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Abstract—Prevailing multicores and novel manycores have
made a great challenge of modern day - parallelization of
embedded software that is still written as sequential. In this
paper, automatic code parallelization is considered, focusing on
developing a parallelization tool at the binary level as well as
on the validation of this approach. The novel instruction-level
parallelization algorithm for assembly code which uses the
register names after SSA to find independent blocks of code
and then to schedule independent blocks using METIS to
achieve good load balance is developed. The sequential
consistency is verified and the validation is done by measuring
the program execution time on the target architecture. Great
speedup, taken as the performance measure in the validation
process, and optimal load balancing are achieved for multicore
RISC processors with 2 to 16 cores (e.g. MIPS, MicroBlaze,
etc.). In particular, for 16 cores, the average speedup is 7.92x,
while in some cases it reaches 14x. An approach to automatic
parallelization provided by this paper is useful to researchers
and developers in the area of parallelization as the basis for
further optimizations, as the back-end of a compiler, or as the
code parallelization tool for an embedded system.
Index Terms—parallel architectures, parallel programming,
multicore processing, assembly, processor scheduling.

I. INTRODUCTION
In modern days, all segments of the computer market,
from powerful compute-servers to handheld devices, involve
multiprocessor systems. The introduction of these systems
has provided opportunities to increase the speed of program
execution or to save energy keeping the old program
execution time. Hence, emerging multicores and even
manycores make parallel program execution essential.
Nevertheless, most of embedded software is still written as
sequential and transparent support for this practice demands
the parallelization of these sequential programs.
Parallelization could be done (a) manually, (b) automatically
programmer directed, and (c) fully automatically.
Forcing the program to be executed on several cores
simultaneously by hand is a complicated, error-prone,
exhausting, time consuming, and iterative process. It
assumes switching to threads model (e.g. POSIX Threads),
which requires a lot of changes in the source code,
especially in the case when we already have a sequential
program. It is more appropriate when writing a parallel
program from the scratch. Yet, a programmer has to think
parallel and write the program in that way, although it
results in significantly lower productivity per line of code
compared to serial programming [1]. On the other hand, it
1
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can give the best results in terms of speedup.
Automatic but programmer directed method usually
implies only minor changes in the code (e.g. adding
compiler directives or compiler flags, using existing
templates, etc.) although, unfortunately, it is not always that
simple. Generally, it is better for parallelization of existing
sequential code than doing it by hand. However, it gives
worse results regarding speedup. The most prominent
approaches for automatic but programmer directed
parallelization of sequential codes are: Intel Threading
Building Blocks (TBB) [1-2], Intel Cilk Plus [2], Open
Multi-Processing (OpenMP) [3], Open Computing
Language (OpenCL) [4], etc. All these approaches
contribute to satisfactory speedup. Some of these runtime
libraries were analyzed by [5]. The authors showed that
TBB runtime library can contribute up to 47% of the total
per-core execution time on a 32-core system, whereas
OpenMP gives even higher overheads, due to the lock
contention. Simple parallelization is possible using existing
templates, but only in specific applications. In a general
case, e.g. irregular applications, parallelization is much more
complicated. The programmer needs to notice places
suitable for parallelization and to introduce parallelization
by making non-trivial changes in the code.
The fully automatic approach is still an open issue. It
should enable the parallelization of sequential code, with no
need for changing the source code. This may result in
slightly lower speedup but this is acceptable considering the
significant benefit of the process automation.
This paper considers automatic code parallelization,
specifically, it deals with developing a sequential code
parallelization tool at the binary level that produces parallel
program, and the validation of this approach. Beside
automatic parallelization, the essential ability of this kind of
tool is balancing the load of all cores. To the best of our
knowledge, there are only a few methods regarding
automatic parallelization at the binary level. Moreover, there
is no tool for automatic parallelization of irregular programs
at binary level. Mostly, these tools cover static
parallelization of loops with or without loop-carried
dependencies, and dynamic parallelization of loops and
recursive techniques. Kotha et al. [6] presented a method for
automatic parallelization inside a binary rewriter. It is a rare
method that focuses on static parallelization of sequential
code at the binary level, an approach that resembles the
method we propose here. Unlike our method, the authors
look at loop-level parallelism, while our goal is the
Instruction-Level Parallelism (ILP) of all (affine as well as
non-affine) programs. Our work can be considered to be the
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follow-up or generalization of the work of Kotha et al. as
they have made the first step in the research field of
parallelization of binaries, but for very specific problems.
The machine code at the binary level is taken as the input
of the parallelizator since it contains all the details regarding
target architecture. Even though the room for maneuver
regarding machine independent optimizations and macro
optimizations is reduced, since the binaries lack the highlevel information, all the information for ILP and machine
dependent optimizations is gained at this level. On the other
hand, machine independent optimizations are already
considered by the modern compiler (e.g. gcc), hence the
presented parallelizator could be successfully used as the
separate back-end stage of the same compiler. In this
method, it is proved that the parallelization can be done on
binary level without array index or symbolic information.
Good load balance is achieved by a novel ILP algorithm
which is developed for assembly code. It uses the register
names after Single Static Assignment (SSA) to find
independent blocks of code and then schedules independent
blocks using a set of tools for partitioning graphs called
METIS [7] algorithm as the start point improved by several
strategies afterwards. Furthermore, according to Kotha et al.
[6], beside the already mentioned ones, the parallelization at
the binary level has several advantages over parallelization
at the intermediate level (inside a compiler): (1) it works for
all programming languages and compilers; (2) there is no
need for software toolchain replacement; (3) it has high
portability since the tool made for one architecture could be
used for any compiler; (4) there is no need for source code
in order to parallelize a binary; (5) it can be used for
assembly code directly; and (6) beside a software developer,
it can be used by the end user, as well.
Another problem in parallelization is the validation of it.
Program execution time measurements on both platform
simulation model and target architecture are considered. A
similar approach is a multiprocessor hardware simulation
model used by Wang et al. [8]. The speedup, which is
defined as the ratio of execution times of a sequential
program and a parallelized program, is taken as the
performance measure in the validation process. Also, a
performance model is defined as estimating the program
execution time, and is verified by comparing the estimated
time to the measured values afterwards. Optimal load of all
processor cores enables significant speedup for regular and
irregular applications, and, most importantly, without
changing the source code of sequential program.
The scope of application of the proposed parallelizator is
a range of multicore embedded platforms, primarily used for
hard real-time applications. For selecting the specific target
architecture, additional elements have to be considered.
According to Vishkin [9], in contrast to serial computing,
parallel computing has never successfully used a generalpurpose programming model. The main reason for that is the
cache coherence. The presence of cache or virtual memory
in a deterministic system makes it nondeterministic and
significantly
reduces
worst-case
execution
time.
Consequently it is not acceptable for hard real-time systems.
Furthermore, Vishkin [9] states that parallel computing has
to use domain-specific models and architectures with local
parallel memories and without cache, not only for real-time

28

Volume 18, Number 1, 2018
systems, but for any specific domain. Taking the same
attitude, the parallelizator targets symmetric multicore
embedded platforms without cache memories. It is currently
developed in two branches: (a) the extension of previously
developed optimized C-compiler for multicore DSP [10],
and (b) the post-build tool for multicore RISC and domainspecific architectures (e.g. MIPS, MicroBlaze, etc.), used
after existing C-compiler, i.e. gcc.
The rest of the paper is organized as follows: next section
covers related work. Section 3 describes the proposed
method for parallelization of assembly code, whereas
specific case study with target architecture is given in
Section 4. Section 5 presents evaluation with results. Section
6 outlines concluding remarks with future challenges.
II. RELATED WORK
This section lists and discusses the work related to (1)
Static Automatic Parallelization Methods, (2) Dynamic
Automatic Optimization Methods, (3) Parallelization
Methods for FPGA Processor Prototypes, and (4) GraphPartitioning Based Optimizations. The supportive related
work is also given throughout the paper.
1) Static Automatic Parallelization Methods
In terms of automatic parallelization of sequential C code,
significant effort was made by Vranic et al. [11], who
propose two algorithms as the main part of parallelizator
added to C compiler that targets modern DSP. They use
front-end of existing compiler to produce the intermediate
representation (IR) of the code, transformed to N partitions,
and returned to compiler's back-end which produces N
executables later on. That approach shows speedup of even
7.96x for 8-core processor in applications with low data
dependencies (only shown on the simulation model of
platform which seems to be unrealistic). The approach
considers only the code without branches and loops, does
not include alias analysis, and it is inapplicable for most C
problems. Consequently, the approach is not very sound,
even though it provides a good basis for a complete solution
of automatic parallelizator that produces high speedups.
Assembly code proves to be suitable for parallelization
producing almost linear speedup with some benchmarks,
according to Kovacevic et al. [12]. The authors use gcc to
produce assembly code, and then load the assembly code to
parallelizator based on Data Dependency Graph (DDG)
partitioning using METIS algorithm. Still, the parallelizator
can only deal with code without branches and loops. Also,
memory is not taken into account when the DDG is made.
There are several efforts regarding automatic compiler
optimizations and parallelization by improving data analysis
with special emphasis on loop optimization. Kyriakopoulos
et al. [13] try to find new data dependence analysis
techniques taking nonlinear expressions into account. In that
way they manage to handle complex instances of the
dependence problems and to increase program parallelism.
Consequently, parallelization results are improved giving
higher speedups with some benchmarks. We support the
parallelization of any type of loop in the way of parallelizing
loop body (also called DOACROSS parallelism) which is
better than parallelizing independent loop iterations only
(also called DOALL parallelism) [14].
Ottoni et al. [14] provide solution called Decoupled
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Software Pipelining (DSWP) that exploits fine-grained
pipeline parallelism that successfully extracts long-running,
concurrently executing threads. Author’s fully automatic
compiler implementation demonstrates significant gains.
Still, it is validated on dual-core processor simulation model
only. DSWP uses Thread-Level Parallelism (TLP),
specifically DOACROSS loop parallelism. In contrast, our
approach uses ILP, including DOACROSS loop parallelism.
Furthermore, it is scalable and verified on target platform.
Campanoni et al. [15] describe HELIX, the technique for
fully automatic loop parallelization that assigns successive
loop iterations to separate threads. Interestingly, the authors
mitigate loop-carried data dependencies by code
optimization introducing helper threads for prefetching
synchronization signals. HELIX achieves significant
speedups using TLP and DOALL loop parallelism for
optimized loops on source level, with slight inefficiency
caused by inserted inter-thread communication. Our
approach uses ILP of machine code and DOACROSS loop
parallelism without aforementioned overhead.
Dave et al. [16] make an apparent advance to automatic
parallelization of sequential C code. Their Cetus tool
provides a compiler infrastructure, which targets C
programs, and makes most important parallelization passes
by source-to-source transformations. In contrast, we target
assembly code level parallelization.
Mathews et al. [17] propose a tool that automates the
insertion of OpenMP directives to facilitate parallel
processing on a wide range of Symmetric Multi Processor
(SMP) machines. It statically decomposes a sequential C
program into coarse grain tasks, analyzes dependency
among tasks and generates OpenMP parallel code. The
authors exploit TLP by static analyzes, source-to-source
transformations, and code generation, to improve
performance beyond the limits of loop parallelism, verified
on x86 machine with two test programs. Similarly, we target
SMP by a static automatic parallelization method, but on the
machine level using more fine-grained ILP.
2) Dynamic Automatic Optimization Methods
Yardimci et al. [18] propose a method for dynamic
automatic performance improvement of optimized
sequential binaries. In fact, they have made a software layer
for recompilation of a binary which produces parallelized
and/or vectorized code by control speculation, loop DOALL
parallelism, and parallelization of recursive routines. Their
techniques are partly overlapping with ours in that we both
exploit loop parallelization, but the loop DOACROSS
parallelism in our case. Still, our techniques rely on static
scheduling so these two approaches are complementary.
Liu et al. [19] describe the POSH, a fully automated
Thread-Level Speculation compiler built on the top of gcc.
The POSH partitions the code into tasks leveraging
subroutines and loops with simple profiling. In contrast to
ours, their dynamic tool is only validated on simulation
model of multiprocessor chip with four superscalar cores.
Kim et al. [20] make the first automatic speculative
DOALL (Spec-DOALL) parallelization system for clusters.
Spec-DOALL is made from parallelizing compiler and
speculative runtime. It minimizes communication and
validation overheads of the speculative runtime, gaining the
speedup of 43.8x on a 120-core cluster. On the other hand,
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we target multicores using static ILP of machine code.
Oh et al. [21] present techniques for automatic extraction
of parallelism within scripts applicable across different
dynamic scripting languages. Combining a script with its
interpreter, through program specialization techniques, the
author’s technique embeds any parallelism within the script
into the combined program that is extracted by enhanced
speculative automatic parallelization techniques afterwards.
Evaluated against two open-source script interpreters (Lua
and Perl) with 6 input linear algebra kernel scripts each, the
technique gains a speedup of 5.10× on a 24-core machine.
In contrast to dynamic scripting languages, our technique is
used for automatic parallelization of machine code.
3) Parallelization Methods for FPGA Processor Prototypes
Wang et al. [22] contribute to runtime optimization of
sequential programs by proposing MP-Tomasulo. MPTomasulo is a task-level out-of-order execution model for
sequential programs on FPGA-based multiprocessor. They
achieve more than 95% of the theoretical peak speedup for
different types of inter-task data dependencies with the
prototype system on a real FPGA hardware platform. As
opposed to this approach, we propose the parallelization of
sequential programs by static compile-time scheduling,
verified on a similar FPGA-based multicore processor.
Dou et al. [23] make a unified scalable co-processor
structure with a linear array of processing elements,
implemented on a FPGA chip. It is used as a framework for
executing partitions of large-scale matrix decomposition
algorithms by a fine-grained pipeline. Static partitioning is
limited to four different matrix decomposition algorithms.
Similarly, we use a multicore processor model implemented
on a FPGA, but our parallelizator partitions any general
problem to processor cores.
Dali et al. [24] present the parallel architecture with the
idea of lower resource utilization compared to other
architecture, shown on the example of Fast Fourier
Transform (FFT). On the other side, we focus on simple
development of C code with automatic parallelization for
multicore processor implemented on a FPGA, disregarding
possibly higher resource utilization.
4) Graph-Partitioning Based Optimizations
The idea of partitioning graphs for parallelization
purposes is already described and evaluated in some papers.
Capko et al. [25] and Capko et al. [26] use a similar method
for partitioning large data models for further processing.
They have represented the model as a DDG. DDG is
partitioned using METIS [7] algorithms initially. The
partitioning is tuned with several strategies later on.
Hormati et al. [27] make a flexible compilation
framework named Flextream which dynamically adapts
running application to the changing characteristics of the
target architecture. They use static compilation like we do in
this paper, but with dynamic adaptation techniques at later
stages, specifically during execution. StreamIt compiler is
used as the starting point and the METIS algorithm for
graph partitioning, beside implemented heuristics. Flextream
focuses on the area of streaming, whereas we target finegrained machine instruction-level scheduling for general
applications. They have elaborated the solution on a
heterogeneous multi-core system (IBM Cell processor),
while we target homogenous SMP systems.
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III. ASSEMBLY CODE PARALLELIZATION
As explained in the introduction, the machine code at the
binary level, i.e. assembly code, is taken as the input of the
parallelizator. Furthermore, the assembly code has already
been proved to be suitable for parallelization by Kovacevic
et al. [12]. It can be produced by compiling a source code
(e.g. C program), or even by disassembling executable code.
The idea in this approach is to parse the input assembly file,
make certain transformations of it, parallelize it by
producing the separate assembly code for each core, and
then to assemble the executable file for each core.
In order to increase the clarity of method flow and the
clearness of the presented details of significant blocks, we
will give a simplified description of code intermediate
representation (IR) used during its parallelization. IR is a
tree data structure consisting of the following elements: (a)
the program – the root element that represents the whole
assembly program and contains one or more functions, (b)
the function – it corresponds to one assembly function, and
contains one or more basic blocks, (c) the basic block (BB)
– the part of the code that starts with a label and ends with a
new label or a instruction, and contains one or more
instructions, (d) the instruction – it represents an assembly
instruction containing operands, and (e) the operands –
leaves that could be shared among several instructions.
The actual flow of parallelization follows. The program
written in C code (e.g. file “foo.c”) is passed to gcc compiler
with compile option “-s”, which produces assembly code
instead of executable machine code after compile procedure.
Assembly code (file “foo.s”) is then parsed and translated to
IR. The remaining blocks process each BB separately. Each
BB undergoes transformations to SSA form, and to DDG
which is finally partitioned in DDG partitioner block. BB is
then parallelized by scheduling instructions to different
cores considering the information from partitioning stage as
the starting point. Synchronization instructions are added if
necessary. Since new variables are possibly introduced at
different stages, linear register allocation is performed on
each BB, for each processor core. Finally, the code emitter
produces a separate assembly file for each processor core
from the parallelized IR. New text segment is made by
joining all the BBs for the particular core. Data segment is
extended with new memory locations. Executable file is
assembled for each core from the matching program code.
There are seven main parts which can be distinguished in
this approach: (a) Assembly Code Parser, (b) Register
Renaming, (c) DDG Builder, (d) Load-Store Address
Analysis, (e) METIS-Based Partitioner, (f) Static Instruction
Scheduler, and (g) Register Allocator. The rest of this
section presents their detailed description and relations.
A. Assembly Code Parser
This block is an assembly syntax analyzer that translates
textual files with assembly code to programming objects, i.e.
previously described data structure called IR. This analyzer
reads non-empty lines one by one and tokenizes each line,
splitting it to instruction type and operands by a simple state
machine. For example the line
ADD $t1,$t2,$t3
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will be separated to four tokens and the instruction will be
made from them. ADD will be recognized as the instruction
type, $t1 as the destination (defined) operand, whereas $t2
and $t3 will be recognized as the source (used) operands.
By parsing each line separately, Assembly Code Parser
fills IR data structure, i.e. separates it into the program,
functions, and BBs. Separation of these is done by
recognition of assembler directives and known
constructions. Consequently, each instruction has its type,
and two lists, namely usesList and defsList, which are the
lists of used and defined variables, respectively.
B. Register Renaming
In the most cases data dependencies represent a
bottleneck for parallelization and other optimization
techniques. In order to reduce data dependencies among
instructions, redefinition of same variables, i.e. writing to
one variable more than once has to be avoided. SSA form
meets these requests and, since our approach works on the
scope of BB, we can consider the simplified SSA form.
Applied to a single BB, the SSA form can be interpreted for
our needs as following: each variable is defined (written)
exactly once, and it can be only used (read) afterwards [28].
This is achieved by splitting each variable into its different
instances. The new instance of the same variable is made as
a new variable with the new name built by adding a suffix
(unique ID) to the root (the name of the original variable). A
new version of the variable is made for each definition. In
this way, we make the use-def chains very simple, with one
element only. The results of transforming a source code to
its SSA form will be given in the example later in the text.
In the case of assembly language for target architectures
(e.g. MIPS, Microblaze, etc.), transforming IR to SSA form
can be accomplished by register renaming, as registers are
the main connection and consequently the main dependency
among instructions. Registers that are vital for correct
execution of assembly program have to be excluded from
transformation to SSA form. Renaming these registers, i.e.
variables, and assigning new variables to different registers
could lead to inconsistent program execution. The set of
these registers is architecture-specific (e.g. assembler
temporary register, global pointer register, etc.).
The transition to SSA form of IR is done for each BB, in
a single pass, by increasing instance number of each
variable at each place of its definition. At the same time, the
new variable with the instance number as suffix to the root
name is introduced to IR.
C. DDG Builder
The main problem with parallelization is related to
choosing the representation of the sequential code, suitable
for partitioning and scheduling to processor cores. During
partitioning, the number and the cost of dependencies
among partitions have to be minimal. Abstracting the
program as a graph, dependence structures that exist in the
program are well covered. The DDG derived across all
instructions is the structure already used for partitioning
[12]. In this case, instructions are represented as vertices of
the graph, whereas data dependencies between the two
instructions represent edges. In order to determine the
dependencies among instructions, the variables from each
instruction are observed. Two instructions are considered to
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be dependent if they either use or define the same variable.
DDG is built as a list of all instructions, where each
instruction has a list of instructions it depends on. The cost
of instructions (graph vertices weight) evaluated inside
Assembly Code Parser block and the cost of dependencies
among them (graph edges weight) are needed for
partitioning. At the time of building the graph, the weight of
each edge is evaluated as the number of variables that two
instructions share. The weight of vertices is used by METISbased Partitioner to calculate the load for each partition and
make it balanced, while the weight of edges is used to
determine the validity of cutting an edge(s) in order to split a
partition and make new partitions execute in parallel. In this
case, cutting edges will mean adding synchronization
instructions for transferring data from one core to another.

modification of SSA formed IR, a register variable always
have the same value starting at the place of its definition.
This makes the analysis very simple, yet extremely
beneficial, as it proved to discover many independent
instructions. This is so because addressing different
locations with the same base address and different offset is
very frequent, e.g. when addressing elements of an array.
Amme et al. [31] make an approach to determination of
data dependences in assembly code by a sophisticated
algorithm for symbolic value propagation. It derives not
only address-based, but value-based dependences between
memory operations as well. It is used for optimization of
assembly language (e.g. for increasing ILP) producing more
precise dependence analysis in many cases and could be
used as an optimization technique for our approach as well.

D. Load-Store Address Analysis
According to Bernstein’s conditions [29], two program
segments P i and P j are independent and can run in parallel
if and only if (1) is satisfied:

E. METIS-Based Partitioner
The parallelization method presented in this paper uses
METIS Multilevel k-way [7] algorithm for partitioning a
graph, where the graph is made from assembly code
considering several dependency types, based on available
resources on target architecture as the main bottlenecks
during the process. All these dependences can be treated as
data dependencies, which is the reason why DDG is made as
previously described. The information from partitioning
DDG is used later as the starting point of parallelization
with static instruction scheduling. Specifically, partitioning
is refined later, but the first assumed destination of each
instruction is the one determined by this block.
Based on DDG, METIS algorithm is used to split
instructions (graph) to different processor cores (partitions).
The algorithm splits the graph into a given number of
partitions, maintaining the load balancing across partitions
according to the previously defined costs of instructions
(vertices weight). It tries to keep the number of edge-cuts
minimal considering edges’ weights defined once the DDG
is built. An example of splitting DDG is illustrated in Fig. 1.
In the given example, the partitioner cuts the edge that has a
weight of 2. That is the best solution in the example, as it
makes one partition of 3 vertices (instructions) with the total
weight of 7, and second one with 4 vertices with the total
weight of 8. All other solutions would result in worse load
balancing, or in higher weighted edge-cuts. As the edge with
the weight of 2 is cut, this means that 2 instructions have to
be added (one to each partition and not in parallel). In the
worst case this results in a block being 2 instructions longer.
In order to maintain the program semantics some
instructions like macroinstructions are prohibited from being

I j  O i = ,
I i  O j = , and
Oi  Oj = 

(1)

where I i are input variables and O i output variables of P i ,
and likewise for P j . Applied to the level of instructions, two
instructions are dependent if and only if they both occupy at
least one same variable, where at least one instruction writes
to that variable. In assembly, this can be a problem for both
registers and memory. The problem with register variables is
neutralized by the previously described register renaming
technique. However, the memory problem remains. Hence,
simultaneous access to the same memory location, where at
least one is a write access, have to be prohibited.
The easiest way to avoid this is to consider memory as
one location, and never to schedule write instruction in
parallel with any memory access instruction. However, it is
also the least efficient way, as it considerably reduces
parallelism. Analyzing addresses of memory access (store
and load) instructions, some cases can be recognized, and
some (but not all) locations accessed by these instructions
can be determined as different, as stated in [30]. Therefore,
these store and load instructions can be considered as
independent and scheduled to run in parallel. Currently, this
tool uses a simple, but still efficient method for memory
analysis supported by the fact it works with assembly code.
Namely, assembly code often addresses memory locations
with the same base address, but different offset. It is
typically used by store and load instructions, like:
lw $t0, 4($t1)

where $t0 is the destination, $t1 is the base address, and 4 is
the offset from $t1 that makes memory location address
completely defined. In this case, the word from ($t1+4)
address will be read to $t0. In this analysis, two load/store
instructions addressing different locations are determined
with the base address variable having the same value, while
the offset value differs. Comparing the values of the base
address register variables is not needed since, in described

Figure 1. DDG partitioning
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mapped to different partitions. For example, the instructions
from one macroinstruction have data dependence as they
can implicitly use a specific register like temporary register
$acc. Scheduling these instructions to different cores would
result in cutting hidden connections and inconsistent
program execution at the end, so they have to remain on the
same core.
F. Static Instruction Scheduler
Using the information from partitioning, the static
scheduler places instructions into appropriate partition, in
order to fit different processor cores. It can also decide to
reorder some instructions, so as to achieve better load
balancing for processor cores. Finally, it adds prologue
instructions at the beginning, and epilogue instructions at the
end of each BB of each core. This provides both execution
synchronism and data synchronism to all cores.
Execution synchronism enables all the cores to start the
following BB from the same point which guaranties data
and control consistency. It is similar to Barrier operation
used by OpenMP [3], OpenCL [4], Python, etc. As opposed
to the mentioned techniques, execution synchronism is a
generalized barrier operation since the cores reaching the
same barrier do not have to run the same code.
Data synchronism enables all the cores to start the
following BB with the same data set. It is similar to data
reduction technique used in TBB [2] as it assumes intra-core
communication for data distribution in minimal number of
transfers.
Like the METIS-based Partitioner, Static Instruction
Scheduler has to treat some instructions specifically, i.e. to
prevent some instructions from being reordered. For
example, the instructions from one macroinstruction must
not be interleaved with an instruction from the other
macroinstruction, i.e. instruction that implicitly uses a
specific register like $acc.
Another important role of this block is data
synchronization across the cores. This is necessary when
instruction on one core (core#a) uses a variable that is
defined in a different core (core#b). That is enabled by
adding instructions for data synchronization, i.e. by storing a
variable to memory from core#b after definition, and
loading it from memory to core#a before usage, but after the
definition on core#b.
The scheduling algorithm is implemented as follows. For
the first step, N core blocks (CB) are made, where N is the
number of cores. Each CB is filled with instructions for the
corresponding processor core. Then the algorithm goes
through all instruction lists IL of the basic block B, and for
each instruction doUrgencyRule routine is called, which in
turn separates the list of ready instructions to W list. Further
on, the W list is processed in a loop until it becomes empty,
where doSyncRule routine is called for each instruction I
from W. As the next step, doFillRule routine is called for W.
First instruction I from W is finally moved to CB.
Once IL is processed, each CB is made equal length by
adding NOP instructions. As the last step, instructions from
epilogue of B are added to each CB. This is usually a branch
or execution synchronism instruction along with data
synchronism instructions as the end of the BB.
The pseudocode of scheduling algorithm is given next:
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Input: Basic block B, number of cores N.
Output: B partitioned to coreBlocks.
for i = 1 to N do
CB[i]  {};
end
IL  B.instructionList();
while IL  Ø do
W  doUrgencyRule(IL);
while W  Ø do
foreach instruction I  W do
doSyncRule(I);
end
doFillRule(W);
T  W.top();
CB[T.core]  CB[T.core]  T;
W  W \ T;
end
end
maxLen  max{C x  C x = CB[x], 1 ≤ x ≤ N};
for i = 1 to N do
len  CB[i];
for j = 1 to maxLen − len do
CB[j]  CB[j]  NOP;
end
CB[i]  CB[i]  B.epilogue();
end
return CB;

Routine doUrgencyRule(IL) processes the list of
instructions IL. It checks if there are ready instructions in IL.
If there are some ready instructions, it takes all these
instructions from IL and moves them to the list of ready
instructions RIL. RIL is also the return value of this routine.
To consider some instruction as a ready instruction, all
registers that it uses have to be already defined or to be input
registers (registers that are already defined as well, but in
some other block, before the currently processed one). Let
us consider the following example:
LW $3, 12($4)
LW $2, 0($5)
ADDU $7, $3, $2
ADDI $11, $7, 2

Input registers, as inferred from previously generated
control flow graph (CFG), are $4 and $5, thus instructions
that use only these registers can be moved from IL to RIL.
These are the first two (LW) instructions. Instructions
ADDU and ADDI stay in IL because they use registers that
are not defined yet ($2, $3, and $7). In the next call of
doUrgencyRule routine, RIL is empty again and registers $3
and $2 are defined, so ADDU instruction becomes ready and
can be moved from IL to RIL and so on, until IL becomes
empty.
Routine doSyncRule(I) takes single instruction I that will
be scheduled to core#a, and checks if it uses a register that
is already defined, but on the other core, core#b. If yes, this
routine adds synchronization instructions (load/store) to the
cores. The instruction for storing data from the register to
the memory (SW) is added to core#b after defining the
register, while the instruction for loading data from memory
to the register (LW) is added to core#a before the register is
used. Two synchronization instructions must not execute
simultaneously on different cores. In such a case, NOP
instruction is added to core#a. The example of the code after
the synchronization is:
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# core#0
NOP
NOP
LW $3, 34($0)
ADDI $4, $3, 1

# core#1
LI $3, 4
SW $3, 34($0)

In the given example instruction ADDI from core#0 uses
register $3 that is defined with instruction LI on core#1, so
the synchronization instruction SW is added to core#1 after
instruction LI, whereas instruction LW is added to core#0
after SW, but before ADDI instruction. Furthermore, NOP
instructions are added to core#0 in order to wait for
definition and storing of register $3 to memory.
Routine doFillRule(W) changes NOP instructions from W
with some useful instructions if possible. W is considered as
the list of ready instructions, and ready instructions are
mutually independent, thus they can be reordered.
Removing unnecessary NOP instructions is done by
reordering instructions in W. With such an approach, the
number of instructions in W can be reduced, which can be
noticed from the following example of lists W (for 2 cores):
# core#0
ADDI $2,$0,15
SW $2,34($0)

# core#1
LW $7,4($4)
NOP
LW $11,34($0)
ADDI $9,$7,2

# after doFillRule routine
# core#0
# core#1
ADDI $2,$0,15
LW $7,4($4)
SW $2,34($0)
ADDI $9,$7,2
LW $11,34($0)

In the given example, a NOP instruction is removed from
core#1. Instruction NOP is replaced by the instruction ADDI
$9,$7,2 by reordering because it is ready, i.e. all the registers
it uses are already defined at the place of NOP instruction.
G. Register Allocator
By resource allocation we assume the allocation of
physical resources from target architecture, specifically
processor registers and memory, for the data represented by
IR. In this case, we consider register allocation only, since
some of the variables connected to registers in sequential
code are renamed, i.e. new variables are introduced with
transition to SSA form.
Unlike most compilers that use the algorithm of graph
coloring for register allocation, this approach uses linear
register allocation. Linear register allocation is up to 70
times faster than conventional register allocation [32]. On
the other hand, its allocation efficiency is not behind the
conventional algorithm for registers allocation in the
average case [33]. In order to allocate registers after the
transformations made during the transition to SSA form, it is
necessary to repeat the liveness analysis. Liveness analysis
is done by a single pass through all the instructions. Each
CB is a slice of sequential code so, consequently, the only
necessary information for analysis is the ordinal number of
the instruction that uses a variable, in the instruction list.
TABLE I shows the results of transforming code to SSA
form, liveness analysis, and register allocation. In the given
example, the resource res1 lives in all 4 instructions. The
register R1 is assigned to it. The resource res2 lives in the
instructions 2 and 3 with the register R2, while res3 with the
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TABLE I. SSA ANALYSIS AND REGISTER ALLOCATION FLOW
Source code
SSA form
Live variables
Allocated regs
A=5
A.1=5
A.1=res1
R1
B=7
B.1=7
A.1=res1,
R1, R2
B.1=res2
A=A*B
A.2=A.1*B.1
A.1=res1,
R1, R2, R3
B.1=res2,
A.2=res3
A=A+1
A.3=A.2+1
A.2=res3,
R1, R3
A.3=res1

register R3 lives in the instructions 3 and 4.
Only general purpose registers are used for the register
allocation, while other, more specific registers are neither
allocated during the allocation, nor renamed during the
transition to SSA form. General purpose registers that are
available for the allocation are put inside a set structure
available in Standard Template Library (STL). The
uniqueness of registers is provided using the STL set. The
operation of allocating register for a variable that starts to
live corresponds to taking the element from the set of
unused variables. Once the life of the variable is ended (by
the last usage of it), the register assigned to it is returned to
the set of unused variables. Spilling of a variable did not
happen for any benchmark given later.
IV. TARGET ARCHITECTURES
The class of supported architecture has certain limitations
due to the initial assumptions made within this approach.
Hence, there are conditions that the platform to be described
has to meet. Due to simple data synchronizations with loadstore instructions across processor cores, all the cores have
to be connected to a one-level shared memory. Likewise, the
architecture must not contain cache memory, as explained
and stated before.
Multicore MIPS32 platform, as a SMP with a shared
memory meets all these conditions. Register instructions
that use 32 general purpose registers have specified
execution times. Another benefit is the already existing C
compiler (gcc) for producing assembly code. For the first
validation step, the software simulation model of MIPS32
platform was used with the simulator from Open Virtual
PlatformsTM called OVPsimTM simulator. Different numbers
of MIPS32 cores along with one shared memory were used
during verification. Specifically, OR1K SMP platform was
used. A separate file with assembly code was made for each
core and assigned to it. During the simulation, the processor
model was able to execute parallelized assembly code in the
expected number of steps (instructions).
The validation of this approach on hardware was much
more challenging. A model of a processor that meets the
given requirements is defined and implemented on FPGA
for that purpose and used as target architecture later on.
Currently the most frequently used soft-processor on FPGA
from Xilinx is MicroBlazeTM. It is 32-bit RISC Harvard
architecture and can be used without cache memory.
Further, more than one processor cores can be instantiated,
so the model of 1, 2, and 4 cores is implemented in order to
verify the scalability of the approach on the examples given
below. A block diagram of target architecture with 4 cores is
shown in Fig. 2. All the cores are connected to the same
shared memory via AXI-4 bus. A similar concept was used
by Matheou et al. [34] for the validation of their thread
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Figure 2. Quad-core Xilinx MicroBlazeTM target architecture

scheduling approach. In the case of connecting multiple
cores to the same shared memory, the arbiter within the
memory controller (next to Dual Port Block RAM) serves
and handles the memory access requests that come from
multiple cores. As was already mentioned, each memory
access is considered as the access to the same memory
location, so the possibility of simultaneous memory access
is disabled, and thus also the possibility of nondeterministic
instruction execution order that would corrupt the semantics
of parallel programs. Besides shared memory, each core is
connected to local instruction/data memory via LMB bus.
Data segment is mapped to the shared memory so that cores
can exchange data. All other segments are mapped to the
local data/instruction memory (e.g. text segment, stack,
heap, etc.), so that each core can execute its own code
independently. The additional advantage of using processor
model on FPGA, besides running on hardware, is software
simulation. In that way, the approach can be validated even
on instruction cycle level. The described processor model
was synthesized for XC6SLX150 device from Xilinx
Spartan 6 family, with core clock of 108 MHz and resource
utilization of 9%, specifically 1% of occupied slice registers
and 5% of occupied LUTs.
Definition and implementation of the processor model for
manycore architecture is also planned. However, such
architecture could be hardly implemented by using one
shared memory since the memory arbiter for handling
memory access from all the cores would become too
complex. A system with more memory levels would be
needed and, consequently, a more complex mechanism of
data synchronization. Efficient communication between
processor cores implemented on FPGA would be
demanding. Resource-efficient communication network is
given by Wang et al. [8].
V. EXPERIMENTAL EVALUATION
During experimental evaluation, different benchmarks
were needed to verify this approach, to measure execution
speedup, and to show how the approach deals with general
problems. Specifically, 4 benchmarks were used: DCT
without branches, DCT with branches (DCT WB), Strassen
matrix multiplication, and N-Queens problem.
DCT stands for Discrete Cosine Transformation, and for
the first benchmark it is implemented without using loops,
while for the second one it is implemented with loops (i.e.
branches). Branches are expected to introduce a number of
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smaller BBs, and to reduce the speedup accordingly.
The Strassen algorithm, named after Volker Strassen, is
the algorithm for matrix multiplication, faster than a
standard matrix multiplication algorithm and useful for large
matrices. It has low data dependencies, so the good speedup
was expected to be reached after the parallelization.
N-Queens problem solves how to put N queens on the
chess board sized N by N. Specifically, the implementation
of 8-Queens is used for the last benchmark, as it is a
complicated algorithm with large data dependencies.
Experimental evaluation is done by estimating the
program execution time, which is then validated on different
platform simulation models. Simulation models with 2, 4, 8,
and 16 cores were included in the validation process. The
performance measure used in the validation process is the
speedup, which is defined as follows. Let T s be the
execution time of sequential code, and T p the execution time
of parallelized code. Then the speedup S is defined as:
S = Ts / Tp

(2)

The speedup for each benchmark, for 2, 4, 8 and 16 cores
is given in TABLE II. The calculated average speedup from
the last column is added to illustrate the average speedup of
selected benchmarks. At the very end, the estimated results
and the approach itself are verified on the described target
architectures with 2 and 4 cores.
The speedups shown in TABLE II for each benchmark
are overall speedups (speedups for whole programs). Curves
for DCT and DCT WB are also shown in the following
figures. In order to underline the speedup dependence on the
size of the BB, the speedup curves for both the smallest and
the largest BB are also included in following graphs for
these benchmarks. This is important because overall
speedup is often degraded by a number of small BBs, which
are usually not part of the algorithm, but of the initialization
or deinitialization of the benchmark. Since the main part of a
algorithm (consisted of bigger BBs) is usually included in a
loop, it can be easily shown that the total execution time can
be approximated to the execution time of bigger BBs for
large-enough number of iterations.
The proposed approach gives an overall speedup of 6.68x
for 8 cores and even 11.21x for 16 cores for DCT
benchmark. However, the speedup of the largest BB is 7.47x
for 8 cores, as can be seen in the graph in Fig. 3. This is
slightly worse than the speedup achieved by the
parallelizator proposed in [11] which is on the other hand
capable of parallelizing only a single BB, without support
for branches in the code.
For DCT WB benchmark, DCT for blocks or matrices
sized 4 by 4 was run. Despite the included loops and
branches, BBs were made big enough by optimization used
during compile-time. Hence, DCT has large BBs and weak
dependencies inside them, giving almost linear speedup
TABLE II. PARALLELIZED PROGRAM EXECUTION SPEEDUP
Speedup
DCT
DCT WB
Strassen
8-Queens
2
1.87
1.93
1.85
1.36
4
3.77
3.77
3.25
1.60
8
6.68
6.68
5.13
1.70
16
11.21
11.93
6.83
1.70

Cores
No

Avg
Total
1.75
3.10
5.05
7.92
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Figure 3. Speedup S analysis for DCT benchmark

Figure 4. Speedup S analysis for DCT WB benchmark

after parallelization as can be noticed in Fig. 4. The
achieved speedup is still lower than the one achieved by
Vranic et al. [11], but that approach and the approach from
Kovacevic et al. [12] do not support branches and
consequently cannot run this benchmark entirely.
The speedup of the largest BB of Strassen matrix
multiplication benchmark is almost linear (7.13x for 8 cores,
and 12.61x for 16 cores) and that is the consequence of low
data dependencies in the multiplication algorithm. Still, a
number of small BBs with very low speedup (e.g. the
smallest BB has a speedup of 1x) have a significant effect
on the overall speedup which is reduced accordingly.
Nevertheless, the overall speedup for 8 cores is 5.13x, which
is better than the speedup achieved by Vranic et al. [11] for
the same benchmark.
For 8-Queens benchmark, the growth of speedup by
adding processor core is more interesting concerning the
largest BB than the overall speedup. The increase is
noticeable until 8 cores, where it is around 4.16x. There it
reaches its maximum and saturation is noticeable for more
than 8 cores. This is the consequence of 8 blocks with low
dependences that can be extracted from the BB by the
proposed algorithm, and it is caused by the size of board
(N=8). Although there are more than 8 cores (e.g. 16 cores),
the tool ill create only 8 partitions. More than 8 partitions
would render lower speedup due to the large edge-cuts, and
a lot of added synchronization instructions. The overall
speedup for this benchmark is about 1.7x for 8 cores as a
consequence of the larger number of small BBs that directly
downgrades parallelism.
The comparison of speedup S for all benchmarks and
different number of cores is given in Fig. 5. It can be noticed
that S increases with the increases number of cores (for each
benchmark) until the saturation, as well as by lowering the
number of branch instructions (e.g. 8-Queens with more
branch instructions than DCT, also shows lower speedup).

code parallelization by a refined METIS-based graph
partitioning method. It uses static compile-time or just-intime scheduling of an executable code. Nevertheless, it
enables optimal load balancing that gives significant
speedup for selected benchmarks. The average speedup of
7.92x is achieved for 16 cores. The speedup is up to 14x for
16 cores in some cases. It is scalable (evaluated using
processor performance models and simulation models with
2, 4, 8, and 16 cores), and gives better results for bigger BBs
within the benchmark. Besides, the approach is verified on
the described target architecture with 2 and 4 cores proving
the results estimated by performance model as correct.
The proposed approach can be useful to researchers and
developers in the area of compilers and different
optimization tools for parallel architectures. Furthermore, it
can be utilized either as an idea and basis for further
optimizations, as the back-end of a compiler, or as the
complete method for code parallelization.
The tool is currently developed in two tracks: (1) upgrading
existing optimizing C compiler for DSP platforms [10], and
(2) developing a standalone tool for multicore embedded
RISC architectures (e.g. MIPS, MicroBlaze, etc.), which
could be used as a post-build parallelization tool after
compiling a C code (e.g. with gcc). Both tracks consider the
application of the given approach in the form of a complete
parallelization tool for hard real-time embedded systems.

VI. CONCLUSION
Assembly code parallelization is a promising trend [12].
In particular, [12] recognized the method proposed by [2526] as promising for the assembly code parallelization
purpose. Naturally, further research and improvement was
needed, but the already proved practice was obeyed.
This paper provides an approach for automatic assembly

Figure 5. The speedup S comparison for all benchmarks
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Further research concerning this approach will go in two
directions. The first direction is the validation on manycore
architecture similar to the one implemented in FPGA with
16 cores or more. The second direction will be the
improvement of parallel loops recognition. Currently, we
support DOACROSS loop parallelism which is ideal for the
loops with loop-carried dependencies. At the same time, the
analysis of independent loops similar to the method
provided by Kyriakopoulos et al. [13] and parallelization
based on DOALL loop parallelism are planned as the next
step in the improvement of the given tool.
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