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Abstract. Computer System Architecture (CSA) simulators are generally used
to develop and validate new CSA designs and developments. The goal of this
paper is to provide an insight into the importance of CSA simulation and the
possible criteria that differentiate between various CSA simulators. Multi-
dimensional aspects determine the taxonomy of CSA simulators including their
accuracy, performance, functionality and flexibility. The Sniper simulator has
been selected for a closer look and testing. The Sniper proofs its ability to scale
to hundred cores with a wide range of functionality and performance.
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1 Background

A Computer System Architecture (CSA) simulator is a software based tool, that is
useful in modelling various components and devices of the computer to forecast the
output and performance level given a particular input. Computer simulation is very
often the driving force in computer architecture researches and designs. This is due to
the enormous work in the design of compound microarchitecture, which is rarely
modeled in an analytical manner making the process of prototyping and all design
stages excessively expensive. A comprehensive simulation is equally expensive as it
needs well crafted simulators, realistic workloads and numerous machine cycles.

A mandatory level of details is achieved at a slow pace, because even the high-
speed simulators may require a period of many weeks or months to complete a task.
This becomes even worse when multi-core processor designs become dominant. The
total throughput of the host chip increases with increasing generations; however, the
single-thread performance, which is a fundamental element in simulation, does not
show any improvement because of limitations on the power. It is also necessary to
note that a target-architecture model gradually becomes complex since there has to an
increasing number of cores. The increased performance of the host cores does not
adapt to the target increasing complexity.

Researchers are aware of the problem by exploring various strategies of reducing
simulation time. Some earlier works have applied the sampling method [1, 2] to get a
statistical representation of a given part of the application in order to provide similar


mailto:malik.a.al-Manasia@student.uts.edu.au
mailto:zenon@eng.uts.edu.au

insights in an entire simulation, but in a short period. Other researchers [3-5] suggest
conducting the parallel simulation in order to decrease a single-simulation period
through operating it on numerous threads. This method is suitable for design phases,
which needs a faster evaluation of one or more design points. However, if many pa-
rameters are considered, running multithreaded simulations simultaneously gives
better simulation performance[6].

The strategies of reducing simulation period are necessary for cycle-accurate simu-
lators [7, 8]. These simulators provide the fundamental elements of research in com-
puter architecture to enhance understanding of the stresses relating to workload from
the micro architectural structures. However, their time consuming characteristic is a
limitation to their in the exploration of chips consisting of tens or more cores. Gener-
ally, simulators that are cycle accurate are not suitable for large-scale architectures[6].

2 CSA Simulators Importance

Simulations are vital and understanding of their role makes it possible to carry our
various complex activities. Simulation can be important in a system migration as the
old systems, which are expensive, can be simulated to keep them operational. There-
fore, simulators can assist the organization in migrating to the new hardware and
software easier. This allows for significant savings to business, in terms of finances
and time. Simulation is also important in hardware development. According to Mag-
nusson et. al, simulators can be useful in modelling computer systems regardless of
their availability [9]. This makes the process of hardware development simpler since
the hardware could be in the development process or still non-existent. In addition, it
limit indirect costs as it reduces the need for costly hardware prototypes [10]. Simula-
tion can be useful in saving costs. This is through simulating the costly hardware us-
ing a cheaper one. For instance, the standard x86-based PC, saving the organization,
costs associated with expensive hardware. It is also useful in software development
especially for developers of operating systems and device drivers. Programs operating
in kernel mode can be very difficult to debug; however, simulators provide non-
intrusive debugging options that make the development of such programs simpler.
Simulators also function to provide security since they run in a controlled environ-
ment, which enhances security. This allows companies to be able to try the new sys-
tems before they are used in the process of production. This is important in boosting
the company’s overall security system. Simulators are useful in restoring previous
states of simulated computers.

3 Taxonomy of CSA Simulators

Classifications of computer architecture simulators are categorized basing on their
contexts. To start with, they are classified according to their scope, which include Mi-
croarchitecture, Full System, Application-based, Instruction Set and Cycle Accurate
simulators. Microarchitecture simulation technique is useful in modeling the design
and performance of microprocessors and its elements. On the other hand, full system



simulators model features as privileged modes and imitate the function of peripheral
components in order to provide support to the operating system. This makes it possible
for them to run complicated multithreaded workloads. Simics [11], gem5 [12], RSIM
[13] and SimOS [14] use this method. Application- based or user level simulators em-
phasizes on the user part of applications. Their development and use are much easier as
they do not require device-timing models, large disk images and booting of the operat-
ing system. However, they are only useful in supporting primary workloads. Graphite
[4], Sniper [15], ZSim [16], CMP$im [17] and McSimA+ [18] use this method.

The other classification is based on input or workload, which include trace-driven
and execution-driven simulators. Trace-driven simulators make use of sessions, which
were previously recorded when executing simulated applications. It involves recording
of operations of memory and other important instructions when running an application
in a trace generation environment [19]. This type of environment can be the real hard-
ware, which is the target. However, it can also result from software generations in case
the hardware is under development or non-existent. It is necessary to note that irrespec-
tive of simplification of execution, trace-driven simulation lacks a vibrant behavior
present in multi-threaded programs running on several processors simultaneously. This
inconsistency is evident when running this type of simulation on another Symmetric
Multi-Processor (SMP) system other than the one used in the trace [19, 20]. Another
limitation of trace-driven execution is the time limitation and data storage necessary to
record the session(s) [19]. Goldschmidt and Hennessy [19], in their report state that
trace-driven simulation should not be used in the simulation of systems depending on
timing or parallel system.

Execution-driven simulators implement applications basing on a simulated proces-
sor. This type of simulation does not require traces and can be conducted on one ma-
chine [19]. This makes the issues of instructions timing and concurrency to be avoid-
ed. Accuracy of the simulator is the only affection of correctness of the result from an
execution-driven [19]. This method is highly valuable when optimizing a target as it
avails all the data, which is in use or being produced by the target [10].

Finally, detail is also major category used in classifying simulators. It includes
functional (what is done) and timing (when is it done) simulators. Functioning simula-
tors focus on the achievement of the same function as those of the modeled compo-
nents. Timing simulators, however, attempt to focus on the accurate reproduction of
performance or timing characteristics of the respective targets.

4 CSA simulators quality attributes and evaluation parameters

There are different perspectives of balancing various factors in an optimal manner
to enhance the functions of the simulator in terms of accuracy, flexibility, performance,
degree of details and functionality. The availability of many simulators with specific
designs for limited tasks based on definite aspects comes because maximization all of
these aspects can be complicated. However, some simulators have a more general ap-
proach.

Performance is a term used in measuring the speed of the simulator in completing a
specific workload. 1ts measurement is in terms of slowdowns, which is also known as
the host number of instructions is executed for every simulated instruction in the target.



The performance of processors is measured in MIPS (Millions of Instructions Per se-
cond) which is using in benchmarking simulators.

The other criterion is functionality, which is what the simulator can perform or be
able to perform after the modification. A functional simulator can execute a good part
of the software that operates on the target, and it will function properly without issues.
Functionality also includes which ISA architectures the simulator support? How many
and what type of workloads it can run? Can it run multithreaded applications on ho-
mogenous and heterogeneous multicore systems?

Accuracy defines how well a simulator repeats the target behavior. And it repre-
sents to which degree the simulated target performance is matching with the real sys-
tem performance. Therefore, it is necessary to note that a more accurate simulator in-
curs more slowdowns; hence it will simulate a high level of details. Absolute accuracy
shows how close the simulation is to the real world whereas relative accuracy shows
how correct a model is between diverse configuration settings.

Finally, flexibility is also used as a criterion of the simulator as it gives a descrip-
tion of whether the design of the simulator is versatile, it ability to operate from dissim-
ilar hosts and ease of porting it to other hosts among others. It also evaluates the ability
of a simulator to have extendable modular design. These entire requirements validate
the flexibility of a simulator.

Numerous processor and system simulators are already available as shown in Table I.
All listed simulators have their own merits, Howver, a full-system simulator might be
particularly useful when the simulation involves heavy I/O activities or extensive OS
kernel function support. However, these simulators are relatively slow and make it
difficult to isolate the impact of architectural changes from the interaction between
hardware and software stacks. Moreover, because they rely on existing OSes, they
usually do not support manycore simulations well.

A pure application-level simulation is insufficient, even if 1/O activity and
time/space sharing are not the main areas of focus. For example, thread scheduling in a
manycore processor is important for both performance accuracy and research interests.
Thus, it is desirable for application-level simulators to manage threads independently
from the host OS and the real hardware on which the simulators run.

For example, Graphite [4] uses less detailed models, such as the one-IPC model, to
achieve better simulation speed. Sniper [15] uses better abstraction methods such as
interval-based simulation to gain more accuracy with less performance overhead.
While these simulators are good for early stage design space explorations, they are not
sufficiently accurate for detailed microarchitecture-level studies of manycore architec-
tures. Graphite [4] and Sniper [15] are considered faster simulators because they use
parallel simulation to improve the simulation speed. Trace-driven simulations can also
be used to trade simulation accuracy for speed. However, these are not suitable for
multithreaded applications because the real-time synchronization information is usual-
ly lost when using traces. Thus, execution-driven simulations (i.e., simulation through
actual application execution) are preferred. On the other hand, full-system simulators
model both microarchitecture-level details and OSes. Thus, they sacrifice simulation
speed for accuracy. Instead, it is desirable to have a simulator to model manycore mi-
croarchitecture details while remaining faster than full-system simulators, which have
both hardware and software overhead. Since, simulators targets simulation of thou-
sand-core chips, they have to be a user-level simulator for now. No current main-
stream OS scales to thousands of cores, and ISAs also limit the number of cores [16].



Table 1. Simulators Categorized by Features. Abbreviations: (FS/A)-Full-System (FS) vs.
Application-Level (A), (Free-AC) free Academic Institution, (UIUC/NCSA) Univ. of lllin-
i0s/NCSA OS License, (BSD) Berkeley-Style Open Source License, (SS)-Simulation Speed.

Year, FS/ LoD Simulated SS Extensibility Special Features
Availability A Platform

Simics 1994,commerc | FS/ 000 |UltraSparc,PowerPC | + API Simulate “everything”,
ial/free AC A , MIPS,ARM provided heterogeneous nets

gem5 2003, FS/ 000 |Alpha, ARM, | + Modular /OO | Written from scratch,
free BSD A SPARC, MIPS, design, Python | pervasive OO, config-

POWER and x86 config. files urability

RSIM 1997, FS 000 |SPARC + Modular Simulate adv. CPUs in
UIUC/NCSA V9/Solaris design network

SimOS 1994,  freely | FS Vari- |MIPS/SGI + Uncertain Simulate entire system
available able  |IRIX,Alpha/unix

Graphite 2010, A No x86 ++ Python config | Parallel simulator
free + files

Sniper 2011, A 000* |x86 ++ Python config | Interval simulation
free + files

CMPS$Iim 2008, A No x86 ++ Python config | Memory system
free files simulator

ZSim 2013, free A 000* |x86 ++ Python config | Fast interpreter design

+
McSimA 2013, A 000* |x86 ++ Python config | Middle ground
H free + files between FS/A

For example, x86’s xAPIC only supports up to 256 cores. The simulators have vary-
ing characteristics, strengths and weaknesses, and relevance to different research are-
as. While most development projects are only a few years old, a simulator such as
SimOS can be considered to be too old to be used actively in research now. CMPSim
and ZSim have the problem that they are not available publicly, and would be hard to
obtain. Some simulators can be integrated with useful timing simulators as — TFsim
and GEMS - use a timing-first approach to simulation, where a less extensive model
simulates the timing of the processor, which is then later verified by a larger and more
complex execution-drive simulator, such as Simics. All the simulators can simulate
Chip Multi Processors (CMP) architectures, but only a few can simulate
SMT.Industry simulators typically run at a speed of 1 to 10 kHz. Academic simula-
tors, such as gem5 [12], GEMS [7] and PTL-Sim [21] are not truly cycle-accurate
compared to real hardware, and therefore they are typically faster, with simulation
speeds in the tens to hundreds of Kilo Simulated Instructions Per Second (KIPS).
Cycle-accurate simulators face a number of challenges in the multi-core era. First,
these simulators are usually single-threaded, and their performance does not increase
with increasing core counts. Second, given its slow speed, simulating with large cach-
es becomes increasingly challenging because a slow simulation speed does not allow
for simulating huge dynamic instruction counts.

5 Case Study: Sniper

Sniper is a high-speed and accurate x86, parallel simulator. Sniper integrates inter-
val simulation method and expands the general functionality of Graphite simulation



infrastructure; permitting for fast and accurate simulation. Trading off simulation
speed for accuracy allows Sniper to have a variety of flexible simulation options when
exploring various homogeneous and heterogeneous multi-core architectures.

This study describes the architecture of Sniper Simulator, the key components,
configuration of simulation, result tools and different visualization alternatives. To
show how to use the sniper simulator practically, this study demonstrates how to start
various test runs, outcomes and interpretation of recorded results. The tests of simula-
tion depend on pre-tailored test binaries accompanying the simulator. The sniper sim-
ulator is well developed and has a manual for setup configurations. The instructions
contained in the manual makes it easy for users to know where to start and how to use
the device during operations. The sniper has documentation of reasonable quality in
comparison to other similar solutions. When using the sniper simulator a person can
do timing simulations for multi-program workloads and multi-threaded, shared
memory applications with tens to hundred cores. The speed of performing this opera-
tion is higher than the speed of existing simulators. The central feature of the sniper
simulator is the core model based on interval simulation, a fast mechanistic core mod-
el. Simulating at intervals allows a person to raise the level of abstraction in architec-
tural simulation. This guarantees faster development of the simulator and evaluation
times. For example, this happens it “jumps” between miss events called intervals. The
sniper simulator is validated against Nehalem and multi-socket Intel Core2 systems
thus there are average performance estimation errors within 25 percent at the simula-
tion speed of up to many MIPS [15].

The Sniper simulator and interval core model is vital in the uncore and system lev-
el studies requiring many more details than the traditional one-IPC models and when
the cycle-accurate simulators are too slow to enable reasonable simulation workloads
[22]. Another benefit is that the interval core model supports the creation of Cycles
Per Instruction (CPI) stacks. These stacks portray the number of cycles that get lost
due to the varying characteristics of the system (i.e., the branch predictor or cache
hierarchy).  This enables to use the Sniper for characterization of applications and
software/ hardware co-design.
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5.1  Sniper Configuration

The configuration of the sniper simulator is achievable with command line parameters
and configuration files. In practice, the default configuration exists at snip-
er/config/base.cfg. The script of run-sniper accepts the command line parameters and
the evaluation of parameters or configuration files occurs from the left to the right
with respect to the command line. Also, newer values override the older values.

5.2  Simulation Results Tools

The sniper simulator creates files at the end of a simulation process; the sim.cfg which
has configuration alternatives that are in use. The sim.out file shows the primary sta-
tistics and the sim.stats[.sglite3] has the following set of tool to capture key points of
the simulation.:

e CPI Stacks. Interval simulation is unique because allows for the creation of CPI
stacks that summarize the place where time is spent. The CPI stack can be de-
scribed as a stacked bar that shows different components that contribute to the
overall performance as shown in fig.1. The base CPI exists at the bottom and
shows the meaningful work that is done. The CPI stack is significant when gain-
ing insight in the performance of the application.

e Power and Area Stacks. To estimate the power consumption of a program, the
sniper simulator integrates with the McPAT power and modeling framework.
When the files, sniper/tools/mcpat.py and area.py, are run in the directory con-
taining the sniper output files, power and area stacks can be generated. With re-
spect to this data, the files, area.png and power.png are generated together with
the output texts that depict power consumption of the application, broken down
by the component. There are options of choosing plot dynamic, static or total
power of the chip is for every component (Fig.2).

e Visualization. The options of Sniper visualizations help users comprehend the
behavior of the software that works in the simulator. Since no single visualization
can satisfy needs of various users, the simulator has to produce a number of vis-
ualizations. Currently, three main groups of visualizations (Fig.3). For example,
they include cycle stacks plotted against time, McPAT plotted against time and
3D Time-Cores-IPC visualizations. When a user passes the --viz option to the
run-sniper command, the visualizations are generated. The Sniper also creates an
extra section of system topology on the produced --viz web page.

e Multiple Multi-threaded workloads. One can run multiple, multi threaded
benchmarks simultaneously by installing the integrated benchmarks suite first.
Thereafter, the user can utilize the benchmarking parameters to show the bench-
marks and configurations that should be run. There is no maximum number of
threads that a user can run when utilizing the --benchmark parameters. However,



it is worth noting that this mode does not support the ROI handling or the multi-
threaded workloads [22].

e  Scripting. The Sniper has a Python interpreter that is used to request for statistics
and update the configuration of hardware parameters when the simulator is in
use. Consequently, this enables generation of IPC traces and DVFS updates.
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5.3  Comparison between Sniper and Graphite

In the interest of comprehending the distinguishing features between graphite and
sniper, it is imperative to underline that graphite is the base of sniper whereby it adds,
removes and reworks on its features. This work delves on the strengths and weakness-
es of different approaches. By design, the default simulator of the Sniper is configured
in a similar manner as Nehalem machine the Gainestown micro-architecture. Sniper
produces the most significant instruction latencies such as FP and math ops. In the



past, Sniper used the Graphite set up as the starting point but Sniper designers de-
signed today's models.

There are several distinct features between the simulators. To differentiate between
Sniper and graphite, graphite has been added the MESI coherence protocol while
Sniper uses a shared-version of MSI. Recently, Graphite has also been integrated with
ATAC [23] and DSENT [24]. Further on, Graphite supports full-mode that is not in
the recent versions of Sniper. Full-mode tolerates the distribution of single application
simulation across many machines. This is very handy in handy if one has a large
memory footprint that would be large enough to stimulate on a single machine. How-
ever, this can make the simulation reduce in case of barrier synchronization is used
instead of relaxed synchronization that graphite uses automatically [25]. It is im-
portant that the system calls are rooted so that they are executed on behalf of the oper-
ator. Sniper uses light-mode entirely, when it passes the system calls onto the OS.

Sniper has more quality visualization features that allow better understanding indi-
vidual runs with topology information for the architecture being generated. McPAT
energy was also incorporated into the visualization and it relays good results when
they are run with Sniper core and other models. Further on, Sniper has Python script-
ing support and a strong link between the SimAPI, scripting and the simulator. Sniper
is also compatible with MP1 applications as well as the interchange that takes place
between different processes through clear virtual-to physical mappings provided by
the OS [26]. Sniper had initially added true-DVFS support that allowed each machine
to run its own frequency. Sniper database statistics substructures are also sophisticated
to allow automatic generation of graphs and reports from the databases. Other features
of the Sniper include loop tracer, fault injection, statistically distributed DRAM laten-
cies and micro-op support [22].

6 Conclusion

It is critical to use a simulator tools that model many-core micro architecture details at
a faster rate than the full-system simulators characterized by software and hardware
overheads. At present, the main challenge is the simulation of thousand-core chips,
however, there is no mainstream operating system that can scale to this level. Moreo-
ver, the Instruction Set Architectures (ISAs) limits the number of cores thus making it
hard to achieve the desired target. In particular, x86’s Advanced Programmable Inter-
rupt Controllers (xAPICs) can support maximum 256 cores. At this level of operation,
choosing a simulator has to be based on the user-level simulator type. The Sniper
simulator is easy to use, and it can adequately balance performance and accuracy
trade-offs. However, not all instructions supported by various systems (i.e. the SSE4
and 64-bit x86) are modeled in Sniper.

The number of processes in a system and cores of each packet continues to grow
creating the challenge of simulating the growth in system sizes. A rapid growth of
multi-core technology combined with much larger cache sizes, requires long and ac-
curate simulations to test the next generation of system designs.
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