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Abstract

1. Introduction

Embedded systems have become indivisible part of our everyday activities. They are dedicated devices performing
a particular job. A computing core of more complicated
embedded systems is formed by one or more applicationspecific instruction set processor. Therefore, powerful
tools for processors development are necessary. One of
the most important phases is the testing and optimization
phase of the processor design and target software. In the
testing phase, the most often used tool is a simulator. The
simulator can discover bugs in the processor design and
target software before the embedded system realization.
This paper describes several advanced methods of processor simulation, which can be used in the different phases
of processor development. In the optimization phase, the
most frequently used tool is a profiler. The profiler can
uncover problematic parts, such as bottleneck points, in
the processor design or in target software. Then, using the
results from the profiler, the designer can easily find which
parts of the processor design or target software should be
modified to get a better performance or reduce the powerconsumption. In this paper, two methods of profiling are
described. Furthermore, the ways how to simulate and
profile multiprocessor systems are also described in this
thesis. The processor or multiprocessor system is designed
using architecture description language.

The area of the hardware/software co-design deals with
the design of new embedded systems. These systems are
used in devices for the specific application domain, such as
network or multimedia processing. They consist, among
other things, of one or more application-specific instruction set processors (ASIPs, further referred only as processors). Each processor usually takes care of specific actions and is highly optimized for it (unlike the general
purpose processors, such as x86 family [19]). Hence, the
processor has to fulfill several constraints, such as chip
size, performance, etc. Furthermore, in the case of mobile devices, a designer also has to take care of powerconsumption of each processor and the system as a whole.
The process of finding the most optimal design according
to given constraints can be called either the trade-off exploration [22] or design space exploration (DSE) [26, 31].
The shorter time needed for DSE is always helpful. Because the time needed for the design of processor should
be as short as possible, there is a need to have a good integrated desktop environment (IDE) helping the designer
in the DSE.

Categories and Subject Descriptors
I.6.5 [Simulation And Modeling]: Model Development;
I.6.7 [Simulation And Modeling]: Simulation Support
Systems
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In the IDE, s/he uses tools for the processor programming, such as a C compiler or assembler, and tools for the
processor simulation, such as different types of simulators
or profilers. One of the most important tools used during
all processor design phases is a simulator. The simulator
is used for testing and validation of the design; it can uncover hidden bugs. There are several types of simulators.
Each type has several advantages and disadvantages and
it is used in the different phases of the processor design.
The main three types described in this paper are:
• the interpreted,
• compiled, and
• translated simulator.
The interpreted simulator is not dependent on a target
application (i.e. its creation is based on the processor design only), but it is the slowest type of the simulators.
The compiled and the translated simulators in the basic
version are dependent on the target application (i.e. their
creation is based on the processor design and the target
application). The enriched versions of these simulators,
which are not dependent on the target application, are
also available (so-called just-in-time versions). Note that
the translated simulator is the fastest type of the simulators. Features of all mentioned types and the concepts
used within them are described in this paper. The concepts have been designed in a way that the simulators do
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not require a specific platform (e.g. Unix-like systems of
MS Windows) and they are not dependent on any third
party platform (e.g. SystemC platform [39]).
When the design hits the optimization phases, the simple
simulation is not sufficient. It does not give enough information about utilization of particular parts of the processor. Hence, the tool called profiler is used. The profiler
tracks all important activities within the processor during the target application execution. When the target
application ends, the profiler evaluates the collected information and provides an evaluated data to the designer
in a readable form (e.g. coverage graphs, such as source
code coverage, or lists of instructions or functions which
are important for some reason, such as the most executed
instructions etc.). The designer can optimize either the
processor design itself or the target application. For the
processor design optimizations, the low-level profiler can
be used. It uses instructions from the processor instruction set as the main entity to which the statistics are
collected to (i.e. it works on an assembly language level).
On the other hand, for the target software optimization,
the high-level profiler can be used. Then, a function is
used as the main entity to which the statistics are collected to. Both types of the profilers are also described in
this paper.
Nowadays, the embedded systems contain usually more
than one processor. In such case, we are talking about
the multiprocessor systems on chip (MPSoC) [20]. For
instance, a video player can contain:
• one reduced general purpose processor – the control
unit, and
• two very long instruction word processors (VLIW)
– the video processing unit, and
• one DSP processor for audio processing.
Therefore, the IDE used for the system design should support the simulation of more than one processor. There are
two basic ways described how to simulate these systems.
It can be either the synchronous or asynchronous simulation. The first type is used for the simulation of systems with a shared memory. The second type is used for
the simulation of the systems without the shared memory,
where the processors communicate in other way (e.g. message based communication). The designer should be able
to debug and/or obtain profiling information of such systems. In this case, the profiler tracks utilization of shared
resources, such as memories or buses. Both simulation
types are described in this paper.
The ADL called ISAC [15, 28] is used for the singleprocessor or multiprocessor system description. Note that
some of the language aspects are inspired by the LISA language [14]. The ISAC language has been developed within
the Lissom project [24] at Brno University of Technology.

1.1 Goals of the Thesis
There are several main goals. Basically, all of then needs
the processor description in the ISAC language. The list
of them follows.
• Improve and/or create the new single processor simulation techniques. The speed and accuracy of the

•
•

•

•

simulation is crucial during the processor design, so
the time needed for the simulator creation and the
simulation time should be as small as possible.
Add the possibility to debug a running target application (i.e. allow different types of the breakpoints,
watchpoints setting, etc.).
Because the system on chip contains also other devices, such as I/O devices, the developer should
have a possibility to simulate the devices together
with the processor core. This technique is called
co-simulation.
Simulation is useful for the testing and validation,
but from the optimization point of view, the profiler
has to be used. Therefore, one of the main goals is to
generate the profiler from the processor description
without any additional instrumentation. The profiler should provide the information about functional
unit utilization and it should also provide information about instruction set and the target application
utilization.
Nowadays embedded systems consist of more application-specific instruction set processors, so the simulation of the multiprocessor systems should be possible. Furthermore, the profiling and debugging of
such systems should by also possible.

Note that the author’s contributions fulfill the goals.

2. State of The Art
Nowadays, demands for audio/video applications or network applications are very high. For instance, a video decoder needs to process thousands pixels per single second.
Ordinary general purpose processors usually cannot handle such a throughput. And even if they could handle such
the throughput, they are big and they have high powerconsumption (e.g. [18, 17]). Therefore, new applicationspecific instruction set processors are designed. They can
preprocess the input stream, so other processor can use
the preprocessed stream. Since they are optimized for a
particular job, they are smaller, powerful, and consume
less energy. This is very important for handheld devices,
such as mobile phones or portable game consoles.
The technology of the processor manufacturing allows us
to place more things on a single chip. By thing, we
mean other processors, specialized functional units, or input/output devices. This technology also opens a new
area for high performance applications. In the application domains, such as multimedia processing, the input
data stream can be divided into several non-conflicting
streams. Hence, several processors can work in parallel,
which leads to a very good performance of such systems
in comparison with the single-processor systems.
The methodology of the processor design (i.e. DSE) has
significantly changed in the last two decades [33]. The
methodology based on an iterative process was very popular at first. In this approach, the processor designers
create an informal processor design description. The architecture is created based on this description. After that,
they implement all necessary tools for the processor programming and simulation, the so-called tool-chain (i.e. an
assembler, simulator etc.). Then, they are able to start
the testing of their processor design. This process is very
time and money consuming. The designers have to change
the design, and then re-implement all the tools based on
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the results from the testing phase (e.g. a bug was found or
the design had poor performance). Furthermore, an additional testing of the tool-chain itself must be performed
to ensure the consistency among the tools. This approach
leads to first hardware, then software scenario. Such approach is shown in the Figure 1.
However, it has turned out it is necessary to design both
hardware and software at the same time, so the mutual
relations between them are explored. The designers can
build the architecture accordingly to the algorithm it executes. Without concurrent design of the hardware and
software, it is difficult to explore various trade-offs like
whether a task should be handled by hardware or by software, and also to adjust the hardware/software interface.
The more effective way of the design space exploration
is the use of architecture description languages (ADLs).
They allow the hardware/software co-design. The designer describes the processor in the selected ADL and
the complete tool-chain is automatically generated. The
hardware description can also be generated from the same
processor description. The software developers can start
to write the target application, and meanwhile, the hardware designers can work on the processor microarchitecture and/or other functional units, which do not influences/conflicts with the software development (e.g. a
modification the processor instruction set). This leads
to shorter design phases, so the final design is created
in a fraction of the original time. Furthermore, the automatically generated tools are usually based on formal
models which often imply better chances for the processor design verification/validation. The way of the hardware/software co-design is shown in the Figure 2.
There are a few projects which try to give the developers
a whole IDE for the processor design. Each of them uses
its own description language which has been developed
within the project. Some of the important projects are
mentioned in this section.
An open source project ArchC [1] uses the eponymous
ADL [2]. It is a description language for pipeline systems. It is based on SystemC platform. The processor
description is composed of several parts. The designer
can describe the resources, such as memories or registers,
the instruction set and its behavior. S/he can also de-

Figure 2: Processor design methodology using the
ADL

scribe the processor microarchitecture. The behavior is
described with C constructions and SystemC functions
from the delivered shared libraries.
Another widely used ADL is LISA [14]. The processor
description in the LISA language is composed of several
parts. In one part, the resources are defined. In the other
part, the instruction set with the behavior and processor
microarchitecture is described. The behavior of instructions is described using the C language.
The Sim-nML [37] project uses an ADL called nML [7].
This ADL can be used only for simple models without
pipelines and other timing features. In its basic form,
it is suitable for instruction set modeling only. Note that
there are some extensions [8] adding a support of microarchitecture description.
At the Vienna University of Technology, an ADL called
xADL [3] has been developed. The processor is described
as hardware blocks which are interconnected. Since one
uses the hardware blocks, the model is at cycle-accurate
level. A part of the tool-chain generation is based on the
LLVM platform [25].
The comparison of simulators which are available in the
other projects follows. Although from all mentioned languages the interpreted simulator can be generated [2, 4,
7, 14], as far as the author knows, the simulators use the
dynamic scheduling of events, which decrease the simulator performance. Our proposed solution replaces the
dynamic scheduling with the improved static scheduling
(the differences are described in the following section).
The compiled simulator can be also generated from all
mentioned languages. Note that the simulation platform
in the ArchC project uses the SystemC platform. The
interpreted simulator is dependent on the SystemC platform, but the final binary of compiled simulator is not [1].
The generated code can be compiled by a normal compiler. The compiled simulator does not have the justin-time features and the self-modifying code is not sup-
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ported (support for self-modifying code has to enabled
even for the interpreted simulator). From the description
in the LISA language the compiled simulator can be also
generated. It is based on a table containing sets of functions [31]. In each clock cycle, a particular set of functions
is executed (e.g. a set can contain functions for fetch and
decode pipeline stage). They also provide a just-in-time
compiled simulator [31], so the self-modifying code is supported. The compiled simulator can be generated from
the nML language in the Sim-nML project as well, but is
does not support self-modifying code and it also does not
have the just-in-time features [11].

main class of ADLs can be divided into three sub-classes.
The description of each sub-class follows.
• ADLs focused on the instruction set description.
These ADLs are focused only on the processor instruction set description. The processor microarchitecture is not described at all. The advantage of
these languages is that the tools for the processor
programming are easily generated based on the description. The hardware description cannot be generated since there is no description of the processor microarchitecture. Hence, such languages can
be used if we need the tools for the target software
development. One of such languages is nML [7].
• ADLs focused on the processor architecture description. The processor description consists of interconnected blocks. Each block represents some functional unit in the processor (e.g. an adder, a fetch
unit). The advantage is the description can be easily transformed to some HDL (ports of functional
units are known so are the interconnections among
them). The problem is with the instruction set extraction (the textual form of instructions etc.). It is
not explicitly described anywhere, so the tools for
processor programming are not obtained fully automatically. One of these languages is MIMOLA [27].
• Mixed ADLs. These languages combine the advantages of previous two sub-classes. The processor description consists of the instruction set description
and the processor microarchitecture description. It
should be noted that the microarchitecture description is optional. If the processor description contains the microarchitecture, then the programming
tools and the hardware description are generated
from the same processor model. The ArchC [2], EXPRESSION [10], LISA [14], RADL [38], xADL [3] or
ISAC [15] languages are examples of mixed ADLs.

All types of simulators can be generated from the processor model in the xADL language. The simulator is dependent on the LLVM framework, so the time needed for
its creation can be quite high (compilation of the LLVM
platform takes a lot of a computation time) [3].
The basic profiler can be generated from the processor
description in the ArchC project. It collects statistics by
the tracking of executed instructions within the processor microarchitecture [1]. The Sim-nML project provides
the basic profiler generated from the instruction-accurate
model. A profiling statistic can be achieved by the injection of new code into an application [37]. In both
projects, the profilers are integrated to an interpreted or
compiled simulator and, as far as the author knows, the
profilers are low-level (i.e. statistic, such as how many
times a particular instruction was executed, are available). Their profilers can be compared with the proposed
low-level profiler. A high-level profiler for the C language
is not available at those projects till this time. Within the
project running at the Vienna University of Technology,
no profilers are available [3]. The LISA allows a description of pipeline models and the profiler at an assembly
language as well as a profiler for the C language can be
also generated [14]. Unfortunately, none of the mentioned
project provides any information about types of statistics
or speeds of theirs profilers, so the comparison with the
proposed profilers cannot be done.

3. Description Languages
The description languages used for the processor description can be divided into two basic classes. The first one
contains the hardware description languages (HDLs), such
as VHDL [42] or Verilog [41]. Although these languages
have capabilities of the processor description, the level of
abstraction is very low. In other words, these languages
demand deep details about the new processor architecture. This is not very suitable for the rapid processor
prototyping or for the fast DSE. These details can be
unimportant or unknown at the beginning of the processor
design (in early stages of the design space exploration) or
they can change a lot within the processor design phases.
Therefore, their specification costs a lot of a developer
time. This is one of the reasons why the second class has
appeared.
The second class contains the architecture description languages (ADLs). They use a higher level of abstraction,
so they allow the fast changes of processor microarchitecture or an instruction set description. They are more
suitable for the fast processor or multiprocessor system
prototyping. The details needed by the HDLs are either
computed automatically or the ADLs contain constructions for them with a higher level of abstraction. The

The last mentioned ADL ISAC is used as the ADL in
this paper. The programming and simulation tools are
generated based on the processor description in this language. The hardware description can be also generated.
The next subsection contains detailed description of this
language.

3.1

The ISAC Language

The ISAC language was developed within the Lissom [24]
project at Brno University of Technology. It is inspired by
the LISA language, but it extends LISA with additional
constructions allowing the faster processor or multiprocessor system prototyping. The processor model itself
consists of two basic parts. In the first one, the processor
resources, such as registers or memories, are described. In
the second one, the processor instruction set and the processor microarchitecture are described. The second part
forms the four basic models of the processor. Each model
describes different features of the processor.
There are
•
•
•
•

the
the
the
the

instruction set model,
behavioral model,
timing model, and
model of hierarchy of instruction decoder.
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ISAC Language
Processor resources
group constructions
operation constructions
Instruction set model
Behavioral model
Timing model
Hierarchy of instruction decoders

Figure 3: Structure of the ISAC language

The basic construction which is used in these models is
the operation construction. The operation can have several sections. Each section is used for a description of
some model. The assembler and coding sections are used
for the instruction set model. They describe the textual
or binary form of an instruction (or its part). The expression or behavior sections are used for the behavior
model. The subset of the ANSI C is used in these sections. These sections can also be used for the description of behavior of the functional units in the processor
microarchitecture (operations without the assembler and
coding sections; such operations are called events). Note
that the expression section has the same meaning as the
return statement in a C function (i.e. it is used for returning of a value if a particular operation is used during an
instruction decoding). The activation section is used for
the timing model description. It denotes what and when
will be done during the target application execution, such
as pipeline stalls etc. The structure section is used for the
model of hierarchy of instruction decoders. It describes
when and which decoder will be activated during the target application execution (e.g. the pre-decode and decode
phase of an instruction execution in a pipeline).
The operations can be grouped according to some similarities. For instance, the developer can group operations describing the arithmetic instructions. For such situations,
s/he can use the group construction. All grouped operations can be accessed via the created group later in the
model. Note that the groups can be also put together.
The operation can be also connected to another operation or group (i.e. the operation can use other operation
or group). For such connection, the instance statement
is used at the beginning of the operation construction.
Typically, an instruction is formed by several connected
operations and/or groups. The processor model contains
many operations and groups. The structure of the ISAC
language is depicted in the Figure 3. There are three
special operations (events) which have to be described in
each processor model. The event main is a special event
which is executed at the beginning of each clock cycle (i.e.
it is used for the clock cycle generation). It is also called
synchronization event. The event reset is performed before the simulation starts and brings the processor into
the defined state. And then, there needs to be the event
halt, executed when the simulation ends.
The model can be written in two levels of accuracy –
the instruction-accurate or cycle-accurate level. In the
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case of the cycle-accurate level, all four models have to
be described, whereas only the instruction set model and
the behavior model has to be described in the case of
instruction-accurate level. The detailed description of the
ISAC language constructions used in this thesis follows.

4. Formal models
The tools for the processor programming and simulation
can be created in several ways. One can take the processor description and each operation or group transform
into one or more functions. Although this approach is
straightforward, it does not have many good properties
(especially if we want to validate/verify the generators).
Therefore in our case, the generators of these tools are
based on the formal models. The fact that the processor
description is captured in the formal models brings several
advantages. Among the others, there is only one representation of particular processor features. Therefore, an optimization can be performed on the single model and the
optimization will be reflected in all generated tools for the
simulation or programming. The simulator and the hardware realization are generated also from the same formal
models, only the generator language back-end differs (C
or VHDL code generator). Therefore, no additional huge
validation of a generated hardware description is needed.
The different forms of a finite automaton have been chosen as the basic formal model. The reason for that is that
the finite automaton is easy to implement either in the
C language or in some HDL (VHDL or Verilog). Additionally, the assembly and machine languages are finite
(and regular) languages, so it is appropriate to use the
finite automaton without cycles as an acceptor of those
languages.
There are four formal models which captures different aspects of the described processor. The processor instruction set is captured in so-called two-way coupled finite
automata [16]. Based on this model, tools, such as an
assembler, disassembler, are created. The simulator partially uses this model. The processor microarchitecture is
captured in the so-called event automata. The event automata represent the controllers in the processor microarchitecture. The algorithm creating the event automata is
based on the activation tree. The activation tree captures the relationships among the events in the processor
microarchitecture (i.e. it knows which events should be
activated in a particular clock cycle). It is also used for
profiling purposes too. The last model is the decoding
tree. It is used in the profiler for the computation of the
instruction set coverage.

5. Single-processor Simulation
Simulation is one of the most important (and in some
cases the only one) ways of a testing and validating the
processor design. Therefore, it is significant to have a
good simulation platform with several types of simulators.
The three types of simulators are presented in this section.
Each type has its advantages and disadvantages.

5.1 Generated Simulators
The first type is an interpreted simulator. The concept of
this simulator is based on a constant fetching, decoding
and execution of instructions from memory element. The
disadvantage of this concept is that instructions within a
loop in the target application are fetched and decoded several times, although they have not been changed. Therefore, the simulation itself is relatively slow. On the other
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hand, the simulator itself is not dependent on the target
application (i.e. the simulator can simulate any target
application), and furthermore, the self-modifying code is
supported out of the box (i.e. it is supported by the design). The time of the creation of the interpreted simulator is also relatively short (the shortest of the all types of
the presented simulators).
The simulator generated from the processor description in
the ISAC language is formed from three basic parts. The
first part simulates the processor resource. Each resource
has to be transformed into a C construction. Each construction should be as optimal as possible from the host
computer point of view, so specific inline functions and/or
macros are used. The second part simulates the instruction decoders. It is based on the two-way coupled finite
automaton. The automata are transformed into the C
construction according to the algorithm described in [34].
The third part is the part that simulates the processor
microarchitecture. The algorithm transforming the event
automata to the C language construction is described
in [28]. The event automata form the static scheduling
of events within the microarchitecture. The concept of
the interpreted simulator works for both levels of accuracy in the same way (i.e. the concept of the simulation
creation is independent on the level of accuracy of the
processor description).
If the developer wants to increase the speed of the simulation, s/he can use the second type of simulator, the compiled simulator. It is created in two steps. In the first step,
the target application is analyzed. The C code simulating the target application is emitted using the information
from the analysis. In the second step, the emitted C code
is compiled together with the static C code of the simulator, such as processor resources etc. The compilation
time of the emitted code should be as small as possible, so
the emitted code has to be structured into a specific form.
If the emitted code is placed in functions, the functions
cannot be arbitrarily big because it can lead to serious
compilation problems, such as not enough virtual memory or bad (long) optimization process. Therefore, the
address space of the target application is divided into several non-overlapping fragments. The emitted code for a
particular fragment is compiled independently. It is clear
that this version of the compiled simulator (also known
as a static compiled simulator ) is dependent on the target
application and the self-modifying code is not supported.
Nevertheless, the speed of such simulator can be several
times faster than the speed of the interpreted simulator.
The second version of the compiled simulator is the justin-time compiled simulator (JIT). It supports the selfmodifying code and it is not dependent on the simulated
application. It is created in only one step and it works in
the following way. At the beginning of the simulation, the
simulator works as the interpreted simulator. The main
task of this phase is to find the so-called hot-spots (i.e.
parts of the target application in which the most of a simulation time is spent in, e.g. function). Then, these parts
are compiled only, so the subsequent simulation of these
parts will be quite faster. In our case, the smallest size
of the hot-spot is not a function, but the fragment. Each
host-spot analysis create new file with C code. The created file is compiled as a dynamic library. It is supported
by the all major platforms (e.g. dll files in the MS Windows, so files in the Unix-like systems, etc.). Furthermore,

this type of libraries can be loaded by the running program. Dynamic library loading is also supported by the
all major platforms (e.g. function LoadLibrary in the MS
Windows, function dlopen in the Unix-like systems, etc.).
When the fragment is compiled as the dynamic library, it
is then loaded by the running simulator. Next time the
simulator hits this fragment, the new function from the
created library is executed instead of the using slow interpreted simulation. Thanks to the first part (hot-spots
location), the speed of the just-in-time compiled simulator
is slower than the speed of the static compiled simulator.
Still, it can be several times faster than the speed of the
interpreted simulator. The compiled simulator creation
can take more time than the creation of the interpreted
simulator (especially the just-in-time compiler simulator).
The last type of simulators mentioned in this paper is the
translated simulator. It improves the compiled simulator.
The translated simulator is the fastest type of simulators,
but it needs some additional information about the target application. It needs starting and ending addresses of
all basic-blocks in the target application. Thanks to this
information, the simulator can be highly optimized. The
addresses are stored usually as debug information in the
target application. These addresses cannot be obtained
via a static analysis of the target application, because of
indirect jump instructions. Such instruction uses a value
of a register or memory as a destination address of the
jump. Therefore, the static analysis does not know where
the instruction will jump in a runtime. The only way how
to reliably obtain the addresses is to use a high-level language compiler. If it is used for the target application creation, then it knows exactly where the basic-blocks start
and end, and it can simply store the addresses in the target application as the debug information. It should be
noted that we also provide the C compiler generation.
The C compiler is created from the same processor model
as the simulation tools or programming tools (see author’s
publications). The translated simulation has also two
types, the static translated simulation and just-in-time
translated simulation. It uses almost the same concepts
as the compiled simulation (i.e. the address space is also
divided into the fragments and the basic idea of the JIT
translated simulator is the same as in the JIT compiled
simulator).
The interpreted and compiled simulators can have two
levels of accuracy. They can be either the instructionaccurate one or the cycle-accurate one. The translated
simulation can be created only at the instruction-accurate
level now because of the performance reasons. Note that
the translated simulation at the cycle-accurate level is under research.
An additional property of the interpreted simulation is
the event processing (i.e. how the simulator activates and
executes behavior of the events in the processor microarchitecture). The processing of the events can be done
via dynamic scheduling of events [14]. It is based on a
principle of an event calendar [35]. The event calendar
determines which events have to be executed in a particular clock cycle. According to the executed events, new
events are dynamically activated (planned for the execution), which means they are added into the event calendar.
This analysis is done in the runtime of the simulator, so it
quite decreases the simulator performance. On the other
hand, the processing of events can be done via a static
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scheduling of events [14]. First, the processor microarchitecture is analyzed and sets of events, which have to
be executed in a particular clock cycle, are determined.
Second, a set of functions, which represents the events, is
assigned to a particular clock cycle. Note that with more
complicated timing models, combinations of the event activations raise rapidly, so with the static scheduling, a size
of the simulator increases. However, the actual simulation
is very fast. The compiled and the translated simulation
always use the static scheduling of events in our case.
Figure 4 depicts the simulation speed with regards to the
time, which is needed for the simulator creation.
All simulators with the static scheduling are available in
the Lissom project. The experimental results and the
comparison with other projects are shown at the end of
the paper. The text in this section is based on the author’s
publications.

5.2

Debugger

The debugger is a tool that helps the developer search and
remove the processor or target application bugs1 (the debugging can be seen as a process of bug removing [36]).
There are several possibilities to the target application debugging, such as program instrumentation, post mortem
analysis, or other methods [12]. The developer can also
use simple printouts inserted in the processor description for debugging purposes. But sometimes, especially
in complex processor descriptions and/or complex target
applications, it is not enough. Therefore, all types of the
simulators include a debugger (except the translated simulators; although it is possible, the debugger is omitted
for performance reasons). In general, the debugger can
have several features. The most important feature, which
all debuggers should have, is that the debugger must not
influence the original semantic of the target application in
any way [9]. The text in this section is based on author’s
publication.
The developer can debug the target software before the
real processor is available in the Lissom project at three
levels of abstraction:
• cycle-accurate level,
• instruction-accurate level, and
• source (statement) level.

7

The second level has a single instruction as the basic step
in the debug mode. Each instruction is executed at once,
even if it takes more clock cycles. This level is useful for
debugging at assembly language level. It should be noted
that the previous levels does not need any additional information about the target application, such as symbol
names, etc.
These kinds of debuggers allow runtime control via setting the conditional or unconditional breakpoints, stepping, resuming, or setting the conditional or unconditional watchpoints. They also support an evaluation of
processor resources, such as obtaining the actual value of
any processor resources (note that the expressions are also
supported). More, the processor resources can be set to
a given value, or memory dumps can be performed, etc.
The debugger itself is a part of the simulator.
The crucial feature of any kind of the debugger is the
optimal breakpoint detection. The following concept is
used in the Lissom project. The address of each decoded
instruction is checked by the debugger during the instruction decoding. If the address matches one of the breakpoint addresses, the execution of the target program is
stopped and the developer can investigate the state of
the target program or processor microarchitecture. The
address of decoded instructions is stored in the resource
specified in the processor description. This solution is
similar to hardware breakpoints, except the breakpoint
address is not stored in the processor register but within
the debugger itself.
The last level uses the whole statement of a higher programmable language as a basic step in a debug mode.
This level is dependent on debug information generated
by a higher programmable language compiler. Note that
this level is out of the scope of this paper, so it is not
described here, but additional information can be found
in [23].
The developer should have a possibility to debug the target program on the real hardware. This refers to the
on-chip debugging. It is very useful either for the testing
of the hardware or for the debugging of the target application on real hardware (the speed of the real processor is
usually higher than the speed of the simulator). The collection of different levels of debugging can be called multilevel debugging (the developer should be able to switch
among the abstraction levels as s/he wants).

5.3

Co-simulation

The lowest level of the abstraction is the cycle-accurate
level. It uses single clock cycle as basic step in the debug
mode. The developer can see what is happening during an
instruction execution in processor microarchitecture (e.g.
an instruction passage through the processor pipeline).
The disadvantage of it is that the instruction is not executed at once, so the semantics of the instruction will
change the processor state in the future clock cycle. The
developer has to be aware of this behavior. Note that it
is also very hard to debug target program at this level,
but it can be very useful in the case of optimizations of
the target program or for the processor microarchitecture
debugging (e.g. debugging of the processor pipeline).

The embedded systems contain additional devices on a
chip. It can be some I/O devices or other functional units,
which do not belong to the processor core, such as DRAM
controllers etc. These functional units can be modeled at
a different level of abstraction using different languages.
Therefore, we must add a support for co-simulation of the
processor core described in the ISAC language and these
functional units. We distinguish between two versions of
co-simulation. Either the simulator can be used by other
simulation platform, such as ModelSim, or the simulator
can simulate additional functional units using so-called
plugins.

1

In the first approach, the simulator is used by a different
tool. There are many APIs created by different vendors,
such as DPI [40], FLI [32], etc. The simulator has to be

bug is a defect in a target program or in a processor
model
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Figure 4: The simulation speed comparison

enriched by some functionality based on the mandatory
part of the vendor API.
In the second approach, the functional units are modeled
in any language that can build dynamic libraries (e.g.
C++, . . . ). The dynamic library can be called plugin
in this context. The dynamic library can be linked to
the simulator (or it can be loaded by the running simulator). This allows the complex system simulation. For
instance, the developer can design timers/counters in the
C language. S/he can also design an LCD display and a
keyboard. If s/he starts the simulation, the all functional
units together with the processor core are simulated in
parallel. The plugins can be reused in a different processor description with the same interface, which is very
good feature.
Since both types of the co-simulations are supported, the
developer can combine both concepts, so the created simulation platform is very powerful.

its behavior and accuracy of its output statistics (e.g. the
profiler can work at an assembly language level or in a
more abstract level, for example, at the C language level).
We can distinguish between high and low level profilers.
The low-level profiler has as a basic entity of interest a
single instruction from the processor instruction set. In
such case, the profiler does not need any additional information about the target application (an instruction is
denoted by its operation code and this is taken from the
processor description). The high-level profiler’s basic entity of interest is usually a function (or other constructions
from a higher programmable language
The architecture dependent low and high-level profiler
can be generated using information about the processor
instruction set and microarchitecture from the processor
description. The text in this section is based on the author’s publications.

6.1

6. Single-processor Profiling
One of the key roles concerning the application-specific
instruction set processors development cycle is the optimization of it and an optimization of target programs.
From the optimization point of view, simple simulation is
not enough way since it does not provide enough of necessary information, such as detailed statistics about the
processor resources or the target program utilization. For
this purpose a profiler is used. The profiler tracks all the
important activities in the processor microarchitecture, so
that detailed statistics about them can be gathered. After the profiler ends, the designer gets some information,
such as lists of instructions which are important from the
different points of views (e.g. the top five of the most
frequently used instructions or the top five of the most
frequently memory-active instructions). The profiler also
gives some information about the target program (e.g. the
list of functions in which the most of execution time was
spent in, or the list of the most frequently executed functions). From this information the developer can identify
the functional units, which are overloaded; or units, which
can be safely removed or replaced with more proper units.
S/he can also easily improve the target program performance because the most problematic functions (or parts
of them) are detected, and therefore can be rewritten.
The profiler has several characteristics which determine

Generated Profilers

The profiler is built in two phases and it uses the same
formal models as the simulators. Since the microarchitecture is captured in the event automata, the architecture
dependent profiling functionality, such as an instruction
tracking, is inserted in into the event automata. The
architecture independent profiling functionality, such as
evaluation of the most executed instructions, is stored
outside of the event automata, so that functionality does
not slow down the profiling. The key thing of the profiling
functionality is the detection of the beginning and end of
an instruction (correct cycle-accurate statistics). The instruction tracking is based on the enriched queues which
are generated using the activation tree.
During the profiling the objects used for storing information about instructions are filled. When the profiler
ends, these objects are analyzed and several statistics are
created. The following statistics are created:
• a list of the five most executed instructions,
• a list of five instructions taking the most execution
time,
• a list of the five most memory active instructions,
• an instruction set coverage, and
• a list of all instructions.
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When the target application is written using C language,
the developer wants to see the statistics related to the C
application. In such case, the profiler for C language is
used. It is also fully generated from the processor description. This compiler stores all needed information such as
a table with functions together with addresses denoting
where the functions begin and end. The table is stored in
the target application as debug information. The profiler
uses this information for the function identification during the target application run. The core of the profiler is
quite the same as the core of the profiler for the assembly language. The key thing of the profiling functionality
is also the detection of the beginning and ending of an
instruction (correct clock cycle statistic). The instruction denotes the function which is actually executed. The
profiler at C language level uses the same algorithm as
the profiler at an assembly language level. The collected
statistics are quite similar to the statistic in the low-level
profiler, but this time, the function is the main object of
interest. The following statistics are created:
• a list of the five most executed functions,
• a list of the five most memory active functions,
• a list of the five functions taking the most execution
time,
• a list of all executed functions,
• a source code coverage, and
• a call-graph.

7.

Description, Simulation and Profiling of MPSoC

Nowadays embedded systems, especially for multimedia
processing or network applications, consist of more application-specific instruction set processors, therefore the developer should have a possibility to describe such a system
using one ADL. Based on used processors, the MPSoC can
be homogeneous or heterogeneous. The homogeneous MPSoC is formed from the same type of processors. If there
is only one global shared memory among the processors
(they communicate via this memory), then the system is
often called a multi-core processor. If each processor has
its own memory and the communication is done via messages (they are sent over the network on chip [13]), then
the system is called network on chip. On the other hand,
a heterogeneous MPSoC uses a reduced general purpose
processor as a control processor and some DSP/VLIW
processor(s) for an audio/video processing. In the following text, the term multi-core processor denotes homogenous MPSoC with shared memory and the term MPSoC
denotes heterogeneous MPSoC.
In complex systems, such as multi-core processors or MPSoCs, interconnections among cores or processors, as well
as connection to shared memories, etc., have to be described. The interconnection should be described using
the ADL as well. However, the support for description of
such things is very weak or completely missing nowadays
ADLs (e.g. nML, LISA, etc.). Therefore, new constructions in the ISAC language have been added.
Each processor used within the multiprocessor system is
described in a separate processor description; therefore
the whole tool chain and simulation tools are created for
it. The processor can communicate with other processor
cores via shared resources or via other medium, which is
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Figure 5: Three-layer architecture

simulated using the co-simulation techniques. Therefore,
the ISAC language constructions describing memory elements, such as cache or ram construction, and construction describing buses can be shared. Each of the shared
resources is owned by a single core/processor. This resource is marked as shared in the processor resource description so they can be accessed in other processor description. Note that in the case of cache description a
cache coherence protocol is specified.
In the following text, the concept of the multi-core processor and MPSoC simulation is described. It should be
noted that some of the principles that are described further, such as a copying of a simulator to a network host,
are also used in a single-processor simulation.
The single-processor and MPSoC simulation platform in
the Lissom project is based on the so-called three-layer
architecture. They are the presentation, middle, and simulation layer (see Figure 5). The layers uses message
based protocol, where the messages are sent using a standard TCP/IP protocol [5]. The presentation layer accepts
commands from the developer, such as a start of a simulation, and displays important information, such as results
from the simulation. The presentation layer can have several forms. There is a graphic user interface (GUI) in a
form of a plugin for Eclipse platform [6]. Advanced users
can use a command line interface (CLI) allowing scripting
and other advanced techniques, such as automatic testing, etc. The presentation layer communicates with the
middle layer. The middle layer accepts commands and
processes them. For example, it accepts a command that
the developer wants to create a simulator from a processor description, so the middle layer creates a simulator
and sends message to the presentation layer about any
possible errors that have occurred.
The middle layer also takes care of an installation of the
simulator into the simulator layer. The simulators can be
installed into any suitable host in a network, according
to the user configuration. After the simulator is installed,
it is executed and waits until it receives a message which
starts the simulation. This message is sent by the middle
layer based on user’s command (i.e. user action from GUI
or a command entered in the command line).
The first simulator in the configuration file is the socalled boss-simulator. We provide two kinds of simulation. There is synchronous and asynchronous MPSoC
simulation. In the asynchronous simulations, the bosssimulator is just an ordinary simulator without any specific tasks. The simulators are synchronized within the
target application (i.e. the target application is responsi-

Přikryl, Z.: Advanced Methods of Microprocessor Simulation

ble for valid reading and writing to the shared resources).
This kind of simulation is suitable for example for NoC architecture simulation (generally, the systems where there
is no shared memory among the processors). On the other
hand, the synchronous simulation is designed for the systems with shared memory. In the case of synchronous
simulations, the boss-simulator is used for the clock cycle
generation
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The profiling information about the shared resources can
be obtained when the profiling of the target applications
ends. Each target application can be profiled by one of
the presented profilers. Furthermore, the profilers are enriched about a shared resources tracking. It means that
the profiler created from the processor description owning some shared resource tracks, among the other things,
accesses to the shared resource. At the end it can give
statistics displaying how many times has the resource
been accessed by a particular processor. By this way,
the designer can find the bottle-neck points among the
processors sharing that resource.
The text in this section is based on the author’s publications.

8. Experimental Results
In this section, the results of the solution using the ISAC
language are provided.
Several programs from
MiBench [29] test suite (e.g. crc32, sha, dijkstra, etc.)
were chosen as the testing algorithms. The results shown
in the graphs are the average values from several runs
(the maximum and minimum values differ from the average values in tenths of a percent). All simulators were
compiled with the gcc (v4.4.5) compiler with optimizations –O3 enabled. The tests were performed on the Intel Core 2 Quad with 2.8 GHz, 1333 MHz FSB and 4GB
RAM running 64-bit Linux based operating system. The
speed is measured in the million instructions per second
(MIPS).
The first comparison is the comparison with the ArchC
project (see Figure 6). They provide interpreted and
compiled simulator. The comparison is done using the
MIPS architecture [30]. Unfortunately, the speed of the
bit count and dijkstra are missing (they are not available
on the project web pages). As one can see, the interpreted
simulator is a little faster in average than the interpreted
simulator based on the ArchC language. The compiled
simulator beats their compiled simulator a lot. It is more
than two times faster in several cases.

bit count

Figure 6:
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The developer can set breakpoints on any source code
line in any target application. Hence, any processor of
MPSoC can hit one of the set breakpoints. If some of
the simulator within MPSoC hits the breakpoint, it stops
and all other simulators also stop (note that this behavior
can be changed in the case of the asynchronous simulation). Then the developer can obtain/set a value of/to
any resource of any processor etc. Also, s/he can control application execution flow in step mode. In the case
of synchronous simulation, the step is performed by all
simulators. In the case of asynchronous simulation, the
step can be performed either by all simulators or by a
particular simulator only. The simulator can also be resumed from stepping mode. Resuming works in similar
way as the step mode, so either all simulators are resumed
or, in the case of asynchronous simulation, only selected
simulators can be resumed.
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The next project is the project running at Vienna University of Technology using the xADL language. The comparison is based on their publication [4]. Five algorithms
from the MiBench test suite are compared. The comparison is done using the MIPS architecture too. Note that
the speeds are measured in the MHz now. As we can see
in the Figure 7, the interpreted simulator from the Lissom
project is quite faster than their interpreted simulator. In
fact, it is almost three times faster. The translated simulator depends on a particular application. They reach
the speed of 66.92 MHz in average, whereas the translated simulator from the Lissom project reaches a speed
of 93.66 MHz in average. It is almost about 1/3 faster.
Note that the logarithmic scale is used in the Figure 7.
For the following comparison, the additional architecture
is used. It is VLIW Chili3 developed by OnDemand Microelectronic. Chili 3 is VLIW architecture with four
symmetric slots. The interpreted simulator in the Lissom
project reaches 2.77 MHz in average. The interpreted
simulator available in the xADL project reaches 0.7 MHz
in average, so it is almost four times slower.
At Czech Technical University in Prague (CTU), new processor ADOP [21] was created. They have written the
instruction-accurate interpreted simulator for it by hand.
The processor is 16-bit, so the testing application had to
be modified. The 16-bit version of crc was created and a
few more applications from the MiBench test suite were
rewritten. The speed of their simulator reaches 6.25 MHz,
meanwhile the generated simulator in the Lissom project
reaches 40.47 MHz, which is more than six times faster.
Figure 8 shows the speeds comparison of the two mentioned project in one graph. Note the logarithmic scale.
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The speeds of the simulators available in the Lissom project
are higher than in the other projects in the most cases. It
proves that the concepts described in this thesis are well
chosen and the simulation platform is robust, so it can be
used in the industry as well as for teaching purposes.

9. Conclusion
In this paper, three types of simulators are presented.
Each of them has its advantages and disadvantages. The
collective feature of all types is that they are based on the
same formal models. Namely, the processor microarchitecture is captured in the event automata and the instruction decoders are captured in the two-way coupled finite
automata. Both formal models are based on the extended
finite automata. The advantage of these formal models
is undoubtedly the possibility of implementing models in
different languages. ANSI C is used for the simulator
and profiler. VHDL is used for the hardware realization.
Because the algorithms generating the simulator or hardware realization use the same formal models as inputs, no
huge additional validation among them is needed. This
is indeed a big advantage. Usage of finite automata has
clearly its advantages in a simulator speed.
Different types of simulators can be useful in different
phases of the processor design. The first type is the interpreted simulator. This type has the shortest creation
time, so it is very useful in the early phases of the processor design, when the design changes a lot. The disadvantage of this simulator is its performance. The simulation
can be cycle-accurate or instruction-accurate based on the
processor model.
The second type of simulator is the compiled simulator. It
tries to improve the performance in a way that it firstly
analyzes the target application. Based on the analysis,
additional C code is generated. It is compiled together
with the application independent parts, such as C code
for the processor resources simulation. The mentioned
concept is used in static compiled simulator. This simulator gives better performance, but it is dependent on the
target application and without extension of the simulator, the simulation of self-modifying code in not possible.
Therefore, the JIT compiled simulator is introduced. It
can be used instantly on any target application, because
it is not dependent on the target application. The target
application is recompiled piecewise based on the found
hot-spots (often used pieces of the code within the target
application). Therefore, only parts of a possibly huge application are compiled. Furthermore, it extends concept
of the self-modifying code detection, so the self-modifying
code is supported. The JIT compiled simulator uses addi-

11

tional solutions, such as dynamic libraries, in the runtime.
The simulation is cycle-accurate or instruction-accurate
based on the processor model.
The last type of simulator is the translated simulator.
It improves the compiled simulator performance with a
help of the target C compiler. The information about
basic-blocks in the target application is necessary for a
successful simulator generation. There are also two versions, the static and the JIT version with similar features.
The C compiler can be generated from the same processor
description as the simulator. The simulator can be generated only from the instruction-accurate processor description now.
When the processor design hits the optimization phase,
the profilers can be used. The profiler can find problematic parts in the processor architecture and/or in the
target application. As well as the simulators, the profilers
use several formal models. Explicitly, an activation tree
is used for the instruction tracking and a decoding tree is
used for the instruction set coverage computation. The
event automata and two-way coupled finite automata are
also used. Two types of profilers are presented. Both of
them are architecture dependent, so detailed statistics are
available after the profiler finishes. The first type is the
low-level profiler working on the assembly language level.
It collects the statistics with regards to the instructions.
The second type of profiler is the high-level profiler working on the C language level. The basic entity of interest is
a function in the target application. The results from the
profiler are shown in a call-graph and in three other statistics, so the designer can easily find problematic parts in
the target application. Together with the low-level profiler, they create powerful tools for the processor and the
target application optimization.
The support of parallel systems, such as different types of
MPSoC, description is very limited (or completely missing) in most of the modern architecture description languages. The new constructions of the ISAC language allow such a description. The two ways of the simulation
and debugging of MPSoC are presented. The synchronous
simulation can be used with MPSoC where the processors access the same shared memory. The asynchronous
simulation can be used with MPSoC, where the communication is done via sending/receiving packets, interrupts,
etc.
All of these features prove that the presented solutions are
robust and usable in the industry as well as for teaching
purposes. Furthermore, the simulation platform is not
dependent on any third party software, such as SystemC,
and it is also not dependent on any particular platform.
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