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ABSTRACT

The complexity of modern processors together with
the high cost of their development requires that pro-
cessor construction be paralleled by the construction
of a simulator to guide design decisions. The ma-
jor obstacle in using simulation to facilitate develop-
ment of new architectures is that traditional simula-
tion approaches are not flexible enough to permit easy
extension or modification of the underlying simula-
tion model. In this paper, we exploit object technology
to present the design and implementation of Sim286,
an execution-driven simulator that emulates much of
the functionality of the 80286 processor. The design
and implementation of Sim286 is accomplished through
extension and modification of an existing simulator,
SIMx86.

1 INTRODUCTION

The complexity of modern processors together with
the high cost of their development requires that pro-
cessor construction be paralleled by the construction
of a simulator to guide design decisions. In addition
to facilitating the development of the processor, a sim-
ulator can also facilitate the development of compiler
techniques to exploit the increased speed and func-
tionality of the new processor. Since successful pro-
cessors are frequently succeeded by newer and better
processors, an established simulator can be invaluable
in aiding the development of the successor processor.
However, the advantages that a simulator provides to
a developing architecture require that the simulator
be easy to extend and modify. Thus, an important
aspect of a simulator for a developing architecture is
ease of extension and modification.

In this paper, we exploit object technology to
present the design and implementation of Sim286, an
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execution-driven simulator that emulates much of the
functionality of the 80286 processor. Object technol-
ogy facilitates construction of a simulator for a pro-
cessor by permitting each component of the processor
to be represented directly in the simulator by an ob-
ject. The relationships between these objects in the
software reflect the logical relationships between pro-
cessor components.

Previous approaches to processor simulation in-
clude [BAB96, CUL89, CHKWS86, CK94, FC88,
NMST96, May87] and [VF94]. Two of these efforts
include a set of tools to facilitate processor simula-
tion, SimpleScalar{BAB96], and a toolkit that exe-
cutes on the Intel Architecture, Augmint{NMST96].
The SimpleScalar tool set emulates the MIPS
instruction set. A derivative of SimpleScalar,
SimpleScalarz86[BAB96], was developed to demon-
strate the extensibility of SimpleScalar to other in-
struction sets; SimpleScalarz86 emulates the x86 in-
struction set. The difficulty with the SimpleScalar tool
set is that, although its instruction set is extensible,
the actual simulator design is coded in C and is not
easy to extend or modify[AB96]. The Augmint tool
set inserts calls to the simulator in the input assembly
code at compile time. These calls generate events to
simulate different actions of the processor. The Aug-
mint simulator makes it easy to simulate other mem-
ory hierarchies but the simulator does not simulate
the actions of any particular processor and modifica-
tion or extension of the C-coded simulator to other
processors is non-trivial.

The remainder of this paper is organized as follows.
Section 2 presents background about Simx86 and the
Intel family of processors. Section 3 presents the de-
sign of $im286 including a detailed description of ex-
tensions and modifications to the Simx86 model. In
Section 4 we investigate the performance of Sim286



and we draw conclusions in Section 5.

2 BACKGROUND

In this section, we provide background for the In-
tel family of processors, ranging from the 8086 to the
80386 processor. We also provide background for a
previous version of Sim286: SIMx86[SMS97].

2.1 The 80x86 Processor Family

The origin of the 80x86 family of processors began
in 1978 with the introduction of the 8086 processor.
Shortly thereafter, the 8088 processor was added to
the family. Both processors have 16-bit registers and
use 20 bits (little-endian) to address memory; this per-
mits addressing of a megabyte (M) of memory. In-
structions provided for three type of operands: mem-
ory, register, and immediate. Instructions could com-
bine these operand types in any manner, except that
two memory operands could not be included in the
same instruction. The important distinction between
the 8086 and the 8088 is that the 8086 processor had
a 16-bit external data bus and a 16-bit internal data
bus where as the 8088 processor had an 8-bit external
data bus and a 16-bit internal data bus.

The 80186/80188 architectures, like the 8086 and
8088, are nearly identical. The only difference be-
tween the 80186 and 80188 is the width of their data
buses. The internal registers of the 80186/80188 are
identical to the 8086/8088. The only difference is
that the 80186/80188 contains additional reserved in-
terrupt vectors and some very powerful built in I/O
features.

The 80286 introduced several new features as com-
pared to the 8086. The 80286 has two different types
of operating mode: real address mode and protected
address mode. The real address mode was introduced
in the 80286 to permit backward compatibility with
the 80186 and the 8086 processors. In real mode the
80286 uses 24 bits to address up to 16 megabytes of
memory. In the protected mode the 80286 uses 32 bits
to address up to 1 gigabyte (G) of memory. The ad-
vanced architectural features and full capabilities of
the 80286 are realized in its native protected mode.
Among these features are sophisticated mechanisms
to support data protection, system integrity, task con-
currency, and memory management, including virtual
storage.

The 80386 added memory paging and introduced
32-bit processing. The size of data registers were in-
creased to 32-bits.

No substantial changes to memory addressing and
registers have been made in processors that followed
the 80386. Rather, subsequent 80x86 processors have
concentrated on fine tuning the micro-architecture of
the processor to increase performance. The 80486 in-
troduced pipelining and integrated the CPU and FPU
( Floating Point Unit ) on one chip.

2.2 SIMx86

Figure 1 shows the basic model for the SIMx86 sim-
ulator. The essential entities of a processor are rep-
resented by classes in the object model and their re-
lations are shown by the lines joining them. These
entities are part of each processor in the x86 family.
Processors improve their performance by adding to
the functionality of these basic entities. Using this
basic model, we intend to evolve our simulators, as
the processors of the Intel x86 family evolved, by ap-
plying Object Oriented techniques such as inheritance,
genericity and polymorphism.

3 THE DESIGN OF Sim286

In this chapter we present our design for the Sim286
simulator. This design is extended from the design
for the SIMx86 shown in Figure 1. We believe that
the model for the SIMx86 can be extended to design
simulators for Intel’s 80286, 386, 486 and Pentium
processors. We demonstrate the extensibility of the
SIMx86 model by implementing Sim286 (Sim286 sim-
ulates some of the features of a 80286 processor).

We have added 3 instructions to the instruction set
of the STMx86. These are the far Call ( for immediate
and memory addressing modes ), the far Jump ( for im-
mediate and memory addressing modes ), and the Ret
instruction for inter-segment return. Sim286 simulates
most of the features of a 80286 processor. The new
features that are added to the simulator for the 8086,
to extend it to a simulator for the 80286 are, virtual
memory addressing, protection mechanism, segmen-
tation, prefetching of instructions, and the two modes
( real and protected ) of operation. Functionality is
added to use COM file as input in protected mode.
Functionality is added to collect cycle count informa-
tion for a executing program. The cycle counts for
the individual instructions and memory accesses are
defined as constants. Accurate cycle counts for the
execution of the program may be calculated if cycle
counts for the individual instructions and memory ac-
cesses are available. We currently do not present cycle
count information.



ProcessorSimulator

ProcessorSimulator(char*); // Load program from file

int runSim();
CPU BIU Bus Memory
CPU(BIU*#); BIU(Bus*); Bus(Memory); Memory(char #);
. Instruction* decodelnstruction(Address);
Word getFlags(); e ) . I }
void seFlags(Word):; Instruction* fetchInstruction(Address); Instruction* fetchInstruction(Address); Tnstruction* readInstruction(Address);

void storelnstruction(Address, Instruction*);
Content readReg(registerName); Byte fetchDataByte(Address);

void storeDataByte(Address, Byte);
Word fetchDataWord(Address);

void storeDataWord(Address, Word);

void writeReg(registerName, Content&);

Instruction* fetchInstruction(Address);

void storeInstruction(Address, Instruction®);

Byte fetchDataByte(Address);

void storeDataByte(Address, Byte);
Word fetchDataWord(Address);
void storeDataWord(Address, Word);

void Address, I ion*);
Byte fetchDataByte(Address);

void storeDataByte(Address, Byte);

void writeInstruction(Address, Instruction*);
Byte readDataByte(Address);
void writeDataByte(Address, Byte);

int go(); //Start fetch and execute cycle Address ' W Ol"d : 2 Byt e k
. [ ]
Register<Content> ]
Operand Instruction

Content read();

void Wrie(Content): virtual Word read(CPU&) = 0;

Byte getSize();

virtual void write(CPU&, Word) throw(ErrorMsg) = 0;
virtual Address getEffectiveAddress(CPU&) throw(ErrorMsg) = 0;

Instruction();

'7 virtual void execute(CPU&) throw(Halt, ErrorMsg) = 0;
Byte getLength();

void setLength(Byte);

Figure 1: SIMX86: the original model for the 80x86 architecture.

Sim286 does not implement simulation of task man-
agement and interrupts. We believe that our model
for the Sim286 could be extended to incorporate these
features. These features may be added in the future
simulators extended from this model.

In designing the Sim286, additions, extensions and
modifications are made to the SIMx86 design. We will
discuss each of this in detail in the following subsec-
tions. In designing Sim286, whenever a tradeoff be-
tween extensibility and performance was evident, our
primary consideration was always extensibility. Our
secondary consideration was to construct the simula-
tor model so that entities in the simulator resembled
entities in the actual architectural model.

We have designed the Sim286 with capability of
simulating prefetching. In prefetching, the instruc-
tions are prefetched and predecoded in parallel with
other operations of the CPU that do not use the BIU
or the decode unit respectively. To simulate the par-
allel execution of events, we added an event list; the
detailed design of the classes in the Simulation Archi-

tecture component is shown in Figure 2. The opera-
tions of the processor are partitioned into events and
each event is triggered at appropriate time.

The Event hierarchy of Figure 2 has 15 different
events that can occur. When an event is generated it
is provided with a trigger time, a priority, and possibly
another event on which it depends. When the system
time becomes the trigger time, the event occurs (is
triggered). Events occur in the order of their trigger
time and for events with the same trigger time, the
events with higher priority are triggered before the
ones with lower priority. The two key methods in the
abstract base class Event are canOccur and execute.
The implementation of these methods depends on the
particular event in the hierarchy.

An event is triggered by invoking the execute
method of the Event class; the execute method calls
another method canOccur to see if the event can occur
at this time. In case the event has all the resources
that it needs to occur, the actions associated with the
event are simulated. The canOccur method checks to



Event

virtual bool canOccur() = 0; EventList
virtual bool execute() = 0;
virtual void reSchedule( TIME newTime ); void insert (Item *X);
bool hasOccured(); void toss ( Item *X );
TIME getTime(); ® Item *findMin();
PRIORITY getPriority(); Item *deleteMin();
COUNT getNoOfDependents(); void fixHeap();
void setTime( TIME pTime); int isEmpty();
void setPriority( PRIORITY pPriority ); int isFull();
friend bool operator < ( Event& LHS, Event& RHS ); void makeEmpty();
friend bool operator > ( Event& LHS, Event& RHS );

DecodeEvent ExecuteEvent MemoryAccessEvent OperandFetchEvent

virtual bool canOccur();
virtual bool execute();

virtual bool canOccur();
virtual bool execute();

virtual bool canOccur();
virtual bool execute();

virtual bool canOccur();
virtual bool execute();

ﬁ

CpuDecodeEvent

PrefetchMemoryEvent

CpuMemoryEvent

virtual bool execute();

virtual bool execute();

virtual bool execute();

PrefetchDecodeEvent

virtual bool canOccur();
virtual bool execute();

ExtendedCpuDecodeEvent

virtual bool execute();

IFetchEvent MemoryWriteEvent

virtual bool execute(); virtual bool execute();

TwoOpDestFetchEvent

virtual bool execute();

OneOpDestFetchEvent

SourceFetchEvent

virtual bool execute();

virtual bool execute();

ExtendedIFetchEvent

virtual bool execute();

Figure 2: This figure summarizes the events that are simulated in Sim286.

see if the resources are available for the execution of
that event. For memory events, canOccur checks if
the BIU is idle; for decode events, canOccur checks to
see if the decode unit is idle. Apart from the resources,
canOccur also checks for dependencies between events.
An event may have a list of events that it depends on.
An event can occur only when all the events that it de-
pends on have occured. The methods operator< and
operator> in the Event class are used to decide the
order in which the events have to be triggered.

The EventList class in Figure 2 is a binary heap
where the events are inserted as they are generated
and then they propagate up towards the root as their
trigger time comes near. The event at the root is al-
ways the one with the smallest trigger time and the
one with the highest priority if there are more than
one with same trigger time.



Program No. of Insts. Sim286 Real Sim286Protected | Sim8088 Sim286Real/ | Sim286Protected/

(seconds) (seconds) | (seconds) Sim8088 Sim8088
1. fibbk 797 0.22 0.23 0.01 22 23
2. gauss 9,336,673 2,815.69 2,944.73 44.78 62.86 65.76
3. isort 50,609 14.88 15.57 0.21 70.86 74.14
4. livermore 8,815 2.68 2.82 0.04 67 70.5
5. matmult 5,290,788 1,443.26 1,509.7 22.73 63.5 66.42
6. normal 3,613,580 1,024.75 1,067.7 15.08 67.95 70.8
7. qsort 3,609,661 1,011.89 1,057.5 14.09 71.82 75.05
8. sieve 224,961 73.44 76.58 0.98 74.94 78.12
9. tiling 4,506,527 1,321.92 1,381.01 19.02 69.5 72.61
10. transpose 2,641,436 779.13 810.27 11.51 67.69 70.34

Figure 3: Performance Results for the Test Suite of 10 programs.

4 PERFORMANCE

In this chapter we compare the execution times of
Sim286 to its predecessor Sim8088. We present the
statistics collected by Sim286. We then go on to show
some test scenarios run on Sim286 to test its function-
ality and in the end we discuss some ways in which we
could improve the performance of our simulator.

In chapter 3, we presented our model of a simula-
tor for the 80286 architecture, Sim286, that exploits
object technology to produce a design that is easy to
extend and easy to modify. When making design deci-
sions, our primary consideration was extensibility and
ease of modification over performance. Our secondary
consideration was for design to closely reflect the ac-
tual architecture. To illustrate how we effected these
decisions, Sim8088 decoded each instruction the first
time it was encountered and saved the results, thus
saving time when encountering instructions repeatedly
during loops. However, Sim286 decodes each instruc-
tion as part of the execution cycle; thus, instruction
execution in Sim286 closely reflects instruction exe-
cution in the 80286 architecture. These two design
considerations can erode performance.

To provide some measure of the performance of
Sim286, we compare execution of a test suite of ten
programs on both Sim286 and Sim8088. The prob-
lem with this comparison is that we are comparing
two different architectures. Sim286 implements much
more functionality than Sim8088. However, both sim-
ulators are derived from the same base model, they
both take COM files as input, and both simulators
simulate the same core instruction set.

All experiments with the test programs were con-
ducted on a Gateway 2000 with a 133 MHz Pentium
processor running the Solaris 2.5 operating system.
The programs were executed ten times and the execu-
tion times reported in this chapter are averages over
these ten executions.

Our testsuite is composed of ten C programs that
include both scientific and general purpose workloads.
To create binary executables for both SIMx86 and
Sim286, we use a C compiler for the PC to produce
8086 assembly code. The 8086 assembly code is as-
sembled using Wolfware Assembler, or WASM[Tau85],
to create an executable COM file. A COM file is
a command processing file that contains executable
commands or statements.

Figure 3 presents in tabular form, the results of our
experiments. The first column of the table lists our
test programs, the second column lists the number of
instructions executed, the third and fourth columns
list the execution times for Sim286 in Real and Pro-
tected mode respectively. Column five lists the exe-
cution times for Sim8088. The final two columns lists
the ratio of execution times for Sim286 to Sim8088.

The test programs listed in column one of
the table in Figure 3 include a program to
compute Fibonacci numbers, fibbk; a program
that uses Gaussian elimination without pivoting,
gauss[Wol96]; an insertion sort, isort; the first Liv-
ermore loop, livermore[McM72]; matrix multiplica-
tion, matmult[Wol96]; a program to transform a ma-
trix into Hermite normal form, normal[Wol96]; the
quicksort program, gsort; the sieve of Erosthothenes,
sieve; a program that uses tiling to optimize data
cache references, tiling[LRW91]; and a program to
perform matrix transposition, transpose.

To illustrate our results, the second row of Figure
3 presents performance results for the gauss program.
Sim286 required 2,198.59 seconds to simulate execu-
tion of the gauss program in real mode and 2,815.69
seconds to simulate execution of the gauss program
in protected mode. Sim8088 required only 44.78 sec-
onds to simulate execution of the gauss program; thus,
Sim8088 is approximately 62 times faster than Sim286
when Sim286 executes in real mode, for this program.



5 CONCLUDING REMARKS

In this paper we have presented the design and
implementation of Sim286, an execution-driven sim-
ulator that emulates much of the functionality of the
80286 processor. We have shown how object tech-
nology facilitates construction of a simulator for a
processor by permitting each component of the pro-
cessor to be represented directly in the simulator by
an object. We have shown the extensibility of the
SIMx86[SMS97], the predecessor of Sim286, by extend-
ing the design of SIMx86 to include much of the func-
tionality of the 80286 processor. The design of Sim286
exploits polymorphism, overloading and genericity to
produce a model that is easy to extend and modify.
We have compared the performance of Sim286 to its
predecessor, Sim8088. Finally, we have outlined how
our model for Sim286 can be extended to simulate
some of the functionality of the 80386 processor.
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