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Tutorial Overview

e OQverview and basics
e Using the tool suite
 How to use sim-outorder

e How to build your own ssmulators

e How to modify the ISA

e How to use the memory extensions
« SimpleScalar limitations and caveats

* Wrapup
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Motivation for tutorial

* Free for academic non-commercia use

- Commercial restrictions apply

* Promote the tools

e Facilitate building a user community
- Lots of exciting things happening

e Underscore limitations
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The SmpleScalar Tool Set

e computer architecture research test bed
o compilers, assembler, linker, libraries, and ssmulators
Q targeted to the virtual SimpleScalar PISA architecture
0 hosted on most any Unix-like machine

» developed during Austin's dissertation work at UW-Madison

a third generation simulation tool (Sohi — Franklin — SimpleScalar)
a in development since ‘94

o first public release (1.0) in July ‘96

0 second public release (2.0) testing completed in January ‘97

 available with source and docs from SimpleScalar LLC

http://ww. si npl escal ar. com
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SimpleScalar Tool Set Overview

Fortran code C code

v v
F2C > GCC |  Assembly code

=

GAS
. | object files y Simulators
: T
lipe==t——2 GLD @Es
libc.a Bin Utils

o compiler chainis GNU tools ported to SimpleScalar
* Fortran codes are compiled with AT& T'sf2c
 libraries are GLIBC ported to SimpleScalar
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Advantages of SImpleScalar

e Extensible
- source for compiler, libraries, simulators

- user-extensible instruction format
* Portable
- runson NT and most UNIX platforms
- target can support multiple |SAs
 Detailed
- Interfaces support simulators of arbitrary detall
- Multiple smulators included with distribution
 Fast (millions of instructions per second)
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Goal - large-scale research infrastructure

* Create large user base

- Makes extensions avallable to all
e Software ssmulators now are ad hoc

- Common reference platform

- Reproducible results

- Reduces research overhead
- Whole community benefits
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Upcoming in SimpleScalar

* Major release (3.0) in spring/summer

- Memory extensions
- Multiprocessor simulator

- Value prediction/trace caches?

e More instruction sets
» Kernel extensions (Linux?)
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A Computer Architecture Simulator Primer

 What isan architectural ssmulator?
0 tool that reproduces the behavior of a computing device

System
| nputs

o Why use asimulator?

Device
Simul ator

—>  System Outputs

—> System Metrics

0 leverage faster, more flexible /W devel opment cycle
o permits more design space exploration
o facilitates validation before H/W becomes available
o level of abstraction can be throttled to design task
o possible to increase/improve system instrumentation
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A Taxonomy of Simulation Tools

Trace-driven |nst. schedulers

Direct execution

* shaded tools are part of SimpleScalar
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Functional vs. Performance Simulators

Arch |uArch
Spec («— Spec
A A

—> Development

Specification

v V
Arch —uArch
Sm |< Sm

Simulation

 functional simulators implement the architecture
0 the architecture iswhat programmer’ s see
» performance simulators implement the microarchitecture

0 model system internals (microarchitecture)
o often concerned with time
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Execution- vs. Trace-driven Simulation

e trace-based simul ation: — inst. trace ’-

- reads a “trace’ of insts saved from previous execution
- easiest to implement, no functional component needed
- no feedback into trace (e.g. mis-speculation)

e execution-driven ssimulation: program

- simulator “runs’ the program, generating stream dynamically
- more difficult to Implement, many advantages
- direct execution: instrumented program runs on host
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Functional vs. performance simulators

 Functional simulators implement the architecture
- Perform the actual execution

- Implement what programmers see
 Performance (or timing) simulators implement the microarch.
- Model system resources/internals
- Measure time
- Implement what programmers do not see
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Instruction schedulersvs. cycle timers

e constraint-based instruction schedulers
- ssmulator schedules instructions based on resource availability

- Instructions processed one at atime, in order

- simpler to implement/modify, generally less detailed
e cycle-timer simulators

- smulator tracks microarch. state each cycle

- many instructions in various stages at any time

- simulator state == microarch. state

- good for detailed microarchitecture ssimulation
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Tool set history/acknowledgments

e Sohi’s CSim begat Franklin’s MSim begat SimpleScalar
- Written by Todd Austin
- First public release in July ‘96, with Doug Burger
 Other contributors:
- Kevin Skadron (branch prediction extensions)
- Alain Ké&gi (early work on memory extensions)
- Many others for bug fixes and suggestions

e Thanksto industrial and government funding sources
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SimpleScalar resources

 Public release (2.0 and back) available from SimpleScalar LLC

- http://www.simpl escalar.com
 Technical report:
- The SmpleScalar Tool Set, Version 2.0
- UW-Madison Tech report #1342, July, 1997.
o SimpleScalar mailing list
- e-mail info@s mplescalar.com
- message body contains “ subscribe simplescalar”

o If all elsefails, mail the maintainers (info@s mplescalar.com)
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Goals for today

» Good high-level overview for new participants

 Details for more experienced participants

 Enumerate limitations of tools

e Answer questions - ask any time!

« FEEDBACK - how can we improve the tools and support?
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Tutoria Overview

e Qverview and basics
e Using the tool suite
 How to use sim-outorder

e How to build your own ssmulators

e How to modify the ISA

e How to use the memory extensions
« SimpleScalar limitations and caveats

* Wrapup
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SimpleScalar tool set overview

Fortran code C code

Y
F2C — GCC

Assembly code

GAS

ot et Simulators
object files

libf 77.an ecutables

i Glei e

hc.a Bin Utils

- Compiler chain is GNU tools ported to SS ISA
- Fortran codes are converted with AT& T f2¢
- libraries are CLIBC ported to SimpleScalar
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Getting up and running

e Simulators only

- prebuilt binaries (SPEC95 and test)

- prebuilt libraries

 Test benchmarks
- compile SS gec, binutils

 New ISA
- modify ss.def

- dlter gcc, binutils
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Sample commands

* running a simulator:

sim-outorder [simulator opts] benchmark name [bench opts]

e compiling a C program:

sshig-na-sstrix-gcc -g -O -o foo foo.c -Im
e compiling a Fortran program:

sshig-na-sstrix-f77 -g -O -o foo foo.f -Im

e compiling an SS assembly program:
sshig-na-sstrix-gcc -g -O -0 foo.s -Im
e disassembling a program:

sshig-na-sstrix-objdump -x -d -1 foo

e building alibrary:

sshig-na-sstrix-{ar,ranlib}
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Global ssmulator options

e supported on all ssimulators:
-h - print simulator help message
-d - enable debug message
-i - start up in DLite! debugger
-q - quit immediately (use with - dunpconfi g)
-confi g <fil e>-read config parametersfrom<fil e>

-dunpconfi g <fil e> - saveconfig paramsinto<fil e>

« Comments allowed in configuration files (‘#')
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User
Programs

Prog/Sim
| nterface

Functional
Core

Performance
Core

Simulator structure

SimpleScalar ISA

POSIX system calls

bpred

cache

simulator
core

stats

Dlitel

|oader

regs

memory

resource

* Most of performance core is optional

e Most projects will enhance “simulator core’
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The Zen of Smulator Design

Performance
Performance: speeds design cycle
Pick Flexibility: maximizes design scope
Two Detail: minimizes risk
Detall Flexibility

* design goalswill drive which aspects are optimized

o the SimpleScalar Tool Set

a optimizes performance and flexibility
0 in addition, provides portability and varied detail
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Simulation Suite Overview

Sim-Cache/

Sim-Fast Sim-Safe Sim-Profile | |[Sim-Cheetah/| |Sim-Outorder!

Sim-BPred

- 420 lines - 350 lines - 900 lines - <1000 lines - 3900 lines
- functional - functional - functional - functional - performance
- 4+ MIPS w/ checks -lotof stats - cachestats - Oo00 issue

- pred stats - branch pred.
- MiS-Spec.
- ALUs
- cache
-TLB
- 200+ KIPS

Performance

Detall

>
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Tutorial Overview

How to Use the SimpleScalar Architecture and
Simulators

a Installation

0 User'sGuide

o SimpleScalar Architecture Overview

o SimpleScalar Simulator W Overview

a A Minimal SimpleScalar Simulator (sim-safe.c)

e How to Use SIM-OUTORDER
e How to Build Y our Own Simulators
 How to Modify the ISA
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| nstallation Notes

 follow theinstallation directions in the tech report, and
DON’'T PANIC! ]
e avoid building GLIBC
Q it'sanon-trivial process
0 usethe big- and little-endian, pre-compiled libraries
e can grab SPEC95 binary release in lieu of compilers

 If you have problems, send e-mail to developers or the
SimpleScalar mailing list: si npl escal ar @i npl escal ar. com
0 please e-mail install fixesto: i nf o@i npl escal ar. com

e X86 port has limited functionality, portability
o currently not supported
a only works on big-endian SPARCs
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Generating SimpleScalar Binaries
compiling a C program, e.g.,

ssbig-na-sstrix-gcc -g -O-0 foo foo.c -Im
compiling a Fortran program, e.g.,

ssbig-na-sstrix-f77 -g -O-0 foo foo.f -Im
compiling a SimpleScalar assembly program, e.g.,

ssbig-na-sstrix-gcc -g -O-0 foo foo.s -Im
running a program, e.g.,

simsafe [-simopts] program/|[-program opts]
disassembling a program, e.qg.,

ssbi g-na-sstri x-objdunp -x -d -1 foo
building alibrary, use:

ssbi g-na-sstri x-{ar, ranli b}
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Global Simulator Options
supported on all simulators:

-h - print simulator help message

- d - enable debug message

- - start up in DLite! debugger

- q - guit immediately (use w/ - dunpconfi g)

-config <file> - read config parametersfrom<fil e>
-dunpconfig <file>- SAve config parametersinto <fil e>

configuration files:

0 to generate aconfiguration file:
o specify non-default options on command line
o and, include “- dunpconfi g <fil e>" to generate configuration file

o comments allowed in configuration files, al after “#” ignored
o reload configuration filesusing “- confi g <fil e>”
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The SimpleScalar Instruction Set

» clean and ssimple instruction set architecture:
o MIPS/DLX + more addressing modes - delay slots

e bi-endian instruction set definition
o facilitates portability, build to match host endian

o 64-bit inst encoding facilitates instruction set research
a 16-bit space for hints, new insts, and annotations
0 four operand instruction format, up to 256 registers

16-imm
16-annote  16-opcode 8-ru 8rt 8rs  8-rd

63 48 32 24 16 8 0
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SimpleScalar I nstructions

Control:

J - jump

ja - jump and link

Jr - jump register

jar - jump and link register
beq - branch ==

bne - branch =0

blez - branch <=0

bgtz - branch > 0

bltz - branch< 0

bgez - branch>=0

bct - branch FCC TRUE
bcf - branch FCC FALSE

| oad/Store:

Ib - load byte

Ibu - load byte unsigned

Ih - load half (short)

lhu - load half (short) unsigned
lw - load word

diw - load double word

|.s - load single-precision FP
|.d - load double-precision FP
sb - store byte

sbu - store byte unsigned

sh - store half (short)

shu - store half (short) unsigned
Sw - store word

dsw - store double word

S.s - store single-precision FP
s.d - store double-precision FP

addressing modes:

(©)
(reg+ C) (w/ pre/post inc/dec)

(reg + reg) (w/ pre/post inc/dec)

Integer Arithmetic:

add - integer add

addu - integer add unsigned
sub - integer subtract

subu - integer subtract unsigned
mult - integer multiply

multu - integer multiply unsigned
div - integer divide

divu - integer divide unsigned
and - logical AND

or - logical OR

xor - logical XOR

nor - logical NOR

gl - shift left logical

srl - shift right logical

sra - shift right arithmetic

gt - set less than

dltu - set less than unsigned
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SimpleScalar I nstructions

Floating Point Arithmetic:

add.s - single-precision add

add.d - double-precision add

sub.s - single-precision subtract

sub.d - double-precision subtract
mult.s - single-precision multiply
mult.d - double-precision multiply
div.s - single-precision divide

div.d - double-precision divide

abs.s - single-precision absolute value
abs.d - double-precision absolute value
neg.s - single-precision negation

neg.d - double-precision negation
sgrt.s - single-precision sguare root
sgrt.d - double-precision square root
cvt - integer, single, double conversion
C.S- single-precision compare

c.d - double-precision compare

Miscellaneous:

nop - NO operation
syscall - system call
break - declare program error

IPR2024-01225

Exhibit 2010

SimpleScalar Tutorial

Page 20

Page 32 of 151



SimpleScalar Architected State

: Virtual Memory
Integer Reg File 0X00000000
r0 - O source/sink
r1 (32 bits) PC Unused
r2
a 0X00400000
' LO Text
= (code)
r31 FCC
0x10000000
FP Reg File (SP and DP views) Data
0 (32 bits) f1 (init)
f1 (bss)
2 3
TStack
£30 31
f31 Args & Env Ox7fffcO000
OXTHFEFff
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Simulator 1/0

Simulated Program

results out

Simulator

write(fd, p, 4) <
Y

argsin

sys write(fd, p, 4)
Y

>

o auseful smulator must implement some form of 1/0
a /O implemented via SY SCALL instruction
0 supports a subset of Ultrix system calls, proxied out to host

o basic agorithm (implemented in syscall.c):

0 decode system call

O copy arguments (if any) into simulator memory
a perform system call on host
0o copy results (if any) into ssimulated program memory
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Simulator SYW Architecture

 Interface programming style
o all “.c” files have an accompanying “.h” file with same base

o “.h" files define public interfaces “exported” by module
o mostly stable, documented with comments, studying these files

a “.c” filesimplement the exported interfaces
o hot as stable, study these if you need to hack the functionality

e simulator modules
o sm-*.c files, each implements a complete ssmulator core

 reusable S'W components facilitate “rolling your own”

O System components
O simulation components
0 “really useful” components
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Simulator SYW Architecture

User

w|  SmpleScdar ProgramBinay |

Prog/Sim

Interface SimpleScalar |SA POSIX System Calls
Functional
Core
Performance ‘ :
|
core | |RESOUICE Dlite!

Cache L oader Regs Memory

e most of performance core is optional
e most projects will enhance on the “simulator core”
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Sour ce Roadmap - Simulator Modules

e am-safe.c - minimal functiona simulator

e sim-fast.c - faster (and twisted) version of sim-safe

e sim-eio.c - ElO trace and checkpoint generator
« sim-profile.c - profiling simulator

e sim-cache.c - two-level cache simulator (no timing)

« sim-cheetah.c - Cheetah single-pass multiple-
configuration cache ssmulator

e sim-bpred.c - branch predictor smulator (no timing)

e sim-outorder.c - detailed OoO issue performance

simulator (with timing)

SimpleScalar Tutorial
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Sour ce Roadmap - System Components

o dlite]hc] - DLite!, the lightweight debugger

e @o.[hc] - external 1/O tracing module
 |oader.[hc] - program loader

 memory.[hc] - flat memory space module

* regs.[hc] - register module

o ss.[hc] - SimpleScalar | SA-dependent routines
o ss.def - SimpleScalar |SA definition

e symbol.[hc] - symbol table module

o syscall.[hc] - proxy system call implementation

SimpleScalar Tutorial
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Sour ce Roadmap - Simulation Components

bpred.|
cache.[

eventq.

nc] - branch predictors
nc] - cache module

'hc] - event queue module

libcheetah/ - Cheetah cache simulator library
ptrace.[hc] - pipetrace module
resources.[hc] - resource manager module

sim.h - ssmulator main code interface definitions
textprof.pl - text segment profile view (Perl Script)

pipeview.pl - pipetrace view (Perl script)
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Sour ce Roadmap - “ Really Useful” Modules

eval.[hc] - generic expression evaluator

libexo/ - EXO(-skeletal) persistent data structure library

misc.[hc] - everything miscellaneous
options.[hc] - options package
range.[hc] - range expression package
stats.[hc] - statistics package

222222222
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Sour ce Roadmap - Build Components

o Makefile- top level makefile

 testy - standalone self-validating bi-endian test package
« endian.[hc] - endian probes

e main.c - man line code

e Sysprobe.c - system probe, used during build process

e version.h - ssimulator release version information
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Sour ce Roadmap - Administrative

e ANNOUNCE - latest release announcement
e CHANGELOG - changes by release
e CONTRIBUTORS - of source, fixes, docs, €tc...

e COPYING - SimpleScalar source license
0 all sources (C) 1994-1997 by Todd M. Austin

 FAQ - frequently asked questions
0 please read before sending Q' sto mailing list or developers
« PROJECTS - various projects we're recruiting for
« README.* - platform-dependent notes
« WARRANTY -none, sodon’'t sueus...

 contrib/ - useful extensions (not yet installed)
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Simulator Core lnterfaces

(] * regi ster sinmul ator-specific options */
void simreg options(struct opt_odb_t *odb);

/* check sinulator-specific option values */
voi d simcheck _options(struct opt_odb_ t *odb, int argc, char **argv);

/* register sinulator-specific statistics */
void simreg stats(struct stat_sdb t *sdb);

/[* initialize the sinulator */
void siminit(void);

/* print sinmulator-specific configuration informtion */
voi d si maux_config(FlILE *strean);

/* start simnulation, program| oaded, processor precise state initialized */
voi d si m nmai n(void);

/* dunp simulator-specific auxiliary sinmulator statistics */
voi d simaux_stats(FILE *stream;

/* un-initialize sinulator-specific state */
void simuninit(void);

o caledinthisorder (from main.c)

e defined in sm.h
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A Minimal Smulator Core (sim-safe.c)

ﬁ;trmmrNMErofrﬁs*/
static SS COUNTER TYPE si m nhum.insn = O;

/* register simulator-specific options */

voi d
simreg options(struct opt_odb_t *odb)
{

opt _reg_header (odb,
"simsafe: This sinmulator inplenents a functional sinmulator. This\n"
"functional sinulator is the sinplest, nost user-friendly simulator in the\n"
"sinplescalar tool set. Unlike simfast, this functional sinmulator checks\n"

"for all instruction errors, and the inplenentation is crafted for clarity\n"
"rat her than speed.\n"
)
}
/* check sinulator-specific option values */
voi d
simcheck_options(struct opt_odb_t *odb, int argc, char **argv)
{
}
/* register simulator-specific statistics */
voi d
simreg stats(struct stat_sdb t *sdb)
{

stat _reg counter(sdb, "simnum.insn",
"total nunber of instructions executed",
&si m num.insn, simnum.insn, NULL);
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A Minimal Smulator Core (sim-safe.c)

/7* initialize the sinulator */
voi d
siminit(void)

{

simnumrefs = 0;
regs_PC = I d_prog_entry;

/* pre-decode all instructions (EIOfiles are pre-pre-decoded) */
if (simeio fd == NULL)
{
SS_ADDR _TYPE addr;

if (OP_MAX > 255)
fatal ("cannot perform fast decoding, too nmany opcodes");

debug("sim decoding text segnment...");

for (addr=ld_text base;
addr < (ld_text base+l d_text size);
addr += SS | NST_SI ZE)

{
SS INST_TYPE inst = __ UNCHK_MEM ACCESS(SS | NST_TYPE, addr);
inst.a = (inst.a & ~Oxffff) | (unsigned int)SS OP_ENUM SS OPCCDE(i nst));
__UNCHK_MEM ACCESS(SS | NST_TYPE, addr) = inst;

}

SimpleScalar Tutorial
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A Minimal Smulator Core (sim-safe.c)

(1 print simulator-specific configuration information */

voi d

simaux_confi g(FlILE *strean) /* output stream */
{

}

[* dunp simulator-specific auxiliary simulator statistics */

voi d

simaux_stats(FILE *stream /* output stream */
{

}

/[* un-initialize sinulator-specific state */

voi d

simuninit(void)

{

}

SimpleScalar Tutorial
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A Minimal Smulator Core (sim-safe.c)

r
*/

/* program counter accessors */
#def i ne SET_NPC( EXPR)
#define CPC

/* general purpose registers */
#defi ne GPR(N)
#def i ne SET_GPR( N, EXPR)

#defi ne FPR_L(N)
#define SET_FPR_L(N, EXPR)
#defi ne FPR_F(N)
#defi ne SET_FPR_F(N, EXPR)
#defi ne FPR_D(N)
#defi ne SET_FPR_D(N, EXPR)

#def i ne SET_H ( EXPR)
#def i ne H

#defi ne SET_LQEXPR)
#define LO

#define FCC

#defi ne SET_FCC( EXPR)

* configure the execution engine

/* floating point registers, L->wrd, F->sin

(next _PC = (EXPR))
(regs_PC

(regs_RIN)
(regs_RINl = (EXPR))

gl e-prec, D->doubl e-prec */
(regs_F.I[(N])
(regs F.I1[(N] = (EXPR))
(regs_F.f[(N)])
(regs F.f[(N] = (EXPR))
(regs_ F.A[ (N >> 1])
(regs_ F.d[(N >> 1] = (EXPR))

/* mscell aneous register accessors */

(regs_ H = (EXPR))
(regs_Hi)

(regs_LO = (EXPR))
(regs_LO
(regs_FCQO)
(regs_FCC = (EXPR))

IPR2024-01225
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A Minimal Smulator Core (sim-safe.c)

ﬁ* preci se architected nmenory state hel per functions */
#define _ READ WORD(DST_T, SRC T, SRO

((unsigned int)((DST_T)(SRC T) MEM READ WORD( addr = (SRC))))
#define _ READ HALF(DST_T, SRC T, SRC

((unsigned int)((DST_T)(SRC T) MEM READ HALF(addr = (SRC))))
#define _ READ BYTE(DST_T, SRC T, SRC

((unsigned int)((DST_T)(SRC T) MEM READ BYTE(addr = (SRC))))

/* precise architected nmenory state accessor nacros */
#def i ne READ WORD( SRC)
__ READ WORD(unsi gned int, unsigned int, (SRQ))

#def i ne READ_UNSI GNED_HALF( SRC)
__READ HALF(unsigned int, unsigned short, (SRC))

#def i ne READ_SI GNED_HALF( SRC)
__ READ HALF(signed int, signed short, (SRC))

#def i ne READ_UNSI GNED_BYTE( SRC)
__READ BYTE(unsigned int, unsigned char, (SRC))

#def i ne READ_SI GNED_BYTE( SRC)
___READ BYTE(signed int, signed char, (SRQ))

#def i ne WRI TE_WORD( SRC, DST)
(MEM VWRI TE_WORD( (DST), (unsigned int)(SRQ)))

#def i ne WRI TE_HALF( SRC, DST)
(MEM WRI TE_ HALF( (DST), (unsigned short) (unsigned int)(SRC)))

#defi ne WRI TE_BYTE( SRC, DST)
(MEM WRI TE_BYTE((DST), (unsigned char)(unsigned int)(SRC)))
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A Minimal Smulator Core (sim-safe.c)

(] * system cal |l handl er macro */

#defi ne SYSCALL(| NST) \
(simeio fd !'= NULL \
? eio_read trace(simeio fd, simnum.insn, nmemaccess, |NST) \

ss_syscal | (nem access, |NST))

/* instantiate the hel per functions in the ’'.def’ file */

#defi ne DEFI NST( OP, MSK, NAME, OPFORM RES, CLASS, OL, 2, 11,12, 13, EXPR)
#defi ne DEFLI NK( OP, MSK, NAME, MASK, SHI FT)

#defi ne CONNECT( OP)

#define | MPL

#i ncl ude "ss. def"

#undef DEFI NST

#undef DEFLI NK

#undef CONNECT

#undef | MPL
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A Minimal Smulator Core (sim-safe.c)

//* start sinmulation, programloaded, processor precise state initialized */
voi d simmain(void)
{

SS INST_TYPE inst; register SS _ADDR TYPE next_PC, enum ss_opcode op;

/* set up initial default next PC */

next PC = regs_PC + SS | NST_SI ZE;

whi | e ( TRUE)

{

/* maintain $r0 semantics */
regs_R 0] = 0;
/* keep an instruction count */
Simnum.insn++;
/* get the next instruction to execute */
inst =  UNCHK MEM ACCESS(SS | NST_TYPE, regs_PC);

/* decode the instruction */
op = SS_OPCODE(i nst);

/* execute instruction */
switch (op) {

#def i ne DEFI NST( OP, MK, NAMVE, OPFORM RES, FLAGS, O1, @2, 11,12, 1 3, EXPR) \
case OP: EXPR;, break;
#def i ne DEFLI NK( OP, MBK, NAVE, MASK, SHI FT) \

case OP: panic("attenpted to execute a |inking opcode");
#def i ne CONNECT( OP)
#i ncl ude "ss. def"

defaul t: pani c("bogus opcode");

}

/* go to the next instruction */
regs_PC = next _PC, next_ PC += SS_| NST_SI ZE;
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A Minimal Smulator Core (sim-safe.c)

(4

# Makefile
#

CFLAGS = './sysprobe -flags' -Q0 -g -Wall - DDEBUG
LIBS = *./sysprobe -libs* -Im

SIM OBJ = nmain.o syscall.o nmenory.o regs.o loader.o ss.o endian.o dlite.o \
symbol .0 eval .0 options.o stats.o eio0.0 range.o msc.o \
i bexo/ i bexo. a

si msaf e: sysprobe si msafe.o $(SI M OBJ)
$(CC) -0 simsafe $(CFLAGS) simsafe.o $(SIMOBI) $(LIBS)
c. o:
$(CC) $(CFLAGS) -c $*.c
sysprobe: sysprobe. c

$(CC $(FFLAGS) -0 sysprobe sysprobe.c
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Tutorial Overview

How to Use SIM-OUTORDER

a H/W Architecture Overview
o SYW Architecture Overview
a A Walk Through the Pipeline

0 Advanced Features

0o Performance Optimizations

How to Modify the ISA

How to Build Y our Own Simulators
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SIM-OUTORDER: H/W Architecture
Y

Fetch —>|Dispatch—> Slzﬁgeldsltf;r —> Exec —>Writeback—>| commit
Memory
Scheduler Mem

|-Cache i

Ly |TLB G

e S Y
|-Cache e
(IL2) (DL2)

Virtual Memory

o Implemented insi moutorder.c and components
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The Register Update Unit (RUU)

V|Tag|Value| / \ Results
V|Tag|Vaue | nputs '  Network
Op |Flags | nput/Result Network - Control

Register
Scheduler

SITTTITITT vaidl

_ , : Bits
From S Register Update Unit > To Commit

Dispatch )
@ b

 RUU handles register synchronization/communication

0 unifies reorder buffer and reservation stations
o managed as acircular queue
o entries alocated at Dispatch, deallocated at Commit

0 out-of-order issue, when register and memory deps satisfied
o memory dependencies resolved by |oad/store queue (LSQ)
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The Load/Store Queue (L SQ)

V|Tag|Value|". Addrs Data L oad
., (from RUU) Cache Results
V| Tag|/Addr Addrs . _Network| > &
Op |Flags \ | Store Fwd/D-Cache Network | Control % .§
] LTI vaids$
Bits
From o L oad/Store Queue > To Commit
Dispatch ) A
tail head

o LSQ handles memory synchronization/communication

o contains al loads and stores in program order
o load/store primitives really, address calculation is separate op
o effective address calculations reside in RUU (as ADD insts)
0 loadsissue out-of-order, when memory deps known satisfied
o load addr known, source data identified, no unknown store address
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Main Simulation L oop

for (;;) {
ruu_commt();
ruu_witeback();
| sq_refresh();
ruu_issue();
ruu_di spatch();
ruu_fetch();

}

e man simulator loop isimplemented in si m mai n()

» walks pipeline from Commit to Fetch

a backward pipeline traversal eliminates relaxation problems,
e.g., provides correct inter-stage latch synchronization

* |oopisexited viaal ongjmp() tO mai n() When
simulated program executes an exi t () System call
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Speculative Trace Generation

fetch PCs,
state resets

dynamic trace

« SIM-OUTORDER isadynamic trace-driven ssmulator

0 trace includes correct and misspeculated instructions

0 tracer controlled by timing model Dispatch and Writeback stages
o Digpatch directs execution PCs, Writeback initiates recovery

o Implemented with same functional component as sim-safe
o register/memory macro’s redirected to speculative state buffers

o committed state written to non-speculative state modules (i.e.,
memory.c and regs.c)

e permits separation of functional and performance cores
 suffersfrom imprecise data misspeculation modeling
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Fetch Stage | mplementation

¥

misprediction (from Writeback)

Fetch

—> to instruction fetch queue (1FQ)

 modes machine fetch bandwidth

o Implemented inruu_fetch()
 Inputs.
QO program counter

0 predictor state (see bpred.[hc])
o misprediction detection from branch execution unit(s)

e outputs:

0 fetched instructions sent to instruction fetch queue (1FQ)
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Fetch Stage | mplementation
v misprediction (from Writeback)

Fetch —> toinstruction fetch queue (IFQ)

e procedure (once per cycle):

a fetch instructions from one |-cache line, block until I-cache or
|-TLB misses are resolved

0 gueue fetched instructions to instruction fetch queue (IFQ)
a probe branch predictor for cache line to access in next cycle
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Dispatch Stage | mplementation

instructions

from IFQ —>Dispatch— to RUU or LSQ

e models machine decode, rename, RUU/L SQ allocation
bandwidth, implements register renaming
o Implemented iN ruu_di spat ch()
* Inputs.
a Instructions from IFQ, from Fetch stage
o RUU/LSQ occupancy

O renametable (create_vector)
0 architected machine state (for execution)

e outputs:
0 updated RUU/LSQ, rename table, machine state
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Dispatch Stage | mplementation

instructions
from IFQ

—>Digpatch

—> to RUU or LSQ

e procedure (once per cycle):

o fetch instsfrom IFQ

0 decode and execute instructions
o permits early detection of branch mis-predicts
o facilitates simulation of “oracle” studies

o If branch misprediction occurs:
o Start copy-on-write of architected state to speculative state buffers

o enter instructions into RUU and L SQ (load/store queue)
o link to sourcing instruction(s) using RS LINK structure

o loads/stores are split into two insts: ADD + Load/Store
o improves performance of memory dependence checking
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Scheduler Stage | mplementation

RUU, LSQ —>

Register
Scheduler

—> to functional units

Memory
Scheduler

* models instruction wakeup, selection, and issue
0 separate schedulerstrack register and memory dependencies

o Implemented inruu_issue()andisq_refresh()

 Inputs.
o RUU/LSQ
e outputs:

o updated RUU/L SQ

0 updated functional unit state
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Scheduler Stage | mplementation

RUU, LSQ —>

Register
Scheduler

—> to functional units

Memory
Scheduler

e procedure (once per cycle):

0 locate instructions with all register inputs ready
o inready queue, inserted when dependent insts enter Writeback

0 locate loads with all memory inputs ready
o determined by walking the |oad/store queue
o If load addr unknown, then stall issue (and poll again next cycle)
o If earlier store w/ unknown addr, then stall issue (and poll again)
o If earlier store w/ matching addr, then forward store data
o else, access D-cache
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Execute Stage | mplementation

insts issued by Scheduler —

Exec

—> completed insts to Writeback

Mem

requests to memory hierarchy

e models functional units and D-cache
Q access port bandwidths, issue and execute latencies

o Implemented inruu_i ssue()

 Inputs.

Q instructions ready to execute, issued by Scheduler stage
o functional unit and D-cache state

e outputs:

0 updated functional unit and D-cache state, Writeback events
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Execute Stage | mplementation

insts issued by Scheduler —>{ Exec —> completed insts to Writeback

Mem

requests to memory hierarchy

e procedure (once per cycle):
0 get ready instructions (as many as supported by issue B/W)
o find free functional unit and access port
0 reserve unit for entire issue latency

0 schedule writeback event using operation latency of
functional unit
o for loads satisfied in D-cache, probe D-cache for access latency
o also probe D-TLB, stall future issue on amiss
o D-TLB misses serviced in Commit with fixed latency
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Writeback Stage | mplementation

detected mispredictions to Fetch «———

finished insts from Execute —\Writeback—> insts ready to Commit

* modelswriteback bandwidth, wakes up ready insts,

detects mispredictions, initiated misprediction recovery

o Implemented iNruu_witeback()

* Inputs.
o completed instructions as indicated by event queue
0 RUU/LSQ state (for wakeup walks)

e outputs:
0 updated event queue, RUU/L SQ, ready queue
0o branch misprediction recovery updates
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Writeback Stage | mplementation

detected mispredictions to Fetch «———

finished insts from Execute —\Writeback—> insts ready to Commit

e procedure (once per cycle):
0 get finished instructions (specified by event queue)
o If mispredicted branch, recover state:

o recover RUU
- wak newest instruction to mispredicted branch
> unlink instructions from output dependence chains (tag increment)

o recover architected state
2 roll back to checkpoint (copy-on-write bits reset, spec mem freed)
o wakeup walk: walk output dependence chains of finished insts
o mark dependent instruction’s input as now ready
o If deps satisfied, wake up inst (memory checked inl sqg_refresh())
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Commit Stage | mplementation

insts ready to Commit —>| Commit

e modelsin-order retirement of instructions, store
commits to the D-cache, and D-TLB miss handling
o Implemented iNruu_comit ()
* Inputs.
o completed instructions in RUU/LSQ that are ready to retire
o D-cache state (for store commits)

e outputs:
0 updated RUU, LSQ, D-cache state
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Commit Stage | mplementation

insts ready to Commit —>| Commit

e procedure (once per cycle):
o while head of RUU/LSQ is ready to commit (in-order
retirement)
o If D-TLB miss, then service it

o If store, attempt to retire store into D-cache, stall commit
otherwise

o commit instruction result to the architected register file, update
rename table to point to architected register file

o reclam RUU/L SQ resources (adjust head pointer)
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SIM-OUTORDER Pipetraces

» produces detailed history of all insts executed, including:
a instruction fetch, retirement. and pipeline stage transitions
QO supported by ssm-outorder
0 enabled viathe “-ptrace” option: -ptrace <file> <range>
a useful for pipeline visualization, micro-validation, debugging

o example usage:

ptrace FOO. trc - trace everything to file FOOQO.trc
ptrace BAR trc 100: 5000 - trace from inst 100 to 5000
ptrace UXXE.trc : 10000 - trace until instruction 10000

 view with the pipeview.pl Perl script
a it displaysthe pipeline for each cycle of execution traced
O USage: pi pevi ew. pl <ptrace_fil e>
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Displaying Pipetraces

o example session:

simoutorder -ptrace FOO. trc :1000 test-math

pi pevi ew. pl

e example output:

new cycle _){ @ 610

indicator fo=

newinst — gr =

definitions g9 =

current [1F]

pipeline ———>» gf

stat

© g9

inst(s) being
fetched, or in
fetch queue

FOO trc

“0x0040d098: addi u
* 0x0040d0a0: beq

[ DA] [ EX]
gb fy
gc fz
gd/ ga+t
ge

instl) being instl)

decoded, or executing

awaiting issue

r2,r4,-1
r3,r5, 0x30’
[ VB] [ CT]
fr\ fq
fs
ft pipeline event:
fu (mis-prediction
detected), see output
T T header for event defs
inst(s) inwback  inst(s) retiring
or awaiting resultsto
retirement register file
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PC-Based Statistical Profiles

e produces atext segment profile for any integer
statistical counter
a supported on ssm-cache, ssim-profile, and sim-outorder
0 specify counter to be monitored using “-pcstat” option

o €.0.,-pcstat simnum.insn

o example applications:

-pcstat simnum.insn - execution profile
-pcstat simnumrefs - reference profile
-pcstat il1.nisses - L1 I-cache miss profile

- pcstat bpred_bi nod. m sses - branch pred miss profile
o view with the textprof.pl Perl script
Q It displays pc-based statistics with program disassembly

O uUSage: textprof.pl <dis_file> <simoutput> <stat_nane>
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PC-Based Statistical Profiles (cont.)

o example session:

simprofile -pcstat simnum.insn test-math >& test-math. out

obj dunp -dl test-math >! test-math.dis
textprof.pl test-math.dis test-math. out simnum.insn_by pc

e example output:

executed

) 00401a10: ( 13, 0.01): <strtod+220> addiu $al[5], $zero[ 0], 1
13 times

{ strtod.c: 79
00401a18: ( 13, 0.01): <strtod+228> bclf 00401a30 <strtod+240>

strtod. c: 87

00401a20: : <strtod+230> addiu $s1[17], $s1[17],1
never g { 00401a28: . <strtod+238> j 00401a58 <strtod+268>
execut strtod. c: 89

00401a30: ( 13, 0.01): <strtod+240> mul .d $f 2, $f 20, $f 4
{ 00401a38: ( 13, 0.01): <strtod+248> addiu $vO[ 2], $v1[ 3], -48
00401a40: ( 13, 0.01): <strtod+250> ntcl $vO[2], $f0

e WOrks on any integer counter registered with the stats
package, including those added by users!
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Optimization: Predecoded Text Segments

OE pre-decode all instructions (EIOfiles are pre-pre-decoded) */ )
if (simeio fd == NULL)
{ SS_ADDR TYPE addr;

if (OP_MAX > 255)
fatal ("cannot perform fast decoding, too many opcodes");

debug("sim decoding text segment...");

for (addr=ld_text base;
addr < (ld_text base+l d_text size);
addr += SS_| NST_SI ZE)
{ SS INST_TYPE inst = _ UNCHK MEM ACCESS(SS | NST_TYPE, addr);

inst.a = (inst.a & ~Oxffff) | (unsigned int)SS OP_ENUM SS OPCCODE(i nst));
__ UNCHK_MEM ACCESS(SS | NST_TYPE, addr) = inst;
}
}
\. /
e Instruction opcodes replaced with internal enum
0 Speeds decode, by eliminating it...
0 note: EIO text segments are pre-pre-decoded
* |everages pristine SimpleScalar binary organization
0 all 8-byte entriesin text segment are insts or unused space
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Optimization: Output Dependence Chalns

/* a reservation station link: this structure links elements of a RUW
reservation station list; used for ready instruction queue, event queue, and
out put dependency lists; each RS LINK node contains a pointer to the RUU
entry it references along with an instance tag, the RS LINK is only valid if
the instruction instance tag natches the instruction RUU entry instance tag;
this strategy allows entries in the RUU can be squashed and reused wi t hout
updating the lists that point to it, which significantly inproves the
performance of (all to frequent) squash events */

struct RS link {

struct RS |ink *next; /[* next entry in list */
struct RUU station *rs; /* referenced RUU resv station */
| NST_TAG TYPE t ag; /* inst instance sequence number */
uni on {
SS TI ME_TYPE when; /[* time stanp of entry (for eventq) */
| NST_SEQ TYPE seq; /* inst sequence */
i nt opnum [ * input/output operand nunmber */
}ox
b
\. /

 register dependencies described with dependence chains
0 rooted in RUU of defining instruction, one per output register
0 also rooted in create vector, at index of logical register

 output dependence chains walked during Writeback
« samelinks used for event queue, ready queue, €tc...
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Optimization: Output Dependence Chains

/7; link RS onto the output chain nunber of whichever operation will create reg */
static INLINE void ruu_link_idep(struct RUU station *rs, int idep_num int idep_nane)

{
struct CV_link head; struct RS link *link;

/* any dependence? */

if (idep_name == NA) {
/* no input dependence for this input slot, mark operand as ready */
rs->idep_ready[idep_nunmi = TRUE
return;

}

/* locate creator of operand */
head = CREATE VECTOR(i dep_nan®) ;

[* any creator? */
if (lhead.rs) {
/* no active creator, use value available in architected reg file,
i ndicate the operand is ready for use */
rs->idep_ready[idep_nunmi = TRUE
return;

}

/* else, creator operation will nake this value sonetine in the future */

/* indicate value will be created sonetine in the future, i.e.
is not yet ready for use */
rs->i dep_ready[idep_num = FALSE

, operand

/* link onto creator’s output |ist of dependant operand */
RSLI NK_NEW | i nk, rs); link->x.opnum = idep_num

|'i nk->next = head.rs->odep_list[head. odep_nuni;

head. rs->odep_l i st[ head. odep_nunm] = Ili nk;
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Optimization: Tagged Dependence Chains

e oObservation: “sgquash”’ recovery consumes many cycles
0 leverage “tagged” pointersto speed squash recover
O uniquetag assigned to each instruction, copied into references
O sguash an entry by destroying tag, makes all references stale

/* in ruu_recover(): squash this RU entry */
RUU RUU_i ndex] . t ag++;

e al dereferences must check for stale references

/}* wal k output |ist, queue up ready operations */ )
for (olink=rs->odep_list[i]; olink; olink=olink_next)
{
i f (RSLINK_VALID(olink)) {
[* input is now ready */
ol i nk->rs->i dep_ready[ ol i nk->x. opnun] = TRUE
}
[* grab link to next elenent prior to free */
ol i nk_next = olink->next;
.} .
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Optimization: Fast Functional State Recovery

(1 specul ati on node, non-zero when mi s-specul ating */
static int spec_node = FALSE;

/* integer register file */
static Bl TMAP_TYPE(SS NUM REGS, use_spec_R);
static SS WORD TYPE spec_regs R SS NUM REGS] ;

/* general purpose register accessors */

#defi ne GPR(N) (Bl TMAP_SET P(use_spec_R R BMAP_SZ, (N))\
? spec_regs RN
 regs_RN)
#def i ne SET_GPR( N, EXPR) (spec_node \
? (spec_regs_ RN = (EXPR), \
Bl TMAP_SET(use_spec_R, R BMAP_SZ, (N)),\
spec_regs_R[N) \

: (regs_RIN] = (EXPR)))
/* reset copied-on-wite register bitnasks back to non-specul ative state */
Bl TMAP_CLEAR MAP(use_spec_R R BMAP_SZ7);

/* specul ative nmenory hash table */
\ St at ic struct spec_nement *store_htabl e[ STORE HASH SI ZE] ; Y.

o early execution permits early detection of mispeculation
o when misspeculation begins, all new state definitions redirected
Q copy-on-write bits indicate speculative defs, reset on recovery
0 speculative memory defs in store hash table, flushed on recovery
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Tutorial Overview

e How to Build Y our Own Simulators

o Overview

0 “Really Useful” Modules
a Architecture-related Modules

o Simulation Modules
 How to Modify the ISA
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Sour ce Roadmap - “ Really Useful” Modules

eval.[hc] - generic expression evaluator

libexo/ - EXO(-skeletal) persistent data structure library

misc.[hc] - everything miscellaneous
options.[hc] - options package
range.[hc] - range expression package
stats.[hc] - statistics package

222222222
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Options Package (option.[hc])

(I* create a new opti on dat abase */ )
struct opt_odb_t *opt_new orphan_fn_t orphan_fn);
/* free an option database */
voi d opt _del ete(struct opt_odb t *odb);
/* register an integer option variable */
void opt _reg int(struct opt_odb t *odb, /* option database */
char *nane, /* option nanme */
char *desc, /* option description */
int *var, /* pointer to option variable */
int def _val, /* default value of option variable */
int print); [* print during ‘-dunpconfig */
/* process command |ine argunments */
voi d opt_process_options(struct opt_odb_t *odb, int argc, char **argv);
[* print all options and current val ues */
void opt_print_options(struct opt_odb_t *odb, FILE *fd, int terse, int notes);
/[* print option help page with default val ues */
void opt_print_hel p(struct opt_odb_t *odb, FILE *fd);
\. .

 option variables are registered (by type) into option DB

a integer, float, enum, boolean types supported (plus lists)

o builtin support to save/restore options (- dunpconfi g, -config)

e program headers and option notes also supported
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Statistics Package (stats.[hc])

/7* create, delete stats databases */ A
struct stat _sdb t *stat _new(void);
void stat _delete(struct stat _sdb t *sdb);
/* register an integer statistical variable */
struct stat_stat t *
stat_reg int(struct stat_sdb t *sdb, /* stat database */
char *nane, /* stat variable name */
char *desc, /* stat variable description */
int *var, /* stat variable */
int init_val); /* stat variable initial value */
/* register a statistical fornula */
struct stat_stat t *stat reg fornula(struct stat_sdb t *sdb,/* stat database */
char *nane, /* stat variable name */
char *desc, /* stat variable description */
char *fornul a); [* formul a expression */
/* create an array distributions, array and sparse arrays */
struct stat_stat t *stat reg dist(...);
struct stat_stat t *stat reg sdist(...);
[* print the value of all stat variables in stat database SDB */
void stat _print_stats(struct stat _sdb_t *sdb, FILE *fd); )
e provides counters, expressions, and distributions
Q register integers, floats, counters, create distributions
e Manl pulate stats counters direct Y, €.0., stat_num.insn++
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Miscellaneous Functions (misc.[hc])

\.

/7* declare a fatal run-tine error, calls fatal hook function */ A
void fatal (char *fm, ...);

/* declare a panic situation, dunps core */

void panic(char *fm, ...);

/* declare a warning */

void warn(char *fnt, ...);

/* print general information */

void info(char *fnt, ...);

/* print a debuggi ng nessage */

voi d debug(char *fm, ...);

/* return string describing elapsed tine, passed in SEC in seconds */

char *el apsed _tinme(long sec);

/* allocate sonme core, this nmenory has overhead no | arger than a page

in size and it cannot be rel eased. the storage is returned cleared */
void *getcore(int nbytes);
/
o |otsof useful stuff in here
o more features when compiled with GCC
e many portability issues resolved in this module
Q e.qg., nystrdup(), nystrrcnp(), €C...
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DL Itel, the Lite Debugger

o avery lightweight symbolic debugger

supported by all ssimulators (except ssm-fast)
designed for easily integration into new simulators

a requires addition of only four function calls (seedlite. h)
e touseDLitel, start smulator with “-i " option
e usethe“hel p” command for complete documentation

e program symbols and expressions may be used in most
contexts

a eg., break mai n+8”
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DLitel Commands

e main features:
a break, dbr eak, r br eak:
o Set text, data, and range breakpoints
Q regs,iregs,fregs:
o display all, integer, and FP register state
o dunp <addr> <count >:
o dump <count > bytes of memory at <addr >
a di s <addr> <count >:
o disassemble <count > Insts starting at <addr >
a print <expr>,display <expr>:
o display expression or memory
0 nst at e: display machine-specific state
a nst at e aonedisplays options, if any
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DLitel, Breakpoints and Expressions

e breakpoints:

0 code:
o break <addr>, e.(g., break main, break 0x400148

0 data
o dbreak <addr> {r|wW x}

o I =read, w = write, X = execute, e.g., dbreak stdin w, dbreak
sys_count wr

Q range:
o rbreak <range>, e€.g.,rbreak @min:+279,rbreak 2000: 3500

e DLitel expressions, may include:

Q operators. +, -, /, *

a literals: 10, Oxff, 077

a symbols. main, viprintf

O registers. e.g., $rl, $f4, $pc, $lo

IPR2024-01225
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DLite!, the Lite Debugger (dlite.[hc])

(/* initialize the DLite debugger */ h
voi d
dlite init(dlite reg obj t reg obj, /* register state object */
dlite_nemobj t nmemobj, /* menory state object */
dlite nstate obj t nstate_obj); /* machi ne state object */

/* check for a break condition */
#define dlite _check break(NPC, ACCESS, ADDR, |CNT, CYCLE) \

((dlite_check || dlite_active) \
? __check_break((NPC), (ACCESS), (ADDR), (ICNT), (CYCLE)) \
. FALSE)
/* DLite debugger main | oop */
voi d
dlite_mai n(SS_ADDR TYPE regs_PC, /* addr of last inst to exec */
SS ADDR TYPE next PC, /* addr of next inst to exec */
SS COUNTER TYPE cycl e); /* current cycle */
\. )

e Initialize debugger with state accessor functions

o call check interface each cycle with indication of
upcoming execution events

 cal main line debugger interface when check function
requests control
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Symbol Table Module (symbol.[hc])

(I* internal program synbol format */

struct symsymt {
char *nane; /* synbol nane */
enum sym seg_t seg; /* synbol segnent */
int initialized; [* initialized? (if data segment) */
int pub; /* externally visible? */
int |ocal; [* conpiler local synbol? */
SS ADDR TYPE addr; /* synbol address val ue */
int size; /* bytes to next synbol */
b
/* bind address ADDR to a synbol in synbol database DB */
struct symsymt * /* synbol found, or NULL */
sym bi nd_addr ( SS_ADDR_TYPE addr, /* address of synmbol to |ocate */
i nt *pindex, [* ptr to index result var */
i nt exact, /* require exact address match? */
enum sym db_t db); /* synbol database to search */
/* bind name NAME to a synbol in synbol database DB */
struct symsymt * /* synmbol found, or NULL */
sym bi nd_nane(char *nane, /* synmbol name to |ocate */
i nt *pindex, [* ptr to index result var */
enum sym db_t db); /* synbol database to search */

» symbolsloaded at startup
e sorted tables also avallable, see synbol . n
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EXO Library (libexo/) @xg

/i\c L> (& b), c) E:> /i\c

al b exo_print() exo_read() al 1D

(/* create a new EXO term */

struct exo_termt *exo_new ec_integer, (exo_integer t)<int>);
struct exo_termt *exo_newec_string, "<string>");

struct exo_termt *exo_newec_list, <list_ent> .., NULL);

struct exo _termt *exo_newec_array, <size> <array_ent>..., NULL);

/* release an EXO term */
voi d exo_del ete(struct exo _termt *exo);

/* print/read an EXO term */

void exo_print(struct exo termt *exo, FILE *streanm;

\struct exo_termt *exo_read(FILE *stream; )

 for saving and restoring data structuresto files
0o convert structure to EXO format, print to stream, read later

» use by EIO traces, useful for saving/restoring profiles
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Sour ce Roadmap - System Components

o dlite]hc] - DLite!, the lightweight debugger

e @o.[hc] - external 1/O tracing module
 |oader.[hc] - program loader

 memory.[hc] - flat memory space module

* regs.[hc] - register module

o ss.[hc] - SimpleScalar | SA-dependent routines
o ss.def - SimpleScalar |SA definition

e symbol.[hc] - symbol table module

o syscall.[hc] - proxy system call implementation
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Machine Definition File (ss.def)

o asinglefile describes all aspects of the architecture

0 used to generate decoders, dependency analyzers, functional
components, disassemblers, appendices, etc.

Q e.g., machine definition + ~30 line main = functional sim
0 generates fast and reliable codes with minimum effort

e Instruction definition example:

/ opcode
DEFI NST( ADDI ) 0x41, | inst flags
disassembly _—" “addi 7, s, 1, /
template | nt ALU, F | COW| F_I| WM
U rer / DGPR( RT) , NA, DGPR(RS) , NA, NA
s / SET_GPR(RT, GPR(RS)+l MV)) |
d
output deps Input deps
semantics
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| nput/Output Dependency Specification

DGPR(N) - general purpose register N
DGPR_D(N) - doubl e word general purpose register N

DFPR L(N) - floating-point register N, as word
DFPR F(N) - floating-point reg N, as single-prec float
DFPR D(N) - floating-point reg N, as doubl e-prec doubl e

DHI - H result register
DLO - LOresult register
DFCC - floating point condition codes
DCPC - current PC
DNPC - next PC
DNA - no dependence
. S

 for each inst, dependencies described with macro list:
o two output dependencies
0 three input dependencies

e examples uses.

0 define macros to produce rename index mapping
0 define macros to access input and output values
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Crafting an Dependence Decoder

#defi ne DGPR(N) (N)
#defi ne DFPR_F(N) (32+(N))
..etc...

switch (SS _OPCODE(inst)) {

#def i ne DEFI NST( OP, MSK, NAME, OPFORM RES, CLASS, O1, @2, 11,12, 13, EXPR) \
case OP: \
outl = O1; out2 = O2; \
inl =11; in2 =12; in3 =13; \
br eak;
#defi ne DEFLI NK( OP, MBK, NAME, MASK, SHI FT) \
case OP: \
/* can specul atively decode a bogus inst */ \
op = NOP; \
outl = NA; out2 = NA; \
inl = NA; in2 = NA, in3 = NA \

br eak;
#defi ne CONNECT( OP)
#1 ncl ude "ss. def"
#undef DEFI NST
#undef DEFLI NK
#undef CONNECT
defaul t:
/* can specul atively decode a bogus inst */
op = NOP;
outl = NA;, out2 = NA
inl = NA;, in2 = NA, in3 = NA
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| nstruction Semantics Specification

VR TE_WORD( E, A)

/'GPR(BD - read general purpose register N
SET_GPR(N, E) - wite general purpose register Nwith E
GPR_D(N) - read doubl e word general purpose reg N
SET GPR D(N,E) - wite double word gen purpose reg Nw E
FPR L(N) - read floating-point register N, as word
SET FPR L(N,E) - floating-point reg N, as word, with E
FPR_F(N) - read FP reg N, as single-prec float
SET FPR F(N,E) - wite FP reg N, as single-prec float w E
FPR D(N) - read FP reg N, as doubl e-prec doubl e
SET FPR D(N,E) - wite FP reg N, as doubl e-prec double wE
HI - read H result register
SET HI (E) - wite H result register with E
LO - read LOresult register
SET LA E) - wite LOresult register with E
FCC - read floating point condition codes
SET_FCC( E) - wite floating point condition codes w E
CPC - read current PC register
NPC - read next PC register
SET_NPC( E) - wite next PCregister with E
TPC - read target PC register
SET_TPC( E) - wite target PCregister with E
READ S| GNED BYTE( A) - read signed byte fromaddress A
READ UNSI GNED BYTE(A) - read unsigned byte from address A
READ S| GNED HALF( A) - read signed half from address A
READ UNSI GNED HALF(A) - read unsigned half from address A
READ_WVORD( A) - read word from address A
VWRI TE_BYTE(E, A) - wite byte value E to address A
VWRI TE_HALF(E, A) - wite half value E to address A

wite word value E to address A

» define as per state iImplementation of simulator
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Crafting a Functional Component

#define GPR(N) (regs_RIN)

#define SET_GPR(N, EXPR) (regs_ RN = (EXPR))
#def i ne READ WORD( SRC, DST) (mem read_word((SRC))
.etc...

swtch (SS_OPCODE(inst)) {
#def i ne DEFI NST( OP, MSK, NAME, OPFORM RES, FLAGS, O1, @2, 11,12, 13, EXPR) \

case OP: \
EXPR; \
br eak;
#def i ne DEFLI NK( OP, MSK, NAMVE, MASK, SHI FT) \
case OP: \

panic("attenpted to execute a |inking opcode");
#def i ne CONNECT( OP)
#include "ss. def"
#undef DEFI NST
#undef DEFLI NK
#undef CONNECT

}
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| nstruction Field Accessors

RS - RS register field val ue
RT - RT register field val ue
RD - RDregister field value
FS - RSregister field value
FT - RT register field val ue
FD - RDregister field value
BS - RSregister field value
TARG - junp target field value
OFSs - signed offset field val ue
| MM - signed offset field val ue
u w - unsigned offset field val ue
SHAMI - shift anount field val ue
BCODE - break code field value

16-imm

16-annote  16-opcode 8-ru 8rt 8rs  8-rd

63 48 32 24 16 8 0

e |nstruction assumed to bein variablei nst
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SimpleScalar | SA Module (ss.[hc])

(I* returns the opcode field value of SinpleScalar instruction |INST */ A
#def i ne SS_OPCODE( | NST) (INST.a & Oxff)
/* inst opcode -> enum ss_opcode nmapping, use this macro to decode insts */
#def i ne SS_OP_ENUM MSK) (ss_mask2op[ MBK] )
/* enum ss_opcode -> opcode operand format, used by disassenbler */
#def i ne SS_OP_FORMAT( OP) (ss_op2format[ OP])
extern char *ss_op2format[];
/* enum ss_opcode -> enumss_fu_class, used by perfornmance sinulators */
#def i ne SS_OP_FUCLASS( OP) (ss_op2fu[ OP])
/* enum ss_opcode -> opcode flags, used by sinulators */
#def i ne SS _OP_FLAGS( OP) (ss_op2fl ags[ OP])
/* di sassenble a SinpleScalar instruction */
voi d
ss_print_insn(SS | NST _TYPE inst, [* instruction to disassenble */
SS ADDR TYPE pc, [* addr of inst, used for PCrels */
FI LE *stream; /* output stream*/
. /

o add flagsto ss.def file as per project requirements:
0 defineF_xxx flag in ss.h
0 probe the new flag with ss_op_FLAGS() macro

Q €.0.,if (SS_OP_FLAGS(opcode) & (F_MEM F_LOAD)) == (F_MEM F_LOAD))

SimpleScalar Tutorial

Page 85

IPR2024-01225 Exhibit 2010 Page 97 of 151



Register Module (reg.[hc])

(] * (signed) integer register file */
extern SS WORD TYPE regs_ R SS NUM REGS] ;

/* floating point register file format */
extern union regs_FP {

SS WORD TYPE | [ SS_NUM REGS] ; /* integer word view */

SS FLOAT_TYPE f[ SS_NUM REGS] ; /* singl e-precision FP view */

SS DOUBLE TYPE d[ SS_NUM REGS/ 2] ; /* doubl e-precision FP view */
} regs_F;

/* mscell aneous registers */

extern SS WORD TYPE regs_H, regs_LO
extern int regs_FCC

extern SS_ADDR TYPE regs_PC;

/* initialize register file */
void regs_init(void);

 access non-speculative registers directly:
O €0.,regs_R 5] = 12;

 floating point register file supports three “views’:
0 integers (used by loads), single-precision, double-precision
O €0.,regs_F.f[4] = 23.5;
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Memory Module (memory.[hc])

(1* determines if the menory access is valid, returns error string or NULL */ )
char *memval i d(enum mem cmd cnd, /* Read (fromsimnmem or Wite */

SS ADDR TYPE addr, /* target address to access */

i nt nbytes, /* nunber of bytes to access */

int declare); /* declare any detected error? */

/* generic nmenory access function, its safe...*/

voi d mem access(enum nem cnd cnd, /* Read (fromsimnmem or Wite */
SS ADDR TYPE addr, /* target address to access */
voi d *vp, /* host menory address to access */
i nt nbytes); /* nunber of bytes to access */

/* menory access nmacros, these are safe */

#defi ne MEM READ WORD( addr)

#defi ne MEM WRI TE_WORD( addr, wor d)

#defi ne MEM READ HALF( addr)

#defi ne MEM WRI TE_HALF(addr, hal f)

#defi ne MEM READ BYTE( addr)

\#define MEM WRI TE_BYTE(addr, byte) y.

« Implementslarge flat memory spaces

0 may be used to implement virtual or physical memory
0 usessingle-level page table implementation

e safe and unsafe version of al interfaces
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L oader Module (loader.[hc])

(1* 1 oad programtext and initialized data into sinulated virtual menory A
space and initialize program segnent range vari ables */
void I d | oad prog(mem access fn nemfn, /* user-specified nmenory accessor */
int argc, char **argv,/* sinulated programcnd |ine args */

char **envp, /* simul ated program environnment */
int zero_bss _segs); /* zero uninit data segment? */
\. y
0x00000000
e prepares program memory for Unused
exeCUtI on Text |d_text_base
0 |loads program text section (code) (code) ¢Id_text_s'ze
0 loads program data sections Data |d_data_base
0 Initializes BSS section l(init/bss) ¢'d—data—dze
0 setsupinitia call stack (heap) | | mem prk_point
o program arguments (argv) ¢ regs R[29]
o user environment (envp) Stack OxTFHC000
Args & Env d o
| stack base
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Sour ce Roadmap - Simulation Components

bpred.|
cache.[

eventq.

nc] - branch predictors
nc] - cache module

'hc] - event queue module

libcheetah/ - Cheetah cache simulator library
ptrace.[hc] - pipetrace module
resources.[hc] - resource manager module

sim.h - ssmulator main code interface definitions
textprof.pl - text segment profile view (Perl Script)

pipeview.pl - pipetrace view (Perl script)
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Resour ce Manager (resource.[hc))

(/* resource descriptor */ A
struct res_desc {
char *nane; /* name of functional unit */
int quantity; /* total instances of this unit */
i nt busy; /* non-zero if this unit is busy */
struct res_tenplate {
i nt cl ass; /* matching resource class */
i nt oplat; /* operation |latency */
int issuelat; /* issue |atency */
} X[ MAX_RES CLASSES] ;
b
/* create a resource pool */
struct res_pool *res _create_pool (char *nanme, struct res_desc *pool, int ndesc);
/* get a free resource fromresource pool POOL */
struct res_tenplate *res_get(struct res_pool *pool, int class);
\. /
* generic resource manager
o handles most any resource, e.g., ports, fn units, buses, &tc...
O manager maintains resource availability
a configure with a resource descriptor list
o busy = cyclesuntil available
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Resour ce Manager (resource.[hc))

Vs

/* resource pool configuration */
struct res_desc fu config[] = {
{ "integer-ALU', 4, 0,
{ { IntALU, 1, 12} } },
{ "integer-MULT/D V', 1, O,
{ { IntMULLT, 3, 1}, { IntDV, 20, 19} } },
{ "menmory-port", 2, O,
{ { RdPort, 1, 1}, { WPort, 1, 1} } }

 resource pool configuration:
0 instantiate with configuration descriptor list

o i.e.,{ “name”, num { FU class, issue_lat, op_lat },
O oneentry per “type’ of resource
0 class|Ds indicate services provided by resource instance

o multiple resource “types’ can service sameclass|D
o earlier entriesin list given higher priority

.
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Branch Predictors (bpred.[hc])

//* create a branch predictor */ A
struct bpred * /* branch predictory instance */
bpred_creat e(enum bpred_cl ass cl ass, /* type of predictor to create */

unsi gned i nt binod_size, /* binod table size */
unsigned int |1size, /* level -1 table size */
unsigned int |2size, /* level -2 table size */
unsigned int neta_size, /* meta predictor table size */
unsigned int shift width, /* history register width */
unsi gned i nt xor, /* history xor address flag */
unsigned int btb_sets, /* nunber of sets in BTB */
unsigned int btb_assoc, /* BTB associativity */
unsigned int retstack size);/* numentries in ret-addr stack */

/* register branch predictor stats */

voi d

bpred reg stats(struct bpred *pred, /* branch predictor instance */
L struct stat_sdb_ t *sdb);/* stats database */ )

e various branch predictors implemented.:
o direction: static, bimodal, 2-level adaptive, global, gshare, hybrid
0 address: return, BTB

o cal bpred_reg_stats toregister predictor-dependent stats
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Branch Predictors (bpred.[hc])

o

(] * probe a predictor for a next fetch address */ A
SS ADDR TYPE /* predicted branch target addr */
bpred_| ookup(struct bpred *pred, /* branch predictor instance */
SS ADDR TYPE baddr, /* branch address */
SS ADDR TYPE bt ar get, /* branch target if taken */
enum ss_opcode op, /* opcode of instruction */
int r31p, /* is this using r31? */
struct bpred update *dir_update ptr,/* predictor state pointer */
int *stack _recover i dx); /* non-specul ative top-of-stack */
/* update the branch predictor, only useful for stateful predictors */
voi d
bpred_updat e(struct bpred *pred, /* branch predictor instance */
SS ADDR TYPE baddr, /* branch address */
SS ADDR TYPE bt ar get, /* resol ved branch target */
int taken, /* non-zero if branch was taken */
int pred_taken, /* non-zero if branch was pred taken */
int correct, /* was earlier prediction correct? */
enum ss_opcode op, /* opcode of instruction */
int r31p, /* is this using r31? */
struct bpred update *dir_update ptr);/* predictor state pointer */ y
 |ookup function makes a direction/address predictions
e update function updates predictor state once direction
and address are known
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Cache M odule (cache.[hc])

(/* create and initialize a general cache structure */ h
struct cache * /* pointer to cache created */
cache_create(char *nane, /* name of the cache */

int nsets, /* total nunber of sets in cache */

i nt bsize, /* block (line) size of cache */

int balloc, /* allocate data space for bl ocks? */

i nt usize, /* size of user data to alloc w blks */
i nt assoc, /* associativity of cache */

enum cache_policy policy, /* replacenent policy win sets */

/* bl ock access function, see description win struct cache def */
unsigned int (*blk access fn)(cnd, baddr, bsize, blk, now),
unsigned int hit _latency);/* latency in cycles for a hit */

/* register cache stats */

voi d cache_reg_stats(struct cache *cp, struct stat_sdb t *sdb);
\. y,

 ultra-vanilla cache module
o can implement low- and high-assoc, caches, TLBS, etc...
0 good performance for al geometries
o assumes asingle-ported, fully pipelined backside bus

. usi ze Specifies per block data space, access viaudat a
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Cache M odule (cache.[hc])

/1* access a cache */

unsi gned i nt /* latency of access in cycles */
cache_access(struct cache *cp, /* cache to access */

enum nmem cnd cnd, /| * access type, Read or Wite */

SS ADDR TYPE addr, /* address of access */

voi d *vp, /* ptr to buffer for input/output */

i nt nbytes, /* nunber of bytes to access */

SS TI ME_TYPE now, /* time of access */

char **udat a, /* for return of user data ptr */

SS ADDR TYPE *repl _addr); /* for address of replaced bl ock */

/* return non-zero if block containing address ADDR is contained in cache */
i nt cache_probe(struct cache *cp, SS _ADDR TYPE addr);

[* flush the entire cache */

unsi gned i nt /* latency of the flush operation */
cache flush(struct cache *cp, /* cache instance to flush */
SS TI ME_TYPE now) ; /* time of cache flush */

/* flush the block containing ADDR fromthe cache CP */

unsi gned i nt /* latency of flush operation */
cache _fl ush_addr(struct cache *cp, /* cache instance to flush */
SS ADDR TYPE addr, /* address of block to flush */
SS TI ME_TYPE now) ; /* time of cache flush */

e Set nowto zero if no timing model
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Example Cache Miss Handler

/1* |1 data cache |1 block miss handl er function */

static unsigned int /* latency of block access */

dl 1_access_fn(enum memcnd cnd, /* access cnd, Read or Wite */
SS ADDR TYPE baddr, /* bl ock address to access */
i nt bsize, /* size of block to access */
struct cache_bl k *blk, /* ptr to block in upper level */
SS TI ME_TYPE now) /* time of access */

{

unsigned int |at;

if (cache_dl2) { /* access next |evel of data cache hierarchy */
| at = cache_access(cache_dl 2, cnd, baddr, NULL, bsize, now, NULL, NULL);
if (cnd == Read)
return | at;
el se
return O;
}
else { /* access main nenory */
if (cnd == Read)
return nem access_| atency(bsize);
el se

return O;

e L1 D-cache miss handler, accesses L2 or main memory
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Tutorial Overview

 How to Modify the ISA

 How to Usethe Memory Hierarchy Extensions

e Limitations of the Tools
e Wrapup
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Hacking the Compiler (GCC)

e see GCC.infointhe GNU GCC release for details on
the internals of GCC

 all SimpleScalar-specific codeisin the “config/ss’
directory in the GNU GCC source tree

e Uuseinstruction annotations to add new instruction, as
you won’'t have to then hack the assembler

 avoid adding new linkage types, or you will have to
hack GAS, GLD, and libBFD.a, which may cause
great pain!
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Hacking the Assembler (GAYS)

e most of the time, you should be able to avoid this by

using instruction annotations
* new instructions are added in libopcode.a, new

Instructions will also be picked up by disassembler

* new linkage types require hacking GLD and libBFD.a,

which isvery painful
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Hacking the Linker (GLD and libBFD.a)

« avoid thisif possible, both tools are difficult to
comprehend and generally delicate

e If you must...

o emit alinkage map (-Map mapfile) and then edit the
executable in a postpass

o KLINK, from Austin’s dissertation work, does exactly this
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Annotating SimpleScalar Instructions
 useful for adding

o hints, new instructions, text markers, etc...
0 no need to hack the assembler
e bit annotations:

o /a-/p,sethit0-15

a eg.,

ld/a $r6,4($r7)

e flield annotations:

0 /s.e(v), set bitss->e with value v

a eg.,

| d/ 6: 4( 7)

$r6, 4(3r7)
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 source code design philosophy:

Hacker’s Guide

o infrastructure facilitates “rolling your own”
o Standard ssimulator interfaces
o large component library, e.g., caches, loaders, etc...

o performance and flexibility before clarity
* Section organization:

a compiler chain hacking
o sSimulator hacking
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Hacking the SmpleScalar Smulators

e two options:
0 leverage existing simulators (Sm-*.c)
o they are stable
o little instrumentation has been added to keep the source clean

a roll your own

o leverage the existing ssimulation infrastructure, i.e., all thefiles
that do not start with ‘sim-’

o consider contributing useful tools to the source base

o for documentation, read interface documentation in
“.h" files
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Execution Ranges

specify arange of addresses, instructions, or cycles
used by range breakpoints and pipetracer (in sim-outorder)
format:

addressrange: ~ @<start>:<end>
Instruction range: <start>:<end>
cycle range: #<start>.<end>

the end range may be specified relative to the start range

both endpoints are optional, and if omitted the value will default to the
largest/smallest allowed value in that range

e.g.,
O @main:+278 - main to main+278
o #:1000 - cycle O to cycle 1000
Q. - entire execution (instruction 0 to end)

SimpleScalar Tutorial Page 106

IPR2024-01225 Exhibit 2010 Page 116 of 151



Sim-Profile: Program Profiling Simulator

e generates program profiles, by symbol and by address

e extraoptions:
-icl ass
-1 prof
- br pr of
- anpr of
- segpr of
-t synpr of

- dsynpr of
-t addr pr of

-al |
- pcstat <stat >

e NOTE: “-taddrprof”

- Instruction class profiling (e.g., ALU, branch)

- Instruction profiling (e.g., bnez, addi, etc...)

- branch class profiling (e.g., direct, calls, cond)
- address mode profiling (e.g., displaced, R+R)

- load/store segment profiling (e.g., data, heap)

- execution profile by text symbol (i.e., funcs)

- reference profile by data segment symbol

- execution profile by text address
- enable all of the above options

- record statistic <st at > by text address

11 . - ”n
== -pcstat sIimnum.i nsn
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Sim-Cache: M ulti-level Cache Simulator

generates one- and two-level cache hierarchy statistics and profiles

extra options (also supported on sim-outorder):

-cache: dl 1 <confi g> - level 1 data cache configuration
-cache: dl 2 <confi g> - level 2 data cache configuration
-cache:il1 <config> - level 1instruction cache configuration
-cache:il2 <config> - level 2 instruction cache configuration
-tlb:dtlb <config> -dataTLB configuration

-tIb:itlb <config> -instruction TLB configuration

-flush <confi g> - flush caches on system calls
-i conpr ess - remaps 64-bit inst addresses to 32-bit equiv.
-pcstat <stat> - record statistic <st at > by text address

IPR2024-01225
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Specifying Cache Configurations

« al cachesand TLB configurations specified with same format:
<nane>: <nset s>: <bsi ze>: <assoc>: <repl >

 Where
<name> - cache name (make this unique)
<nset s> - number of sets
<assoc> - associativity (number of “ways’)
<repl > - set replacement policy
| -for LRU
f - for FIFO
r - for RANDOM

e examples
i11:1024: 32: 2: | 2-way set-assoc 64k-byte cache, LRU
dtl b: 1: 4096: 64 r 64-entry fully assoc TLB w/ 4k pages,
random replacement
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Specifying Cache Hierarchies

« gpecify all cache parametersin no unified levels exist, e.g.,

11

dil

Y

112

di2

-cache:il1 i11:128:64:1:1
-cache:dl 1 dl 1:256:32: 1:1

-cache:i12 i112:128:64:4:|
-cache: dl 2 dl 2: 1024: 64: 2: |

« tounify any level of the hierarchy, “point” an I-cache level into the
data cache hierarchy:

11

dil

Y

12

-cache:il1 i111:128:64:1:1
-cache:dl 1 dl 1:256:32: 1:1

-cache:i12 dl 2

-cache: dl 2 ul 2: 1024: 64: 2: |
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Sim-Cheetah: Multi-Config Cache
Simulator

e generates cache statistics and profiles for multiple cache configurations
In asingle program execution
» uses Cheetah cache ssimulation engine
0 written by Rabin Sugumar and Santosh Abraham while at Umich
0 modified to be a standalone library, see“l i bcheet ah/ " directory

e extraoptions:
-refs {inst,data unitied} - SPECIfY reference stream to analyze

-C {fa, sa, dn} - cache config. i.e., fully or set-assoc or direct
-R {lru, opt} - replacement policy

-a <sets> - log base 2 number of set in minimum config
-b <sets> - log base 2 number of set in maximum config
-1 <line> - cache line size in bytes

-n <assoc> - maximum associativity to analyze (log base 2)
-in <interval > - cache size interval for fully-assoc analyses
-M <si ze> - maximum cache size of interest

-c <size> - cache size for direct-mapped analyses
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Sim-Outorder: Detailled Performance

Simulator
e generatestiming statistics for a detailed out-of-order issue processor
core with two-level cache memory hierarchy and main memory

e extraoptions:

-fetch:ifgsize <size> - Instruction fetch queue size (in insts)
-fetch:nplat <cycles> - @xtrabranch mis-prediction latency (cycles)
- bpred <type> - specify the branch predictor

-decode: wi dth <insts> - decoder bandwidth (insts/cycle)
-issue:width <insts> - RUU issue bandwidth (insts/cycle)
- i ssue:inorder - CONStrain instruction issue to program order

- i ssue: wrongpat h - permlt Instruction issue after mis—speculation
- ruu: si ze <insts> - capacity of RUU (insts)

- 1'sq: size <insts> - capacity of load/store queue (insts)

-cache: dl 1 <config> - level 1 data cache configuration

-cache: dl 11 at <cycles> - level 1 datacache hit latency
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Sim-Outorder: Detailled Performance

-cache: dl 2 <config>
-cache: dl 2l at <cycl es>
-cache:il 1 <config>
-cache: il 1l at <cycl es>
-cache: il 2 <config>
-cache: il 2l at <cycl es>
-cache: fl ush
-cache: i conpress
-mem | at <1st> <next>
-mem w dt h

-tlb:itlb <config>
-tlb:dtlb <config>

-tlb:lat <cycles>

Simulator

- level 2 data cache configuration

- level 2 data cache hit latency

- level 1 instruction cache configuration
- level 1 instruction cache hit latency

- level 2 instruction cache configuration
- level 2 instruction cache hit latency

- flush all caches on system calls

- remap 64-bit inst addresses to 32-bit equiv.
- gpecify memory access latency (first, rest)

- specify width of memory bus (in bytes)

- Instruction TLB configuration
- data TLB configuration

- latency (in cycles) to servicea TLB miss
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Sim-Outorder: Detailled Performance

-pcstat <stat> - record statistic <st at > by text address
-ptrace <file> <range> - generate pipetrace

IPR2024-01225
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Simulator
-res:ialu - specify number of integer ALUsS
-res:inult - gpecify number of integer multiplier/dividers
-res: menports - gpecify number of first-level cache ports
-res: fpalu - gpecify number of FP ALUs
-res: fpmlt - gpecify number of FP multiplier/dividers
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Specifying the Branch Predictor

» gspecifying the branch predictor type:

- bpred <type>

the supported predictor types are:

not t aken aways predict not taken

t aken aways predict taken

per f ect perfect predictor

bi nod bimodal predictor (BTB w/ 2 bit counters)
21 ev 2-level adaptive predictor

« configuring the bimodal predictor (only useful when “-bpred bi mod” IS
specified):

- bpr ed: bi mod <si ze> size of direct-mapped BTB
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Specifying the Branch Predictor (cont.)

21ev” 1S gpecified):

- bpred: 2l ev <l 1si ze> <l 2si ze> <hi st _si ze>

where:
<l 1si ze> size of thefirst level table
<l 2si ze> size of the second level table
<hi st _si ze> history (pattern) width
pattern 2-bit
history predictors
branch A—) A—) branch
address = N prediction
(92] Q.
o o
\ 4 \ 4
—
hist size

SimpleScalar Tutorial

configuring the 2-level adaptive predictor (only useful when “- bpred
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Simulator Structure

| simplescalar Program Binary |
Programs
Tﬁg&g SimpleScalar |SA POSIX System Calls
Functional
Core
B Pred Stats
Performance ‘
Core ||RESOUICE Cache

EventQ | | Loader Regs Memory

e modular components facilitate “rolling your own”
e performance coreis optional
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Proxy Syscall Handler (syscall.[hc])

o algorithm:
0 decode system call
O copy arguments (if any) into simulator memory
0 make system call
o copy results (if any) into ssimulated program memory

* you'll need to hack this module to:

0 add new system call support
a port SimpleScalar to an unsupported host OS
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Experiences and Insights

 the history of SimpleScalar:
o Sohi’s CSim begat Franklin’s MSim begat SimpleScalar
o first public release in July ‘96, made with Doug Burger
o key insights:
o maor investment req’ d to develop sim infrastructure
o 2.5 yearsto develop, while at UW-Madison
o modular component design reduces design time and
complexity, improves quality
o fast smulators improve the design process, athough it does
Introduce some complexity
Q virtual target improves portability, but limits workload
QO execution-driven simulation isworth the trouble
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Advantages of Execution-Driven Simulation

e execution-based simulation
o faster than tracing
o fast smulators. 2+ MIPS, fast disks. <1 MIPS
0O no need to store traces
0 register and memory values usually not in trace

o functional component maintains precise state

o extends design scope to include data-val ue-dependent
optimizations

Q support mis-speculation cost modeling
o on control and data dependencies
a may be possible to eliminate most execution overheads
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Fast Functional Simulator

sim_main()
ADDI
2
S BNE
o
Q
O
[@X
O
FADD
\
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Tutoria Overview

e Qverview and basics
e Using the tool suite
 How to use sim-outorder

e How to build your own simulators

* How to modify the ISA

e How to use the memory extensions
« SimpleScalar limitations and caveats

* Wrapup
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Memory hierarchy extensions

e Current implementation:
- Calls cache module, returns load latency right away

- fast

- accurate If little contention in memory system

 Memory extensions:
- use callbacks at each level of hierarchy, event-driven

- memory operation is woken up when miss complete
- address trandlation, page tables

- slower, but maintains causality
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Extension files

tlb.{c, h}
- Code for address translation and physical memory

cache_sinple.c
- Functiona cache module

nshr. h
- Data structures and macros for MSHR handling

| nt er connect. {c, h}
- Code for buses
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Structure of memory extensions

 Each cache or bus has the following fields:
- num r esour ces - number of structures it connects to

-resour ce_code - flag that determines selection of structures

-resources|[] -(void *) array of pointersto structures

e Todefine L1 instruction and/or data caches:
-cache: | cache <nanme>

-cache: dcache <nane>
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Memory hierarchy example

L1 D-cache th |-cache D-TL:3 I;TLB
t - ? L ocal bus ' TLB bus
I I ~L2TLB
On-chip banks| |L2 cache|~ |
; ; Global bus

Off-chip banks

Netv%ork Interface

IPR2024-01225

SimpleScalar Tutorial

Exhibit 2010

Page 5

Page 136 of 151



Defining a memory hierarchy

Associativity Hit latency Trandation Prefetch Resource names

-cache:define L1D:1024:32:2: QI pt:0: 2:‘1:\Onbus:GI obalbus
\
Nam/e( # seté( Blo/clk size Replacement # resources Resource code

Width Arbitration # resources Resource names

-bus.define Onbus: 32:8:1:1:0:2:1: L2: Onbank

NEK( Wld'[/h( Cyge ratio Inf b/W Resource code

Name Banking code

: ) -
-bank:define Onbank:20:0
Accelss penalty
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Key functions

- cache_access() - performslookup only
-response_handl er () - dealswith returning misses

- get _bus() - returns pointer to next bus (timing sim. only)
-request _arrival () -returnslatency of bus access

-get _next _nenory | evel () - returns pointer to structure

- bl k_access_fn() - callsappropriate memory routines
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cache access()

check for hit;
check for nshr _hit;
all ocate nshr (return full?);
| at = request _arrival (bus == get_bus);
ptr = get_next_nenory_| evel (& ype);
schedul e bl k _access fn(nowl at, ptr, type);
return M SS;
mshr _hit:
save target (return full?);
return M SS;
cache _hit:
return hit | atency;
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* MSHR hit: allocate one target

Miss Status Holding Registers
e Initial implementation by Alain Kagi
* MSHR miss: allocate an MSHR, initialize one target

* \When response returns, fire all targets
* If no avallable MSHRs or targets (L 1 only)

- Place load back in issue ready queue

- Prevent store from committing

- Continue stalling i-fetch

2222222222222
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TLB setup

e ITLB and DTLB can be defined
-use-tl b: defi ne (args same as cache)

-tl b:dtl b <nane>

-tlb:itlb <nane>
e L1icache usesitlb if defined
 All other caches use dtlb pointer if necessary

» Caches automatically access TLB if translation needed
- Send request down and stall on TLB miss (or if no TLB)
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Address trandation

* 4-byte page table entries
- 4K B pages assumed (possible to change, not parameterized)

-4 MB (1 M entries) thus maps 4GB (32-bit address space)

 Page table pages mapped in virtual address space
- Mapped inlow 4MB of virtual address space

- Therefore need address translation on PTEs also
- Trandlations for page table pages stored in 4KB MMU
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Address trandation (con't)

20— > = 12—
T. Offset virtual address
TLB miss ¢
00...00 Tag 00| virtual PTE address
|

TLB miss on PTE 10

MMU 20

——
1024 ' \
entries PTE frame PTE offset |00

physical PTE address
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Limitations of the memory extensions

e PRERELEASE
- Probably bugs

- Code will be cleaner for release

* No back-pressure on non-L 1 caches
- Must have enough MSHRs at lower levels

e Codeisdower

- Slowdown = 2 - 4 x (proportional to miss rate)

- Not needed if memory system not an issue
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Tutorial Overview

e Qverview and basics

e Using the Tool Suite
 How to use sim-outorder

e How to build your own simulators

* How to modify the ISA

e How to use the memory extensions
e SimpleScalar limitations and caveats

* Wrapup
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L imitations of the tools

 Important to understand for accurate research
- Same simulator may be accurate in one study, not in another

- Following is an incompl ete list

e Simulator structure
* Processor model
 Memory system

e Simulation accuracy

SimpleScalarTutorial

Page 2

IPR2024-01225 Exhibit 2010 Page 146 of 151



Limitations of the smulator structure

 Functional core and timing simulator are split
- Performance optimization

 Timing correctness difficult to ascertain (program runs)
e Some speculation (value pred.) inaccurate

* Multiprocessor target much harder to implement
- Result of load may depend on timing

- Functional core(s) has (have) no notion of time

- Some memory models may work
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Limitations of the processor model

 RUU model is one implementation
- Reservation station and reorder buffer merged

- Separate |oad-store queue

- Different implementations may vary widely

* No partial forwardson LSQ
- (example: byte read after word write)
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Limitations of the memory system

* No causality in memory system
- All events are calculated at time of first access

 NO address trand ation
- All addresses virtual

 Fixed latency TLB misses, no traffic
 No MSHRs In memory hierarchy

 Accurate if memory system islightly utilized
- Memory extensions address these limitations
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Limitations of the ssmulation accuracy

* No system code modeled
- Future releases may rectify this

* No validation against real system
- Hard problem

e Simulator may be inaccurate depending on research!!!

* YOU areresponsible for determining accuracy!
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Tutorial Overview Wrapup

e OQverview and basics » Comments on tools
« Using the Tool Suite - How can they be improved?
« How to use sim-outorder - What other features are needed?
» How to build your own simulators - Isthere a need in the community?
* How to modify the | SA « Comments on tutorial
* How to use the memory extensions _ At theright level?
* SimpleScalar limitations and caveats - Worth doing again?
* Wrapup L
 Thanks for participating!
{ SimpleScalarTutorial )W { SimpleScalarTutorial }7@62
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