perfect
load balance with a great number of processors [21], as
observed in Figure 7. On the other hand, smaller data set
sizes increase the imbalance by splitting less blocks per
processor in each step of the factorization.

4
2
0
−2

LU

FFT

Jacobi

MD

−6

Blackscholes

−4

Swaptions

Relative performance (%)

6

4 cores
8 cores

Figure 5: Performance comparison among RC#1 and RC#2 setups.

setup. It happens because the DIM produces a diﬀerent
amount of configurations for both setups. Due to the
dynamic behavior of DIM technique, it aﬀects the address
cache storage producing more configuration misses in the
RC#2 setup. Therefore, since RC#2 does not show any
significant advantage over the RC#1, the RC#1 will be used
for the remaining experiments.
Figure 6 shows the performance evaluation when running the same application workload with two diﬀerent data
set sizes, so it is possible to demonstrate that changing the
data set size does not aﬀect the performance results shown in
Figure 4.
However, FFT and LU present a significant impact when
changing the data set size. Figure 7 shows this data in more
detail. FFT has a significant amount of sequential code responsible for data initialization. Thus, when we increase the
data set size, the initialization becomes more significant over

6.2. Energy Results Considering the Same Power Budget. In
Section 3.4, we have created a power budget to clarify the
advantages/disadvantages of instruction- and thread-level
parallelism exploitation. This way, we have also evaluated the
energy consumption of the selected benchmarks considering
the same power budget for both parallelism exploitations
(ILP and TLP+ILP). The power dissipation of the standalone SparcV8 is 385.14 mWatts and the reconfigurable
core consumes 699.33 mWatts. Therefore, we have compared
the 8-core SparcV8 with the reconfigurable multiprocessing
system composed of 4 reconfigurable cores, since both
reach nearly 3 Watts of power dissipation. In addition,
these setups will help us to measure the contribution of
the proposed approach in reducing energy consumption,
since, as shown in Table 3, both setups provide almost the
same performance. Due to the high simulation time, we
choose three benchmarks from the application workload
to show the energy consumption of both approaches. This
application subset contains massive thread-level parallelism
applications (MD and Jacobi) as well as application that
shows considerable load unbalancing (LU).
Despite the fact that all applications provide massive
thread-level parallelism, since their performance scales
linearly as the number of cores increases, the proposed
approach consumes less Power than the multiprocessing
system composed of stand-alone SparcV8 in all benchmarks
evaluated. Energy savings are possible because, although
the power consumption of reconfigurable core is the same as
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Figure 7: FFT and LU performance regarding diﬀerent application data set sizes.

the power presented in the multiprocessing system composed
of stand-alone SparcV8, the average power is lower, mainly
thanks to the use of sleep transistors to turn oﬀ idle
functional units of the reconfigurable data path. In addition,
although more power is spent because of the DIM hardware
and reconfigurable data path, total average power is reduced
since there are fewer memory accesses for instructions: once
they were translated to a data path configuration, they will
reside in the reconfiguration memory.
Disregarding the power budget proposed in this section,
we can compare the energy consumption of the 8-core
SparcV8 with the multiprocessing system composed of eight
reconfigurable cores. As can be seen in Table 4, the proposed

approach outperforms the 8-core SparcV8, on average, by
72% and still consumes 42% less energy. The main source,
besides the already mentioned, is the shorter execution time
of the mixed parallelism exploration.

7. Conclusions
This paper demonstrated that, although the instructionlevel parallelism (ILP) exploitation is reaching its limits and
multiprocessing system appears as a solution to accelerate
applications by exploring coarse grains of parallelism, there
are significant sequential parts of code that still must
be handled by ILP exploitation mechanisms. Therefore,
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Table 4: Energy consumption, in mJ, of both multiprocessing system and reconfigurable system on running MD, Jacobi and LU.
TLP

MD
Jacobi
LU
Average

4 cores
0.282
99.1
0.167
33.2

8 cores
0.329
115.7
0.194
38.8

16 cores
0.353
124.3
0.232
41.6

64 cores
0.376
132.3
0.330
44.3

there is the need of mixed-grain parallelism exploitation
to achieve balanced performance improvements even for
applications that present dominant thread-level parallelism.
This paper presented such system: an adaptable ILP exploitation mechanism, using reconfigurable logic, coupled to a
multiprocessing environment.
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