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Abstract
This work presents an overview of the modeling
and simulation challenges that currently exist in
the area of computer architecture design. First,
we describe the requirements that a modeling
and simulation framework must have in this
particular application domain. Then, we review
different state-of-the-art frameworks that we
have classified taking into account the kind of
source system they model.

1. Introduction
The framework for Modeling and Simulation
(M&S) as described in [1], defines entities and
their relationships that are central to the M&S
enterprise. The entities of the framework are
source system, experimental frame, model, and
simulator. They are linked by the modeling and
simulation relationships. Each entity is formally
characterized as a system at an appropriate level
of specification within a generic dynamic
system. Figure 1 shows these relationships [1].
The source system is the real or virtual
environment that we are interested in modeling.
It can be viewed as a source of observable data
in the form of time-indexed trajectories of
variables. The data that has been gathered from
observing or otherwise experimenting with a
system is called the system behavior database.
This data is viewed or acquired through
experimental frames of interest to the modeler.
The experimental frame is a restricted set of the
elements observed in the source system and the
conditions under which they are observed.
The model is the system specification based on
the data acquired, such as a set of instructions,
rules, or mathematical equations. Models may
be expressed in a variety of formalisms that may
be understood as a means for specifying
subclasses of dynamic systems.
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Finally, a simulator is any computation system,
like an algorithm, which is capable of executing
a model to generate its behavior. A general
purpose a simulator is able to execute a variety
of models.
We can find many different source systems in
the computer architecture (CA) field, not only
processor or microarchitecture designs. Related
topics like memory design, low power and
efficient architectures, parallel architectures,
multi-processor systems on chip (MPSoCs),
networks on chip (NoC), graphics/gaming
embedded processors, DSPs, ASIPs, etc. are
usually modeled in the Computer Architecture
field. Moreover, regardless of the actual source
system, the early stages of all design projects in
this field require simulations able to identify
different problems related to functional, timing,
thermal, energy, networking, performance or
any other issues. In this way, we can find models
of these source systems developed at different
levels of description: transistor level, gate level,
register-transfer level (RTL), components level,
etc. Furthermore, models and simulators can be
integrated in software, hardware, or both.
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Figure 1. Basic entities in M&S and their
relationships
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We begin this article by reviewing some of the
key issues relating to computer architecture
simulation. Then, in Section 2 we describe the
requirements that an M&S framework must
fulfill in computer architecture simulation.
Section 3 overviews different state-of-the-art
M&S frameworks, and describes different
simulation issues. Finally, Section 4 draws the
conclusions.

2. M&S Requirements in CA
According to [2], the M&S process in computer
architecture may be divided into five different
steps: (1) validation and accuracy of the model;
(2) selection of parameter values for components
like processors or memories; (3) selection of
benchmarks and input sets; (4) simulation run;
and (5) performance analysis.
These steps, well described in the referenced
work, are focused on the implementation phase
of the M&S process. However, there exist some
previous requirements that should be considered
in a Computer Architecture M&S framework.
We enumerate them below.
Ability of modeling at architectural level. We
must start at the architectural level in order to
analyze different design decisions and, after that,
perform some detailed specifications. In this
regard, the model allows us the description of
components at high level and do not require low
level descriptions.
Easy to develop and modify models. We must be
able to quickly evaluate new designs and to
develop elaborate models as needed. In both
cases the model should generate traces or
statistics as a replacement for detailed
description of a resource.
Ability of modeling at different levels of detail.
We must be able to develop models at various
levels of detail. Note that it is counterproductive
to create a very slow simulation run. Therefore,
we should be able to connect a number of
modules at a different level of detail. For
example, to study the cache memory of a single
processor, the memory can be modeled in the
desired detail, while the IO components can be
fairly simplified.

Mixed definition of models. The M&S
framework must be able to define a mixed mode
of models. This requirement allows some
modules to be defied using graphical interface
while others are defined by languages, such as
C, C++ or Verilog.
User-friendly parameter specification. The
model must allow the system designer to
perform parametric specifications because much
of the experimentation involves altering
parameters and observing their impact on the
performance.
Accurate timing modeling. The designer needs
an accurate timing model which can accurately
capture timing information within the
architecture in as simple (high-level) manner as
possible. The time required to perform a task
must be accurately computed in the model; note
however that this does not imply the modeling
of cycle-by-cycle behavior . When we introduce
metrics like bandwidth or latency, accurate
timing results are critical.
The model must be easy to interrogate. The
M&S framework must facilitate instrumentation
for the purpose of gathering information in the
form of statistics or traces of operations.
Within the context of these requirements, a
computer engineer may develop the model using
different tools.
One approach consists of using general
programming languages such as C, C++, Java,
etc., to develop both the model and the
simulator. In a similar way, one can develop the
model using a hardware description language
like VHDL or Verilog, and integrate the model
with a FPGA, for example. Using this latter
approach, the model is able to interact with its
environment without the necessity of a
simulator.
A second approach consists of using specific
M&S tools like SystemC, TLM, MatLab
Simulink, Modelica, Verilog in ModelSim, etc.
In this case, the system designer develops the
model using an available modeling library. Then
the model can be simulated with the simulator
that is integrated in such tools.
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Note also that there exist hybrid approaches in
which a model developed in a specific M&S
platform can be transformed to other one. For
example, SystemC models can be compiled to
VHDL.
We now examine several different state-of-theart computer architecture M&S frameworks that
accommodate the requirements outlined above.

3. Common M&S frameworks in CA
Many computer architecture M&S frameworks
can be found in the literature. Many different
designs and proposals are modeled and there
exist a wide variety of source systems. The
M&S frameworks that have been selected and
analyzed have been chosen to show the
heterogeneity of this field.
These frameworks are described using the
classification presented in [2]. The simulators
are classified into five categories, depending on
the source system they model: single-processor,
full-system,
power
consumption,
multiprocessor, and modular simulators. We have
also added two extra categories to this
classification; namely, system-on-chip and
network-on-chip frameworks.
In the following discussion we describe each of
those categories and include some example
frameworks from the recent literature.
3. 1. Single-processor
This class of frameworks models the target
microarchitecture with the aim of measuring the
performance of a single processor. They are
usually able to carry out different kinds of
simulations from merely functional to detailed
structural models.
SimpleScalar [3] is probably the de facto
standard of past years in processor simulation. It
offers a suite of compilers and simulation tools
that allow the execution of benchmarks into a
superscalar microarchitecture. The simulators
belonging to this suite range from the simplest,
namely sim-fast, which obtains an
abbreviated set of statistics, to the more precise
sim-outorder,
which
allows
the
configuration of elements like the type and size
of the branch predictor, the number of load-store

queue entries, or the cache configuration,
thereby providing a detailed ensemble of
statistics. These simulators are cycle-accurate
because they model the behavior of the
microarchitecture on a cycle-by-cycle basis.
SimpleScalar simulators are also able to run
benchmarks compiled for several instruction set
architectures; e.g., the Alpha ISA. In addition,
the model and the simulator in SimpleScalar are
coded in the C language and the source is freely
available. However, the model and the simulator
are very coupled in the source code, especially
in the detailed architectural simulator.
As an alternative to cycle-accurate simulators
like SimpleScalar, in [4] the authors describe a
microarchitecture simulator that characterizes
the delay of each one of the stages of the
processor through probability distribution
functions. This approach allows the simulation
of variable latency systems like asynchronous
processors or globally-asynchronous locallysynchronous processors, which are not based on
clock cycles, but rather on communication
protocols. Based on SimpleScalar, this simulator
is coded in C, and reads XML files for
probability distribution function descriptions.
Unlike SimpleScalar, this simulator does not
accept trace files as input, but it does accept
benchmarks compiled for the Alpha ISA.
Designers of embedded processors also require
microarchitecture simulators to increase their
productivity. In this regard, [5] proposes a
generic single-microarchitecture simulation
framework built in Java, able to generate an
RTL (Register Transfer Level) cycle-accurate
simulator. The resulting simulator is able to
process compiled code as input, modeling two
instruction set architectures: ARM (32-bit) and
THUMB (16-bit).
In brief, the single-processor performance
simulators are able to detail the execution of
every module of a microarchitecture at different
abstraction levels in order to provide accuracy.
The model is usually a module that runs
compiled code either at high-level (functional
simulator), or at low-level (by describing a set of
interconnected components). This detail, added
to the size of the input benchmarks, generally
results in slow simulator execution.
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To deal with the slow execution speed, these
simulators
often
incorporate
sampling
simulation, which consists in running a reduced
set of instructions instead of the complete input
benchmark. Sampling simulation, however,
should not avoid those instructions not selected
for simulation. These instructions will probably
change the state of components like caches or
branch predictors, affecting the execution of the
selected instructions. The process that fills in
modeled structures in order to put them into the
same state as if they were running the complete
benchmark, is known as warming up.
3.2. Full-system
Single-processor simulators do not model or run
an operating system (OS). Therefore, the
influence of the OS is not measured, which may
lead to errors or wrong performance results from
the simulator [6]. To deal with that impact,
many authors propose full-system simulators
where the entire run-time stack is modeled.
PTLsim [7] is a cycle-accurate full-system
superscalar x86-64 microprocessor simulator
and virtual machine. Highly configurable, this
full-system simulator is able to model modern
instruction sets like AMD64. In fact, PTLsim
decodes each one of the instructions of the input
benchmark into a set of micro-operations similar
to the classical RISC instructions. PTLsim also
allows co-simulation, where the simulator runs
directly on a reference machine supporting the
instruction set being simulated. By using cosimulation, PTLsim can switch between native
mode (directly running on the real hardware)
and simulated mode, without affecting the user
code. Moreover, PTLsim supports multithreading and multi-processor simulation.
Written primarily in C++, PTLsim is publicly
available through GPLv2 license.
Simics [8] is a commercial full-system
simulator. Simics supports a wide range of
instruction sets (models), including Alpha,
PowerPC, UltraSparc, and x86-64, and includes
device models that are detailed enough to run
the actual device drivers. Also, Simics can boot
and run unmodified operating systems such as
Linux, Solaris, and Windows XP. However,
Simics does not include cycle-accurate

simulation features below the x86 instruction
level, as PTLsim does.
3.3. Single-processor power consumption
One of the main concerns of processor designers
is energy consumption. Therefore, accurate
specialized simulators are needed for this
purpose. In the collection of such tools we have
Wattch, which is the most widely used power
consumption simulator [9].
Wattch [10] is a framework for analyzing and
optimizing microprocessor power dissipation at
the architecture-level. Wattch is based on
SimpleScalar, and models the energy
consumption of an Alpha microarchitecture.
Coded in C, it allows the integration of its model
with other architectural simulators in order to
assign the energy consumption of any of the
architectural simulator operations.
SimWattch [9] is a particularly noteworthy tool.
It integrates the system-level support provided
by the Simics full-system simulator with the
cycle-level microarchitecture timing and power
estimations provided by Wattch. As a result,
SimWattch estimates the performance and
power consumption of the superscalar
microprocessor architectures modeled by Simics
on a complete system environment.
Following the pattern of Wattch and SimWattch,
the power consumption simulators usually
complement the energy estimation feature of
other simulators by providing a model that
measures energy consumption.
3.4. Multi-processor
Simulation tools are even more relevant in the
realm of simultaneous multi-threading (SMT)
and chip multi-processors (CMP). Unfortunately
the SMT and CMP simulators compound the
time requirements noted previously for single
processor architecture simulation. T main he
goal of these simulators is therefore is to reach
fast simulation times for such aggregated
architectures. These simulators must also take
into account that aggregated systems usually
include shared resources which may require
synchronization.
As in single-processor modeling, sampling
simulation is a common technique. For instance,
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[11] discusses the sampling for SMT
simulations. The authors’ perspective is that the
creation of a sampling approach to SMT requires
the determination of how far to fast-forward
each individual thread between samples. The
paper proposes an efficient SMT simulation
methodology
that
estimates
average
performance over all starting points when
running multiple programs on an SMT
processor. Their simulation environment
includes M5, which is based in SimpleScalar.
Another example of sampling simulation of
multi-processor systems is provided in [12].
This work describes a software structure called
the memory timestamp record (MTR), which
behaves as a compressed snapshot of memory
reference patterns. The MTR helps with fastforwarded simulations allowing the reduction of
simulation times in relation to the typical
functional fast-forwarding technique. The fullsystem simulator that is tested is a blending of
their own source code and an open source C++
system emulator called Bochs [13].
In [14] a pragmatic implementation is proposed.
The idea is to take advantage of CMP systems
both by running CMP simulations in parallel
systems and also by replacing simulated
processors by real processors. In order to reach
that goal, the authors proposed a structural
model consisting of a collection of components
that execute concurrently and are connected by
signals. The model is designed using the Liberty
Simulation Environment (LSE) [15], which is a
modular simulator that is described in Section
3.5. Their framework combines the instantiation
and connection of components with the code
representing each component’s behavior. As a
result, the framework is able to automatically
generate a parallelizable simulator from a model
specification. The integration of hardware
components is feasible by replacing the behavior
code by a hardware interface connection. The
paper includes a description of a successful
integration and simulation of eight PowerPC 405
cores implemented on a FPGA into a CMP
model.
In [16] the authors study statistical simulation as
a fast simulation technique for CMP design
space exploration. This kind of simulation

manages synthetic traces created from a set of
statistics taken from real traces of a target
benchmark. The major advantage is that the
synthetic trace is much shorter compared to a
real program trace and this leads to substantial
simulation speedups.
3.5. Modular simulators
Complex simulators, either single-processor,
full-system or multi-processor, are usually
implemented as monolithic pieces of software
where the model is very much coupled to the
simulator. There is a requirement for all the
software elements to run. Interface mechanisms
that allow components to be reused or even
concurrently executed are not provided.
Therefore simulations are hard to parallelize and
modeled components can rarely be reused.
Modular simulators strive to develop the idea of
independent
components
that,
running
concurrently, can be instantiated and connected
to any other system elements. The consequence
of applying this basic concept of M&S is the
generation of more easily parallelizable
simulators, which obtain faster execution times
on current CMP computers.
One example of modular simulator is the Liberty
Simulation Environment (LSE) [15]. LSE maps
each hardware component to a single software
function and allows the designer to build
complex processor components by instantiating
components and specifying their connections
hierarchically. Debugging is then a simpler task
because each component can be tested
individually and complex designs are
manageable due to the hierarchical design
feature.
A recent work, ([17]) presents a modular
framework for stream-oriented multi-processor
system-on-chip (MPSoC). The framework
processes program traces instead of compiled
binaries. Each trace generates a set of ordered
events that are consumed by each component of
the system, generating both results and new
events. The components of the system,
representing architectural elements, are modeled
as virtual machines able to share resources,
allocate dynamic memory and perform multi-
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hop communications. The framework was
developed using SystemC.
3.6. System-on-Chip
Earlier we noted that simulation of complex
systems requires approaches different from
detailed architectural simulation in order to
achieve realistic simulation times. This is also
the case for system-on-chip (SoC) simulation.
An SoC may contain components like
processors, memories, analog devices and even
radio-frequency elements in the same circuit. In
brief, SoC’s are typical examples of embedded
systems. Some examples of SoC frameworks are
provided in the following discussion.
In [18], the authors present a co-simulation
platform for SoC design space exploration. The
idea is to describe the hardware components
using SystemC, and substitute the generalpurpose processor cores with C and C++
Instruction Set Simulators (ISSs). The
integration of all the components of the system
is described in SystemC. The resulting platform
allows a designer to explore different SoC
alternatives by reusing components. However,
the platform only provides statistics of execution
speed and system bus communications; no other
metrics are implemented.
SimSoC [19] is a full-system simulator for SoC.
The hardware modeling is developed in
SystemC, while the communications between
components is described through Transaction
Level Modeling (TLM). TLM refers both to a
level of abstraction and to the SystemC-based
library used to implement transactional models.
SimSoC also integrates ISS’s as SystemC
modules with TLM interfaces to the other
platform components. These ISS’s perform the
modeling of processor behavior. However, only
the ARM5 ISS was tested at the time the work
was presented.

simulation. These systems are known as
Multiple Configurable Processors System-onChip (MCPSoC). MCPSoC’s have both
performance and power advantages for
embedded applications. However, once the
processors are configured to perform a task, the
operating system that will run the MCPSoC
needs to be adapted to each particular
configuration of the processors. In particular, the
most hardware related parts of the operating
system like the hardware abstraction layer, APIs
and I/O device drivers have to be modified
accordingly. In this regard, [20] proposes a
hybrid simulation platform to explore the
MCPSoC design space. Instead of realizing
HAL, API’s and driver API’s with the assembly
code of target processors, they implement those
components on the host machine as TLM
SystemC modules. This replacement allows the
use of hybrid ISS instead of regular ISS. The
hybrid ISS speeds up the simulation time by
simplifying the communication with underlying
modeled hardware.
3.7. Network-on-Chip
Networks-on-chip (NoC’s) go one step further
than SoC’s. An NoC is a design where many
SoC’s and/or intellectual property (IP) cores
from possibly different clock domains get
communicated in order to perform a task. Then,
NoC’s can span synchronous and asynchronous
clock domains or use asynchronous logic to
perform communications. NoC’s usually
improve network techniques like bus access or
crossbar connection obtaining reliable and fast
communications between the components of the
system.
Thus, one of the challenges of NoC design is
testing of the networking policy to be
implemented. This requires simulating the
nodes, connections and constraints, and the
traffic of the network.

Within the SoC domain there are even more
complex kinds of SoC in terms of modeling and
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Type of Source System

Model

Simulator

Inputs

Single-processor / full-system

RTL and component level Coupled to the model Binary code
C, C++
C, C++

SMT / CMP

Functional descriptions
C++ , LSE

Decoupled, some HW Binary / Trace files
support

SoC / NoC

Independent of simulator
SystemC

Totally decoupled

Trace Files

Table 1: Summary of common M&S features for different kinds of source systems.

Recently an NoC simulation environment which
models on chip components and traffic
generators able to behave following different
patterns was presented in [21]. The simulator
was built using SystemC and TLM and can also
be used to model SoC’s.
A similar NoC simulator developed using
SystemC is described in [22]. This is a discrete
event and cycle accurate simulation environment
that allows simulation with various options
available for topology, switching technique,
virtual channels, buffer parameters, routing
mechanism, and applications.

2.

3.

4.

5.

4. Conclusions
Computer architecture simulation tries to
achieve accurate results with realistic simulation
times. Many factors influence these issues:
modeling detail of the source system, language
employed to code both the model and the
simulator, benchmarks and input sets for
simulations, etc.

6.

In this article we have reviewed the most
important problems that arise and have
described the requirements that an M&S
framework for computer architecture systems
should fulfill. In addition, we have given an
overview of several simulators for different
computer architectures from single-processor,
through SMP, CMP, SoC and NoC systems.
Table 1 provides a summary of this overview.

7.
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