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Abstract
Instruction-level simulation techniques are the predomi-

nant approach to evaluate the impact of architectural design
alternatives on the performance of computer systems. Pre-
vious simulation approaches have not been capable of exe-
cuting unmodified system as well as application software at
an acceptable performance level. Commercial applications,
such as databases, constitute a particular challenge.

The SIM ICS/sun4m platform has been designed to ef-
ficiently execute completely unmodified software binaries,
such as databases and operating systems. Moreover, it is
possible to flexibly model a variety of computer system ar-
chitectures. We describe in this paper how the platform is
used (i) for software development and application perfor-
mance tuning for a given hardware architecture, (ii) for eval-
uation of performance increasing architectural modifications
with focus on a particular application, and (iii) for combined
performance increasing measures of both the hardware ar-
chitecture and the software system.

1 Introduction
We recognize an increasing importance in identifying, and

finding remedies for, performance bottlenecks for complex
commercial applications such as databases, on future single
and multiprocessor systems. In order to do this, suitable tools
for system evaluation are needed. Such a tool must be able
to cover the software/hardware interactions, including the ef-
fects of operating system and I/O. It should also provide the
basis for architectural modifications with the purpose to in-
crease application performance, as well as the ability to ex-
amine application and operating system adaptations for in-
creased performance on a particular target architecture. The
SIM ICS/sun4m simulation environment is such a tool.

To correctly model interactions of system software and
underlying hardware, several possibilities exist. We believe
that detailedsimulationyields the most promising alterna-
tive. Other commonly used methods to study complex sys-
tems (such as running the workload directly on target hard-
ware), all lack the observability and versatility of simulation.
They also do not exhibit the accuracy and level of detail that
simulation can provide. Several simulation techniques ex-
ists, but we argue thatinstruction-set simulation[2] allows
for the accuracy and observability needed to accommodate
system software interactions.

The SIM ICS/sun4m platform is built around SIM ICS [15]

– a program driven SPARC1 V8 instruction-set simulator. To-
gether with precise simulated models of hardware devices
that comprise the sun4m2 architecture, and the ability to ac-
curately model detailed implementations of this architecture,
we possess a simulator platform that is able to boot and run
unmodified operating systems, such as Linux and Solaris.
This simulator provides the means for evaluating the perfor-
mance of contemporary and future multiprocessor computer
architectures, and their interaction with operating systems
and applications, such as databases.

The goal of the SIM ICS/sun4m platform has been to ac-
commodate detailed system models of e.g. memory and I/O
systems and at the same time provide a reasonable slowdown
to make it feasible to execute large applications. While the
slowdown depends on the level of detail of the system model,
a slowdown of about 25 is achieved for simple memory sys-
tem simulations.

While the underlying principle of SIM ICS/sun4m is pre-
sented in an accompanying paper [7], we focus in this pa-
per on how one can use it to evaluate performance of com-
mercial workloads, taking the complete system behavior into
account. In our studies, we have used the Linux 2.0.30 op-
erating system, with the PostgreSQL database handler from
Berkeley.

The rest of this paper is organized as follows. Section 2
identifies which system aspects are important to track perfor-
mance bottlenecks in database applications. It also identifies
the weaknesses of previous evaluation methods so as to un-
derstand the approach taken in SIM ICS/sun4m. Section 3
then describes how SIM ICS/sun4m addresses these weak-
nesses and Section 4 presents how SIM ICS/sun4m has been
used to identify performance bottlenecks in different parts of
the complete system, before we conclude in Section 5.

2 Background
Historically, performance evaluations of computer sys-

tems have mainly targeted scientific and engineering appli-
cation domains, utilizing benchmark suites such as SPEC
for uniprocessors and SPLASH/SPLASH-2 [16] for multi-
processors. Although trends show a substantial increase in
the market revenue for using high-end multiprocessor sys-
tems for database applications [12], performance evaluation
methods have not been geared towards this application do-
main.

1SPARCis a trademark of SPARCInternational, Inc.
2Sun4m is a trademark of Sun Microsystems, Inc.



In Section 2.1, we give a brief introduction to database
systems, while in Section 2.2, we point out the specific con-
cerns that need to be taken when making performance eval-
uations of database systems. Finally in section 2.3, we list
available methods that are used to do these evaluations and
their shortcomings.
2.1 Database System Overview

A database system consists of a number of data tables,
and often some relations between entries in them. Each en-
try often has multiple fields, such as name, social security
number, etc. There are two common application domains
of database systems, transaction processing (TP) or decision
support (DSS). In a TP system, queries arrive to the database
server requesting certain updates of database entries, for ex-
ample a decrement of the number of parts in an inventory
database. In a DSS, the database is mainly used in a read-
only manner, and the queries instead ask for more complex
compilations of information from multiple tables such as
“What is the total value of all orders received after June 12
that have not yet been shipped?”.

In a client-server database management system (DBMS),
a query arrives at the database server process, which often
starts a new process to handle the query. Such a system
typically can handle multiple different queries in parallel as
different processes, i.e.inter-query parallelism, but some
database handlers also support one query to be executed in
parallel on multiple processors in a multiprocessor, i.e.intra-
query parallelism. The fact that different processes poten-
tially access the same database tables concurrently requires
more or less complex locking mechanisms to guarantee data
consistency.
2.2 Evaluation of Database Systems

In order to understand what happens when running
database management systems on high-end (multiprocessor)
computers, other considerations need to be taken than when
evaluating scientific/engineering applications. The reason
for this is that database system behavior differs from that of
scientific/engineering applications in some major aspects [9].
They have

� much larger code and data sizes;

� a higher I/O intensity; and

� more interaction with the operating system

Consequently, a deeper knowledge is needed of what hap-
pens at all levels of the system. These levels include (in a
coarse distinction): application, compiler, operating system,
and hardware architecture with its I/O system, conceptually
shown in Figure 1. Database system behavior is highly de-
pendent on the properties of the processor, memory, and the
I/O system for its operation. These components should there-
fore be included when making evaluations of these systems.

Let us review the differences between database systems,
and scientific/engineering applications, as well as point out
specific attributes of database behavior.

Scientific/engineering types of applications often have
simple data structures with regular operations performed
on them, with high temporal and spatial code/data locality.

HW/SW interface

Memory

Operating system

Database management system

Database application

I/O systemProcessor(s)

Figure 1: Conceptual overview of a database system

Databases on the other hand, have highly irregular data struc-
tures and more complex operations performed on the data,
with less locality [9]. This ultimately leads to more conflicts
in the memory system, and a detrimental impact on perfor-
mance.

As mentioned, the performance of a DBMS largely de-
pends on the performance of the I/O subsystem, both regard-
ing virtual memory handling, and the granularity and organi-
zation of data structures, e.g.recordsin the database. As
database operations spend much time reading and writing
records to disk, these operations need to take into consid-
eration how the data is actually laid out on disk and how the
virtual memory is exploited to cache reused data and code.
With disk operations being magnitudes slower than memory
accesses, their influence on performance is high.

Inter-query parallelism and intra-query parallelism are
fundamental performance increasing techniques, which puts
higher demands on scheduling, and an increase in synchro-
nization usage on the operating system. These techniques
can thereby not be studied with a system model that lacks
ability to include them. Especially with multiprocessor ar-
chitectures, these techniques have crucial influence on per-
formance.

In summary, the evaluation methodology used when iden-
tifying performance bottlenecks, or estimating gains from ar-
chitectural modifications on performance for an application,
needs to model the system in high detail and include the oper-
ating system as well as the underlying hardware architecture.
It should also be able to relate events in the source code of
the application and operating system to effects in the archi-
tecture, and vice versa.
2.3 Performance Evaluation Approaches

The methodologies used today in evaluating the perfor-
mance of database applications varies heavily. All methods
presented, conceptually belongs to one of a few basic tech-
niques for performance evaluation.

Evaluating a real system– By the use of hardware prob-
ing or rudimentary instrumentation of object code, conclu-
sions of the running application can be drawn [1, 3]. Al-
though this approach has the benefit of being highly realis-
tic, it yields poor instrumentation capabilities, and it is con-
fined to be used on existing architectures. It also has low ob-
servability in terms of relating system events to application
source code.

Analytical modeling – With a statistical/probabilistic ap-
proach based on rough estimations on the memory system,
execution times, etc., dynamic effects such as sharing of data,
contention at synchronization variables, hit-ratios and con-



flicts in the cache hierarchy, are very hard to contemplate.
Even if valid assumptions can be made on several important
system aspects and parameters, modeling their combined be-
havior is difficult. This method is subsequently restricted to
confined aspects of the application and not the overall sys-
tem performance. An example of this approach can be found
in [4], where the performance of parallel join algorithms in a
memory mapped I/O environment are evaluated using quan-
titative analytical models.

Trace-driven simulation – An existing system is probed
when executing a particular workload. The memory refer-
ences extracted are used in a simulator that allows for manip-
ulations on architectural features such as memory organiza-
tion, processor design, etc. While this simulation technique
has been successful in describing the behavior of complex
workloads [9], it exhibits some essential drawbacks. As the
trace is produced on an existing system, no conceptual mod-
ifications can be made to that system, without jeopardizing
the validity of the trace. Neither can any useful insights be
drawn on internal system behavior due to the inherent “black-
box” view of the system that this method provides.

Instruction-set simulation – This method is based on
the concept of letting binaries, possibly modified, run on a
simulator that produces the same effect on a system state
that the binary would, being executed on a real architec-
ture. Traditionally, instruction-set simulators have been un-
able to provide enough system realism to allow for system-
level code (i.e. operating systems), and effects of hard-
ware interactions [14]. The SimOS [10, 11] platform from
Stanford, as well as SIM ICS/sun4m [5–7,15] platform from
Chalmers/SICS, model a hardware platform in enough de-
tail to execute an operating system with arbitrary workloads.
However, SimOS lacks the ability to run completely unmod-
ified operating system binaries because of its simplified de-
vices, while restricted to a proprietary operating system (Irix)
with publicly unavailable source code.

As we are interested in an evaluation methodology that
supports modifications of the underlying hardware as well as
software, instruction-set simulation is the most viable alter-
native. Additionally, binary compatibility, i.e. capability to
run completely unmodified binaries on the platform, moti-
vates the usage of SIM ICS/sun4m, which we describe in the
next section.

3 Simulation Platform

The SIM ICS/sun4m platform, depicted by the shaded area
in Figure 2, is an instruction-set simulator environment, ca-
pable of executing unmodified binaries of operating systems
as well as applications, as it would on target hardware. In
this section we describe how SIM ICS/sun4m is constructed,
as well as give some examples of its applicability.

SIM ICS/sun4m consists of three components: the
SIM ICS instruction-set simulator developed at SICS, the
sun4m kernel architecture simulator developed at SICS and
Chalmers, and a set of memory system simulators devel-
oped at Chalmers. A more in-depth description of the SIM -
ICS/sun4m simulator can be found in [7].

Kernel architecture

functionality and timing
Implementations of

interface

MemorySimICS
Devices

Operating system

Database management system

Database application

Figure 2: The SIM ICS/sun4m simulator platform

3.1 SIM ICS
SIM ICS is a highly optimized, program-driven, SPARC

V8 instruction-set architecture simulator, supporting multi-
ple processors, multiple physical address spaces, and system-
level code. It extends the design principles of fast instruction-
set simulators that make use of threaded code and/or native
code generation [2, 5]. The system level support in SIM ICS
allows a user to write separate modules to simulate devices,
memory management units, and memory hierarchy simula-
tors. These modules can then be dynamically loaded to ex-
tend SIM ICS. Additionally, SIM ICS can perform extensive
profiling and debugging of the running workload, as shown
in [8] for application and architecture, although not including
operating system interaction.

3.2 Kernel Architecture Support
Extensions to SIM ICS in the form of devices, provide

a hardware/software interface equivalent to their hardware
counterparts. SIM ICS provides generic support for passing
memory operations to the correct device, which in turn im-
plements the required functionality. Akernel architecture
is the minimal collection of such devices, together with an
instruction-set architecture and a basic memory model, that
provides binary compatibility with an existing architecture,
e.g. the sun4m architecture, allowing unmodified system
binaries to be run as they would on target hardware. Cur-
rently, the kernel architecture of SIM ICS/sun4m provides es-
sentially complete sun4m functionality; SCSI, console, inter-
rupt, timers, EEPROM, and Ethernet devices.

3.3 Memory System Simulators
SIM ICS implements the basic memory model of the ker-

nel architecture, such as handling interleaving of memory op-
erations. The memory system simulator is not part of the
kernel architecture, as it is not visible by any executed code.
Instead, it provides the processors with a latency to be asso-
ciated with any memory operation. This latency depends on
the organization and characteristics of the simulated memory
hierarchy, which can have arbitrary instrumentation.

The memory system simulator is fed with every memory
reference stemming from the executed program(s), resulting
in a possible processor stall at the granularity of one instruc-
tion. A memory reference is represented by a data structure
containing detailed context information about the operation,
e.g. the physical as well as the virtual address of the opera-
tion, what processor and what process issued the reference,



is it a read, write, or synchronization operation, etc. This al-
lows collection of statistics and detailed profiling of the run-
ning workload.

As long as we uphold the kernel architecture properties
of the simulator, we have total freedom to modify the under-
lying functional and temporal implementations of the mem-
ory system as well as devices, i.e. we can evaluate different
system characteristics in terms of timing and behavior. This
will be further described in the next section. These imple-
mentations are symbolically depicted in the bottom row of
Figure 2.

In the next section we present how we use SIM ICS/sun4m
for hardware and software evaluations.

4 Using SIM ICS/sun4m
We will in this section illustrate how SIM ICS/sun4m can

be used for the following tasks; (i) with a given hardware
architecture, support software development and application
performance tuning, (ii) for a given application, enable evalu-
ations of performance increasing architectural modifications,
and finally (iii) being a platform for performance increasing
measures of both the hardware architecture and the software
system. This will be shown with some simplified, easily un-
derstood examples.

4.1 Evaluating Software Design
It is of great importance to understand how applications

should be constructed to make the most use of hardware re-
sources such as processors and memory. Larger modifica-
tions to existing applications with the purpose of enhancing
performance, i.e.performance tuning, are often impaired by
insufficient understanding of the total outcome of such mod-
ifications.

An example of a situation where the overall behavior of
an application is difficult to contemplate, is the effect offalse
sharing, arising in a multiprocessor. False sharing occurs
when e.g. a data structure contains elements which are indi-
vidually private to a processor, but located within the same
cache block. This phenomenon could lead to unnecessary
cache block invalidations and a potential performance prob-
lem.

With SIM ICS/sun4m, statistics on cache behavior can
identify false sharing behavior and also, due to the fact that
both physical and virtual addresses are known, show which
data structures in the source code that are involved. An ap-
plication programmer can use this information for restructur-
ing or rewriting the application in a manner that reduces the
amount of false sharing.

Here, we present another example of software develop-
ment support where a performance bottleneck in a database
system is identified. When measuring hit ratios for first and
second level caches with PostgreSQL [13] running query #6
from the TPC-D benchmark suite on Linux 2.0.18, using
a database scaling factor of 0.01, we recognized that there
was a large amount of misses in the second level (L2) cache.
By making histograms over all cache blocks during database
queries, we found that in the first level cache, a substantial
amount of blocks (88%) was cached only once during the en-
tire run. Tracing all accesses to cached-once blocks, we saw
that over 95% of them originated from only three instructions

in the kernel. These instructions in turn, were responsible for
moving and initializing memory objects, in many cases gen-
erated by asequential scanoperation in the database appli-
cation. These blocks could have a tendency to sweep parts
of the L2 cache, producing unnecessary high conflict miss
ratios. Although this example showed an inherent attribute
of the application, it still pointed out the important aspect of
identifying performance problems.

The analysis above clearly shows how powerful the SIM -
ICS/sun4m simulation environment is as a tool for identi-
fying application or operating system bottlenecks. A clear
line of events could be drawn from the initial discovery of
high conflict miss ratios in the second level cache, to a line
of source code in the operating system kernel and further to
where it is used in the application program. It remains to be
shown what can be done to remedy this performance bottle-
neck.

4.2 Evaluating Hardware Design
In this section we give an example of how SIM ICS/sun4m

for a given application, enables evaluations of performance
increasing architectural modifications. The same methodol-
ogy can be used for any commercial workload in the form of
unmodified binaries, including operating systems, even with-
out available source code.

In our example, we modified the cache sizes to reflect
different memory system configurations. We repeated the
database query for a range of different sizes of L1 and L2
caches and we found that the problem persisted for a range
of cache sizes. The miss ratios ranged from approximately
50% for a 64 kbyte L2 cache, to 3.5% for a 2 Mbyte L2
cache.

The experiment was done using SIM ICS/sun4m in a
uniprocessor configuration. When evaluating a multiproces-
sor architecture with a more complex memory organization,
additional issues would be of interest. These include the
cache coherence protocol for keeping multiple cached copies
of data consistent, mechanisms for moving large quantities of
data, and interconnection network parameters.

4.3 Modifying the Hardware/Software Interface
To increase the performance of a system, modifications to

the hardware/software interface is sometimes of importance.
An example issoftware prefetching, where new instructions
to fetch data prior to its usage are added to the architec-
ture. To evaluate a system employing e.g. software prefetch-
ing, we need a methodology supporting both modifications
of hardware and the corresponding changes in software to
use the feature. Next, we describe how SIM ICS/sun4m was
utilized to perform this type of modifications to our system
example.

After having identified high conflict miss ratios as a possi-
ble performance problem in the previous section, we sought
a means to limit its impact on the performance of the appli-
cation. We therefore introduced a feature in the architecture
which lets a memory operation select whether to bypass the
second level cache or not. Subsequently, we modified our
application to consider this alternative and evaluated the re-
sulting effects on the second-level cache miss ratios.

To detect the effect of not caching the cached-once blocks



originating from the sequential scan, we measured miss ra-
tios in the L2 cache before and after the modification to the
application that exploited the possibility of bypassing the
second level cache. With the use of special instructions, in-
serted at appropriate points in code that performed the se-
quential scan, measurements were made with all other pa-
rameters fixed. For a 1 Mbyte L2 cache, the miss ratio de-
creased from 5.1% to 2.8%, and from 3.5% to 1.3% when
a 2 Mbyte L2 cache was used. This means that about half
of the cache misses are caused by a single function in the
application. A valuable insight of this, is that by using selec-
tive caching during sequential scan operations, the amount of
conflict misses can be reduced.

This example shows the strength of SIM ICS/sun4m when
it comes to modifications in the hardware/software interface,
a very important property for evaluating new architectural
features and for understanding how the applications can ben-
efit from them.

In summary, we have shown the potential of SIM -
ICS/sun4m as to quantitatively determine figures such as
cache miss ratios, but also (and more important) to relate the
obtained numbers to events in the application, operating sys-
tem, and hardware.

5 Conclusions
In this paper we have described how to use the SIM -

ICS/sun4m platform as a complete system simulation envi-
ronment for commercial workloads. SIM ICS/sun4m consists
of the instruction-set simulator SIM ICS, a sun4m kernel ar-
chitecture simulator, and a set of memory system simulators.
Combined, these simulators constitute a platform which we
intend to use for performance evaluation purposes, with the
main focus being commercial workloads, e.g. database ap-
plications.

SIM ICS/sun4m is currently able to run completely un-
modified binaries, developed for the SPARC/sun4m hardware
architecture. This includes the Linux 2.x and Solaris 2.6 op-
erating systems, which are booted directly from dumps of
real disk partitions, exactly in the same manner as they would
on real hardware.

Additionally, we have shown how SIM ICS/sun4m; (i) for
a given hardware architecture, supports software develop-
ment and application performance tuning, (ii) for a given
application, enables evaluations of performance increasing
architectural modifications, and also (iii) is a platform for
performance increasing measures of both the hardware ar-
chitecture and the software system.
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