
  

  

Abstract— Limits of instruction level parallelism and the 
higher transistor density sustain the increasing need for 
multiprocessor systems: they are rapidly taking over both 
general purpose and embedded processor domains. Nowadays, 
since these processors must handle a wide range of different 
application classes, there is no consensus over which are the 
best hardware solutions to exploit the best of ILP and TLP 
together. Current multiprocessing systems are composed either 
of many homogeneous and simple cores, or of complex 
superscalar SMT processing elements. In this work, we have 
expanded a reconfigurable architecture to be used in a 
multiprocessing scenario, showing the need for an adaptable 
ILP exploitation even in TLP architectures. We have 
successfully coupled a dynamic reconfigurable system to a 
SPARC-based multiprocessor, and obtained performance gains 
of up to 40% even for applications that show a great level of 
parallelism at thread level, demonstrating the need for an 
adaptable ILP exploration.  
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I. 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. Nowadays, designers must take into account 
tighter design constraints as power budget and 
manufacturing process costs, all mixed up in the difficult 
task to increase the processing capability. 

Because of that, instruction level parallelism (ILP) 
exploitation is no longer enough to improve performance of 
general and embedded applications. 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 some ISA extensions, like new SIMD 
instructions, such approaches rely on long design and 
validation times, which go against the need of a fast time-to-
market for nowadays systems. On the other hand, ASIC 
provides high-performance and small chip area. However, 
such approach attacks only a very specific application class, 
failing to deliver the required performance when executing 
applications which behaviors were not considered at design 
time, making this approach 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 

standalone applications in a single core environment 
[4][5][6][7]. Adaptable ILP exploitation is the major 
advantage of this technique, since the reconfigurable fabric 
can be dynamic restructured 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 [3]. However, in 
contrast to architectures that make use of fine-grained 
parallelism (e.g. at instruction level) exploitation, such as the 
superscalar processors, the usage of the multiprocessor 
approach leaves all the responsibility of parallelism 
detection and allocation for the programmers. They must 
split and distribute the parallelized code among processing 
elements, handling all the communication issues. 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 becomes useless.  

Thus, to cover all possible types of applications, the 
system must be conceived to have a good performance at 
any parallelism level and 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 coarse-
grained 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. This system is capable of transparently explore (no 
changes in the binary code are necessary at all) the fine-
grained parallelism of the individual threads, adapting to the 
available ILP degree, while at the same time taking 
advantage of 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.  

The primary contributions of this work are: 
• to reinforce, by the use of an analytical model, the need 

of heterogeneous parallelism exploitation in 
multiprocessor environments.  
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• to propose a multiprocessor architecture provided with 
an adaptable reconfigurable system, so it is possible to 
balance the best of both thread/process and instruction 
parallelism levels. This way, any kind of code, from 
those that present high TLP and low ILP to those that 
are exactly the opposite are accelerated.  

II. RELATED WORK 
The usage of reconfigurable architectures in a 

multiprocessor chip is not a novel approach. In [8] the 
Thread Warping system is proposed, which is composed of 
an FPGA coupled to an ARM11-based multiprocessor 
system. Thread warping uses complex CAD tools to detect, 
at execution time, critical regions and map them to custom 
accelerators implemented in a simplified FPGA. After CAD 
synthesis, a greedy knapsack heuristic is used to find the best 
possible allocation of custom accelerators onto FPGA, 
taking into account the possibility of partial reconfiguration. 
One processor is totally dedicated to run the operating 
system tasks needed to synchronize threads and schedule 
their kernels to be executed on the accelerators. However, 
the processor responsible for the scheduling may become 
overloaded if several threads are running on tens or hundreds 
of processors, affecting system scalability. Besides, due to 
the high overhead time imposed by the CAD and greedy 
knapsack algorithm, only critical code regions are optimized, 
so only applications with few and very defined kernels (e.g. 
filters and image processing algorithms) are accelerated, 
narrowing its field of application. 

Another study on sharing reconfigurable fabric in a 
multiprocessor design is shown in [10]. The authors claim 
that area and energy overhead are barriers when 
reconfigurable fabrics are used as a private accelerator for all 
processing elements of a multiprocessor designs. Thus, this 
work shows the need of reconfigurable fabric being shared 
among processing elements. Results of area and power 
reduction are demonstrated on sharing temporally and 
spatially the reconfigurable fabric. However, both private 
and shared approach relies on compiler support, breaking the 
binary compatibility feature and affecting time-to-market 
due to larger design times. 

In [9] it is presented the Annabelle SoC that is comprises 
an ARM core and four domain specific coarse-grain 
reconfigurable architectures, called Montium cores. Each 
Motium core is composed of five 16-bit 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 need of heterogeneous 
parallelism exploitation on a multiprocessor environment to 
achieve speedups over a wide range of applications classes, 
in that specific work the Annabelle SoC was specifically 
designed to speed up only DSP applications (e.g. FFT, FIR 
and SISO algorithm).  

In this work, we address the particular drawbacks of the 
above approaches by creating an adaptable reconfigurable 
multiprocessing system that: 

• unlike [8][9], provides lower reconfiguration times, thus 
allowing ILP investigation/acceleration of the entire 
application code, including highly thread-parallel 
algorithms; 

• unlike [10], maintains binary compatibility applying a 
lightweight dynamic detection hardware that, at run-
time, recognize potential parts of code to be executed on 
the reconfigurable data path; 

• because of the two aforementioned features, in opposite 
to the previous works, it can speedup even applications 
that present the worst scenario for ILP exploitation: 
highly parallel application containing small parts of 
sequential code.  

Furthermore, we demonstrate through an analytical model 
the need of mixed parallelism exploitation (ILP and TLP) 
regarding a multiprocessing environment. 

 
III.  ANALYTICAL MODEL 

In this section, we try to define the design space for 
multiprocessor-based architectures. First, we model a 
multiprocessing architecture (MultiProcessor) made of many 
simple and homogeneous cores, and compare it to the 
modeling of a high-end single-core processor with a great 
ILP exploration capacity (Single High-End) in terms of 
performance.  
Let us start with the basic equation relating time with 
instructions,  
݁݉݅ܶ݊݋݅ݐݑܿ݁ݔܧ  ൌ ݏ݊݋݅ݐܿݑݎݐݏ݊ܫ כ ܫܲܥ כ  (1) , ݈݁݉݅ܶ݁ܿݕܥ

 
where CPI is the mean amount of cycles taken to execute a 
instruction in a certain benchmark. In case of a high-end ILP 
exploitation architecture, one can write 
 

ௌܶுா ൌ ݏ݊݋݅ݐܿݑݎݐݏ݊ܫ ൬ן ݁ݑݏݏௌுா݅ܫܲܥ ൅ ௌுா൰ܫܲܥ ߚ  ,ௌுா݈݁݉݅ܶ݁ܿݕܥ ሺ2ሻ 

Where CPISHE is the mean amount of cycles that ILP to 
execute instructions for a certain benchmark. Variable issue 
is the amount of parallelism that can be obtained in the high-
end single processor in the best-case situation, without data 
or control dependencies in the code. Theoretically, this part 
of the code could be accelerated by the amount of 
parallelism available in the high-end processor. CPISHE can 
be obtained from benchmarks, and is usually smaller than 1, 
because the high-end single processor can accelerate code 
with lots of control dependencies, thanks to branch 
prediction and false data dependencies. A typical value for a 
current high-end single processor CPISHE would be 0.62 
[11], showing that more than one instruction can be executed 
at any cycle.   

Coefficients α and β refer to the percentage of instructions 
that has ILP or not (α + β = 1). Typical values are α=0.62 
and β=0.38 for the MiBench [11] which is a benchmark 
composed of a wide range of embedded application classes. 
This division of instructions on code that can be parallelized 
or code that can only be accelerated by speculation is 
important, because it states one of the major differences 
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between superscalar and in-order-processors. CycleTimeSHE 
represents the clock cycle of the single high-end processor. 

It is clear that in this modeling no information about cache 
misses is used, nor the performance of the disk or I/O is 
taken into account. Nevertheless, although simple, this 
modeling will give some interesting clues on the potential of 
multiprocessing architectures for a wide range of 
applications classes.  

Having stated the equation for high-end single core 
performance, one must look now for the potential use of a 
multiprocessing architecture. A homogeneous 
multiprocessor chip will have to be built by replication of 
simple (low-end) processors. Moreover, the advantage of 
using multiprocessing is based not only on the available ILP, 
but mostly on the potential thread level parallelism (TLP). 
Some works [12] can even translate code with enough ILP 
into TLP, so that more than one core can execute the code, 
exploiting ILP also at the single-issue core level, when 
embedded in a multiprocessing device.  

For a single low-end core processor (SLE), the 
performance equation can be written as  

 ௌܶ௅ா ൌ ןሺݏ݊݋݅ݐܿݑݎݐݏ݊ܫ ௌ௅ாܫܲܥ ൅ ,ௌ௅ா݈݁݉݅ܶ݁ܿݕܥௌ௅ாሻܫܲܥߚ   ሺ3ሻ  
 
and since in an multiprocessor environment must be 
composed of simple, so that a large number of them can be 
integrated, the CPISLE of the low-end single core is bigger 
than 1, and reach 3 or more for a processor without branch 
prediction and a 5 stage pipeline. Since there is no available 
parallelism at the instruction level that can be used in the 
low-end simple core with only a single execution flow, the 
separation in α and β instructions types does not makes 
much sense (but we will keep the notation for comparison 
purposes). On the other hand, using the techniques proposed 
in [10], there are a certain number of instructions that can be 
split into several processors, and hence one could write 
 ெܶ௉ ൌ ݏ݊݋݅ݐܿݑݎݐݏ݊ܫ ቀఋ௉ ൅ ቁߛ  ሺ ܫܲܥߙௌ௅ா ൅ , ெ௉݈݁݉݅ܶ݁ܿݕܥ ௌ௅ாሻܫܲܥߚ  ሺ4ሻ  
 
where δ is the amount of code that has TLP and can be 
transformed into multithreaded code, while γ is the part of 
the code that must be executed sequentially (no TLP can be 
obtained). P is the number of homogeneous processor that is 
available in the chip. Hence, equation (4) reflects the fact 
that in a multiprocessor environment one could benefit from 
thread level parallelism, but increasing the number of 
processors can only accelerate parts of the code that can be 
parallelized at thread level.  

One important aspect also is that simpler processors could 
also run at much higher frequencies than high-end single 
core processors, since their organizations reflect smaller area 
and power consumption. However, the total power budget 
will probably be a limiting factor. For the sake of the 
modeling, we will assume that  

ெ௉݈݁݉݅ܶ݁ܿݕܥ  ൌ ܭ כ , ௌுா݈݁݉݅ܶ݁ܿݕܥ ሺ5ሻ 
 
Based on the above reasoning, one can compare the 

performance of the single high-end processor with the one of 
the multiprocessor system: 

 ்ೄಹಶಾ்ು ൌ ቂூ௡௦௧௥௨௖௧௜௢௡௦ቀן಴ು಺ೄಹಶ೔ೞೞೠ೐ ାఉ஼௉ூೄಹಶቁ஼௬௖௟௘்௜௠௘ೄಹಶቃሾூ௡௦௧௥௨௖௧௜௢௡௦ ቀഃುାఊቁሺן஼௉ூೄಽಶା ఉ஼௉ூೄಽಶሻ஼௬௖௟௘்௜௠௘ಾುሿ , ሺ6ሻ  

and by simplifying (6) one gets 

ൌ ൤1 ߜܲ ൅ ൗߛ  ൨ ቎ן ݁ݑݏݏௌுா݅ܫܲܥ ൅ ןௌுாܫܲܥߚ  ௌ௅ாܫܲܥ ൅ ௌ௅ாܫܲܥߚ ቏ ൤1ܭ൨ , ሺ7ሻ 

It is clear from equation (7) that although the low-end 
cores have a faster cycle (by a factor of K), that factor is not 
enough to define performance. Regarding the second term 
on equation (7), the fact that the high-end processors can 
execute many instructions in parallel could give a better 
performance. 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 equation (7) to 

 ௌܶுாஶெܶ௉ஶ ൌ ൤ 1 ߛ൨ ൤ ןௌுாܫܲܥߚ ௌ௅ாܫܲܥ ൅ ௌ௅ா൨ܫܲܥߚ  ൤ ൨ ܭ 1 , ሺ8ሻ 

 
Equation (8) 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.  

An interesting question is: when the performance of the 
high-end single core is equal to the performance of the 
multiprocessor core. One can write TSHE = TMP, hence 

 ൤൬ן ݁ݑݏݏௌுா݅ܫܲܥ ൅ ௌுா൰ܫܲܥߚ  ൨ܭ1 ൌ ൤൬ܲߜ ൅ ൰ߛ ሺܫܲܥߙௌ௅ா ൅ ௌ௅ாሻ ൨ܫܲܥߚ , ሺ9ሻ 

 
From equation (9) one can see that one must have enough 

low-end single processors combined to a highly parallel 
code (greater δ) to overcome the high-end processors 
advantage. 

 
Figure 1. Multiprocessor system and Superscalar performance regarding a 

power budged using different ILP and TLP; α = δ is assumed. 
 
Given the theoretical model, one can briefly test it with 

some numbers based on real data. Let us consider a high-end 
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single core the 4-issue MIPS R10000 superscalar processor, 
and a multiprocessor design composed of replications of the 
low-end MIPS R3000 processor. A comparison between 
both architectures is done using the equations of the 
proposed analytical model. Figure 1 shows, in a logarithmic 
scale, the performance of the superscalar processor when 
parameters  and  change, assuming the 4-issue core, with 
CPI 0.6. In addition, also in Figure 1 we show the 
performance of many cores within the multiprocessor 
design, varying the  and  parameters and the number of in-
order processors from 8 to 128. The goal of this comparison 
is to demonstrate which technique better explores 
parallelism at different levels, considering six values for 
both ILP and TLP. For instance, = 0.01 means that an 
application only shows 1% thread level parallelism (TLP) 
within its code. When =0.01 it is assumed that 1% of 
instruction level parallelism (ILP) is provided in the 
application code, that is, only 1% of its instructions can be 
executed in parallel. The MIPS R3000 core is a simple in-
order core that has CPI=1.8. Its hardware takes only 75,000 
transistors [13], almost 29 times less than the 2.2 millions of 
transistors used on the MIPS R10000 [14]. Following the 
same strategy found in current processor designs, for a fair 
performance comparison we considered the same power 
budged for the high-end single core and the multiprocessor 
approaches. In order to normalize the power budged of both 
approaches we have tuned the multiprocessor design 
(replication of low-end processors) clock frequency to 
achieve the same power of the superscalar processor. 
 Regarding applications that reflect minimum ILP (α=0.01) 
or TLP (δ =0.01) factors, the superscalar processor and an 8-
Cores design present almost the same performance. 
However, when applications show greater parallelism 
percentage (α>0.25 and δ>0.25), the 8-Cores design well 
handles the TLP parallelism, surpassing the ILP exploitation 
in the 4-issue superscalar processor. Due to the power 
budged assumed, when more cores are inserted in a 
multiprocessor design the overall clock frequency tends to 
decrease. The performance of applications with low thread 
level parallelism (small δ) worsens with the increase in the 
number of cores. Regarding the applications with δ =0.01 in 
Figure 1, lots of performance is wasted as the number of 
cores increases. Nevertheless, as the application thread level 
parallelism increases, (δ > 0.01) the negative impact on 
performance is softened, since the additional cores have 
better use.  

Aiming to make a fair performance comparison among 
high-end single core and multiprocessor approaches, we 
have devised an 18-Core design composed of low-end 
processors that presents the same area of 4-issue superscalar 
processor. Since MIPS R10000 is 29 times bigger than 
MIPS R3000, for a fair comparison we considered that the 
intercommunication mechanism takes an area of almost 37% 
of chip, since this is also the number presented in [15]. The 
performance of both approaches shows the powerful 
capabilities of the superscalar processor, since it can 
accelerate code with different levels of available parallelism, 
thanks to speculation and register renaming. As shown in 
Figure 1, the multiprocessor approach only surpasses the 

superscalar performance when the TLP level is greater than 
85% regarding the same area for both designs. 

Summarizing the comparison with the same power 
budged, the superscalar machine shows better performance 
over application with low thread level parallelism. 
Regarding multiprocessor designs there is an additional 
tradeoff, since when more cores are included in the chip, the 
MPSoC performance tends to worsen, since more core 
means more power, and hence the cores must be run at lower 
frequency to obey the power budged. When almost the 
whole application supports TLP exploitation (δ > 0.99), the 
128-Cores design takes a bigger execution time than the 
other multiprocessor designs. 

Regarding real applications, thread level parallelism 
exploitation is widespread employed to accelerate most 
multimedia and DSP applications thanks of 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. On the other hand, tightly code 
dependent applications, as database applications, turn most 
processing elements into idle mode, and need ILP 
exploitation to supply its poor coarse-grain parallelism. 
Hence, the analytical modeling indicates that heterogeneous 
multiprocessor system is primary 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. 

IV.  RECONFIGURABLE MULTIPROCESSING 
SYSTEM  

Section 3 demonstrated the need to explore different 
grains of parallelism to balance performance, showing that 
TLP and ILP exploitation are complementary, regarding a 
heterogeneous application environment. Aiming to 
reproduce the analytical model on a real application 
workload, we have replicated a reconfigurable system core, 
building a reconfigurable multiprocessor structure shown in 
the bottom of Figure 2(a).   

In the right side of this Figure is shown one 
reconfigurable core that is  composed of four major blocks. 
Block Number 1 depicts the reconfigurable data path that 
aggregates the input context, output context and the 
functional units. Block Number 2 presents the processor 
pipeline composed of five stages. Block Number 3 illustrates 
the pipeline stages of the Dynamic Detection Hardware 
(DDH) that works in parallel to the processor pipeline. It is 
responsible for building instruction blocks, called 
configurations, which will be executed in the reconfigurable 
data path. Block Number 4 demonstrates the storage 
components. The reconfiguration memory holds the 
configuration bits previously generated by the DDH, so they 
can be reused next time they are found. This way, in 
opposite to superscalar processors, the work of extracting the 
ILP of a certain sequence of code is done only once. 
Besides, there is a 4-way associative cache called Address 
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Cache that stores, for each configuration, the instruction 
memory address of the first instruction of the translated 
sequence. More details about these components are 
presented in the next sections. 

Figure 2(b) shows an example of how a loop would be 
accelerated using the proposed process. The reconfigurable 
core (RC) works in four modes: probing, detecting, 
reconfiguring and accelerating. At the beginning of the time 
bar shown in Figure 2(b), the RC is searching for an already 
built configuration to accelerate. When the first loop 
iteration appears (when i=0), the DDH detects a new code to 
translate and it changes to detecting mode. In that mode, 
while the instructions are being translated to a configuration 
in the DDH, they are executed in the processor pipeline. 
When the second loop iteration comes to the processor 
pipeline (i=1), the DDH closes the previous configuration 
(i=0) and stores it into the reconfiguration memory, updating 
the Address Cache with the instruction memory address of 
the first instruction of this sequence. Then, when the first 
instruction of the third loop iteration comes to the processor 
pipeline, the probing mode detects a valid configuration in 
the reconfiguration memory. The RC enters in reconfiguring 
mode to feed the reconfigurable data path with the operands 
and the reconfiguration bits. After that, the accelerating 
mode is activated and the next iterations (until the 99th) are 
executed efficiently into the reconfigurable data path. 

4.1. Reconfigurable Data Path Structure (Block 1) 
Following the classifications shown in [16], 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 one configuration, since 
the basic processing elements are functional units that work 
at the word level (arithmetic and logic, memory access and 
multiplier), which need only a few bits to select the desired 
operation.  The data path is organized as a matrix of rows 
and columns, composed of functional units. The number of 
basic rows dictates the maximum instruction level 

parallelism that can be exploited, since instructions placed in 
the same column are executed concurrently (in parallel). The 
number of columns, in turn, determines the maximum 
number of dependent instructions placed into one 
configuration. For example, the data path shown in Figure 
2(a) will execute up to four arithmetic and logic operations, 
two memory accesses (reflecting two memory ports) and one 
multiplication in parallel. 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, some 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 
totally 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 load the input context, 
which is connected to the processor register file. The 
operand fetch 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. Finally, the values stored in the 
output context registers are send to the processor register 
file. 

4.2 Processor Pipeline (Block 2) 
A SPARC-Based architecture is used as the baseline 

processor to support the reconfigurable system. Its five stage 
pipeline reflects a traditional execution flow (instruction 
fetch, decode, execution, data fetch and write back) of a 
SparcV8 instruction set.  

4.3 Dynamic Detection Hardware (Block 3) 
As explained before, the dynamic detection hardware 

(DDH) can work in four  modes: detecting , probing, 
accelerating and reconfiguring. As can be observed in Figure 
2 (a), the detecting mode contains four pipeline stages:  
• Instruction Decode (ID) –In this stage, the instruction is 

broken into operation, source operands and target 
operand. 
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• 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 data path 
column that the current instruction should be placed. 

• Resource Allocation (RA) – In this stage the data 
dependence is already solved and the correct data path 
column is known. The RA stage verifies the resources 
availability linking the instruction operation with the 
correct type of functional unit. If there is no functional 
unit available at this column, the next column at the 
right side is candidate to the current instruction 
placement.   

• Update Tables (UT) – at the beginning of UT stage, the 
functional unit responsible for the current instruction 
execution is already defined. Thus, this stage configures 
the routing to feed that functional unit with the correct 
source operands from input context and to write the 
result in the correct register of the output context. After 
that, the bitmaps and tables are updated and the 
configuration is closed, meaning that their configuration 
bits are sent to the reconfiguration memory and for the 
Address Cache is updated. 

Figure 3 illustrates, by an activity diagram, the DDH 
process for creating a configuration. Summarizing the 
detection, the first step is the execution support verification. 
Thus, if there is no compatible functional unit to execute 
such operation (e.g. division or branch), the configuration is 
broken and the next instruction starts a new configuration. If 
there is support, the data dependency among previously 
allocated instructions is verified (DV stage) and the correct 
column is defined. Thus, the next step looks for an empty 
functional unit traveling from the defined up to the rightmost 
column. If there is no functional unit available, the current 
configuration is sent to the reconfiguration memory. After, a 
new configuration is created to allocate the instruction that 
caused a functional unit miss. Otherwise, if an empty 
functional unit is found, the instruction is allocated in the 
current configuration, and the next instruction, if there is 
any, starts the process on the first step (execution support 
verification). 

4.4 Storage Components (Block 4) 
Two storage components are part of the dynamic data 

path reconfiguration: Address Cache and Reconfiguration 
Memory. The reconfiguration memory stores the routing bits 
and the necessary information (e.g. input context, immediate 
values, and output context) to fire a configuration. The 
configurations are indexed by the main memory address of 
its first instruction detected. For this work, the Address 
Cache is implemented as a 128 entries 4-way associative 
cache to hold those addresses. The Address Cache only is 
accessed when the DDH is working in the probing mode. An 
Address Cache hit indicates a configuration found which 
changes the system to the reconfiguring mode. In this mode, 
the reconfiguration memory is accessed to feed the data path 
routing. In addition, the necessary data to fire that 

configuration fetched from the register file and stored in the 
input context. Thus, the DDH hardware changes to 
accelerating mode beginning an execution process in the 
reconfigurable data path.  

 
Figure 3. DDH activity diagram 

V.  SIMULATION ENVIRONMENT 
5.1. Methodology  

To simulate the reconfigurable multiprocessor system we 
have used the scheme presented in [17]. Basically, it consists 
of a functional full-system [18] and cycle-accurate timing 
simulators [22] for the individual reconfigurable cores. 
While the application runs on the functional simulator, 
instructions of each software thread are sent to the cycle-
accurate timing simulators. Special attention is given to 
synchronization mechanisms, such as locks and barriers, so 
the elapsed time regarding blocking synchronization and 
memory transfers are precisely calculate.  
 To demonstrate the impact of ILP exploitation on the 
performance we have used two reconfigurable cores 
configurations, changing the number of basic functional 
units that compose their reconfigurable data path. Table 1 
presents these setups. We also considered different 
reconfigurable multiprocessor architectures changing their 
number of cores. 

Table 1. Number of basic functional units of setups 
RC#1 RC#2 

Columns 48 150 
ALU/Column 6 8 
Load/Column 4 6 
Mul/Column 1 2 

5.2. Workload  
A workload of parallel programs with very distinct 

behaviors was created using benchmarks from the well-
known SPLASH2 [19] and PARSEC [20] suites. In addition, 
two numerical applications written in OpenMP were used 
[21].  
The list below briefly describes each of them. 
• FFT [19]: A complex 1-D version of a six-step FFT 

algorithm.  
• LU [19]: Factors a dense matrix in the equivalent lower-

upper matrix multiplication. 
• Blackscholes [20]: It solves the partial differential 

equation of Blackscholes in order to compute prices for 
a portfolio of European options. 

• Swaptions [20]: Monte Carlo simulation is used to price 
a portfolio of swaptions. 

• Molecular Dynamics (MD) [5]: It implements the 
velocity Verlet algorithm for molecular dynamics 
simulation. 

• Jacobi [21]: It utilizes the Jacobi iterative method to 
solve a finite difference discretization of Helmholtz. 
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 The proposed workload, which is composed of only 
high parallel applications, was chosen to show the need 
for an adaptable ILP exploitation even for high TLP-based 
applications. 

VI.  RESULTS 
This section demonstrates the performance evaluation of 

the reconfigurable multiprocessing system over three 
different aspects: TLP exploitation by changing the number 
of cores from four up to 64 – in these experiments, 
standalone SPARC cores are used: they are not coupled to 
the reconfigurable architecture; TLP + ILP exploitation, 
repeating the previous experiment but now using the SPARC 
cores together with the reconfigurable architecture in the two 
different versions (RC#1 or RC#2); and the influence of 
changing the applications’ data input sizes on performance.  

Figure 4 shows the performance speedups in two different 
scenarios: by exploring only TLP, varying the number of 
standalone SPARC cores (solid bars), and by coupling the 
reconfigurable architecture (RC#1) to each one of these 
cores, so the ILP is also exploited (striped bars). Regarding 
only TLP exploitation, the performance scales linearly as the 
number of cores increases. FFT and LU do not follow this 
behavior, since their codes present a significant part of 
sequential code, responsible for data initialization.  

 
Figure 4. Performance of TLP and ILP+TLP exploration using RC#1 setup 

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 of finer grain 
parallelism exploitation to complement the TLP gains.  
Table 2 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 eight standalone cores 
exploiting only TLP parallelism. The same occurs when 
comparing a system with 8 cores and the RC#1 setup to 16 
standalone cores.  

Table 2. Average speedup on different number of cores 
4 cores 8 cores 16 cores 64 cores 

TLP 3.74 6.86 12.47 44.30
ILP + TLP 6.46 11.85 21.71 51.00

 
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 losses when 
using the RC#2 setup. The reason for that is because the 
DDH produces a different amount of configurations for both 
setups. This fact affects the Address Cache storage 
producing more configuration misses and, consequently in 
the RC#2 setup. Because RC#2 does not show any 
significant advantage over the RC#1, the RC#1 is used for 
the remaining experiments. 

 
Figure 5. Performance Comparison among RC#1 and RC#2 setups 

 
Figure 6 shows the performance evaluation when running 

the same application workload with different data input 
sizes, so it is possible to investigate if the data input size of 
the applications affects the performance results shown in 
Figure 4. Two different data input sizes were used. As can 
be observed, changing the data input size does not affect 
performance for most applications.  

 
Figure 6. Performance comparison regarding different application data input 

sizes 
 
On the other hand, FFT and LU present a significant 

impact when changing the data input size.  Figure 7 shows 
this data in more details. As discussed before, FFT has a 
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significant amount of sequential code responsible for data 
initialization. Thus, when we increase the data input size, the 
initialization becomes more significant over the whole 
application execution time affecting the application 
performance. This behavior is more evidenced in the 
multiprocessing system composed of 16 cores. 

Regarding LU, the chosen data input size provides a 
perfect load balance with greater number of processors [19]. 
Small data input sizes increases the imbalance by splitting 
less blocks per processor in each step of the factorization. 
Figure 7 evidences that LU presents better speedups for 
greater data input sizes since it better handles the parallel 
load-balancing problem.  

 
Figure 7. FFT and LU performance regarding different application data 

input sizes 

VII.  CONCLUSIONS 
As the instruction level parallelism (ILP) exploitation is 

no longer an efficient technique to improve performance of 
general and embedded processors, multiprocessing system 
appears as a solution to accelerate applications exploring 
coarser grain parallelism. This paper shows the need of a 
mixed grain parallelism exploitation to achieve a balanced 
performance over applications with heterogeneous 
behaviors. The coupling of an adaptable ILP exploitation on 
a multiprocessing environment has presented suitable 
speedups even for TLP-based applications.  
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