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What do we know?

From To
Instruction Set Processor
Architecture ‘ I mplementation

What Next?

How do we get here =) Instruction Set
In the first place? Design
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Outline

 Virtual Machines: Interpretation Revisited
e Example: From HLL to Machine Code

e Implementing HLL Abstractions
— Control structures
— Data Structures
— Procedures and Functions
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Virtual Machines

(VM’s)

Type of Examples Instruction Data Elements Comments
Virtual Elements
Machine
Application Spreadsheet, Drag & Drop, GUI cells, paragraphs, Visual, Graphical, Interactive
Programs Word Ops, Macros sections Application Specific Abstractions
Processor Easy for Humans
Hides HLL Level
High-Level C, C++, Java, if-then-else, arrays, structures Modular, Structured, Model Human
Language FORTRAN, procedures, loops Language/Thought
Pascal General Purpose Abstractions
Hides Lower Levels
Assembly- SPIM, MASM directives, pseudo- registers, labelled Symbolic Instructions/Data
Level instructions, macros memory cells Hides some machine details like
alignment, address calculations
Exposes Machine |SA
Machine-Level MIPS, Intel load, store, add, bits, binary Numeric, Binary
(ISA) 80x86 branch addresses Difficult for Humans
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Computer Science Iin Perspective

,5< People
{2 ] _
N = Computer Human Interaction, User Interfaces

Application I

Frograms CS1/CS2, Programming, Data Structures

Hi el I
%

Programming Languages, Compilers

o

Computer Architecture
(I5A) INTERPRETATION
o A CORE theme all throughout
== Bl Computer Science
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Computing Integer Division
lterative C++ Version

int a = 12;
int b = 4;
int result = 0;
main () {
If (a >= b) {
while (a >= 0) {
a=a - b;
result ++;
}
}
}

We ignore procedures and 1/0 for now
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Easy |

A Simple Accumulator Processor
Instruction Set Architecture (ISA)

Instruction Set

Symbolic Opcode Action Symbolic Action

Name Name

1I=0 =1

Comp 00 000 AC ? not AC Comp AC <-not AC
ShR 00 001 AC? AC/2 ShR AC? AC/2
BrNi 00 010 AC<0? PC? X BrN AC<07? PC? MEM[X]
Jumpi 00 011 PC? X Jump PC ? MEM[X]
Storei 00 100 MEMI[X] ? AC Store MEM[MEM[X]] ? AC
Loadi 00 101 AC ? MEM[X] Load AC ? MEM[MEMI[X]]
Andi 00 110 AC ? AC and X And AC ? AC and MEMIX]
Addi 00 111 AC? AC + X Add AC ? AC + MEM[X]
Fall 2002 INEL 4206 Microprocessors
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Computing Integer Division
Iterative C++ Version

int a = 12;
int b = 4;
int result = 0O;
main () {
if (a >=b) {
while (a >= 0) {
a=a - b;
result ++;
}
}
}

T T~
C++

HLL

Easy-I
Assembly Language

Fall 2002




Computing Integer Division
Iterative C++ Version

Translate Data: Global Layout

I nt
I nt
I nt
nai

[

}
}

a = 12; 0:
b = 4;
result = 0O;

n () {

f (a >=b) {
while (a >= 0) {
a=a - b;
result ++;

}

T T~
C++

HLL

Easy-I

Assembly Language

Fall 2002

andi 0 # AC = 0
addi 12

storei 1000 # a = 12 ored @ 1000)
andi 0 # AC = 0

addi 4

storei 1004 #b =4 tored @ 1004)
andi 0 # AC =

st orei # O (result @1008)

Memory allocation
eData Alignment
*Data Sizing




Computing Integer Division

lterative C++ Version

Translate Code: Conditionals

int a = 12; 0:
int b = 4;
int result = 0;
main () {
If (a >= b) {
while (a >= 0) {
a=a - b;
result ++;

C++
HLL

Easy-I
Assembly Language

Fall 2002 exit:

andi
addi
st or ei
andi
addi
st or ei
andi
st or ei
| oadi
conp
addi
add
br ni

If-Then

0 # AC=0
12
1000 # a = 12 (a stored @ 1000)
0 # AC=0
4
1004 # b =4 (b stored @1004)
0 # AC=0
1008 # result = 0 (result @1008)
1004 # conpute a — b in AC

# using 2’'s conpl enent add
1
1000
exit ¢« exit if AC negative

| ssues

*Must translate HLL boolean
expression into 1SA-level

branching condition




Computing Integer Division
Iterative C++ Version

Translate Code: Iteration (loops)

int a = 12;
int b = 4;
int result = 0;
main () {
If (a >= b) {
while (a >= 0)
a=a - b;
result ++;

{

C++
HLL

Easy-I
Assembly Language

Fall 2002

0: andi
addi
st or ei
andi
addi
st or ei
andi
st or ei
| oadi
conp
addi
add
br ni

| oadi
br ni

| oop:

junp
endl oop:
exit:

0

12
1000
0

4
1004
0
1008
1004

1

1000
exit
1000
endl oop

| oop

H

HHHHEH

AC = 0
a = 12 (a stored @ 1000)
AC = 0

b =4 (b stored @1004)
AC = 0

result = 0 (result @ 1008)
conpute a — b in AC

using 2’s conpl enent add

exit if AC negative




Computing Integer Division

lterative C++ Version

Translate Code: Arithmetic Ops

int a =
int b = 4;
int result
main () {

if (a>=b) {

whi | e
a =

result ++;

:O,

(a >=0) {
a - b;

C++
HLL

| oop:

Easy-I
Assembly Language

Fall 2002

endl oop:
exit:

andi
addi
st or ei
andi
addi
st or ei
andi
st or ei
| oadi
conp
addi
add
br ni

| oadi
br ni

| oadi
conp
addi
add

j unpi

0

12
1000
0

4
1004
0
1008
1004

1

1000
exit
1000
endl oop
1004

1
1000

| oop

H

HHHHEH

AC = 0

a = 12 (a stored @ 1000)
AC = 0

b =4 (b stored @1004)
AC = 0

result = 0 (result @ 1008)
conpute a — b in AC

using 2’s conpl enent add

exit if AC negative
conpute a — b in AC
using 2’s conpl enent add
Uses indirect bit I =1




Computing Integer Division
Iterative C++ Version

Translate Code: Assignments

int a = 12;
int b = 4;
int result = 0;
main () {
If (a >= b) {
while (a >= 0) {
a=a - b;
result ++;
}
}
}

T T~
C++

HLL

Easy-I
Assembly Language

Fall 2002

| oop:

endl oop:
exit:

andi 0 # AC = 0

addi 12

storei 1000 # a = 12 (a stored @ 1000)
andi 0 # AC = 0

addi 4

storei 1004 # b =4 (b stored @1004)
andi 0 # AC = 0

storei 1008 # result = 0 (result @1008)
| oadi 1004 # conpute a — b in AC
conp # using 2's conpl enent add
addi 1

add 1000

br ni exit # exit if AC negative

| oadi 1000

br ni endl oop

| oadi 1004 # conpute a — b in AC
conp # using 2’s conpl enent add
addi 1

add 1000 # Uses indirect bit | =1
storei 1000

junmp | oop




Computing Integer Division
Iterative C++ Version

Translate Code: Increments

int a = 12;
int b = 4;
int result = 0;
main () {
If (a >= b) {
while (a >= 0) {
a=a - b;
result ++;
}
}
}

T T~
C++

HLL

Easy-I
Assembly Language

Fall 2002

| oop:

endl oop:
exit:

andi
addi
st or ei
andi
addi
st or ei
andi
st or ei
| oadi
conp
addi
add
br ni

| oadi
br ni

| oadi
conp
addi
add
st or ei
| oadi
addi
st or ei

j unpi

0

12
1000
0

4
1004
0
1008
1004

1

1000
exit
1000
endl oop
1004

1

1000
1000
1008
1

1008
| oop

H

HHHHEH

AC =0
a = 12 (a stored @ 1000)
AC =0

b =4 (b stored @1004)
AC = 0
result = 0 (result @ 1008)

conpute a — b in AC
using 2’s conpl enent add

exit if AC negative

conpute a — b in AC
using 2’s conpl enent add
Uses indirect bit I =1

result = result + 1




Program

Address | Bit Opcode X
(binary) (base 10)
0 0 00 110 0
Computing Integer Division > 0 00 111 12
4 0 00 100 1000
E aS y I 6 0 00 110 0
_ 8 0 00 111 4
Machine Code |z |~ [wo[ w
12 0 00 110 0
14 0 00 100 1008
16 0 00 101 1004
18 0 00 000 unused
Data 20 0 00 111 1
22 1 00 111 1000
Address Contents
24 0 00 010 46
1000 a 26 0 00 101 1000
1004 b 28 0 00 010 46
1008 result 30 0 00 101 1004
32 0 00 000 unused
34 0 00 111 1
Chal I enge 36 0 00 100 1000
Make this program as 38 0| oo | 1008
) 40 0 00 111 1
small and fast as possible p o oo | 100
44 0 00 011 26
Fall 2002 INEL 4206 Microprocessors

Lecture 5

15




Computing Integer Division
Iterative C++ Version

Revised Version

int a = 0;
int b = 4;
int result = 0;
main () {
while (a >= b) {
a=a - b;
result ++;
}
}

C++
HLL

Easy-I
Assembly Language

Fall 2002

0: andi
addi
st orei
andi
addi
st orei
andi
st orei

mai n:

| oop: | oadi

conp
addi
add

br ni

| oadi

conp

addi
add

st orei

| oadi

addi
st orei

j unpi

endl oop:

exit:

0 # AC=0
12
1000 # a = 12 (a stored @ 1000)
0 # AC=0
4
1004 # b =4 (b stored @1004)
0 # AC=0
1008 # result = 0 (result @1008)
1004 # conpute a — b in AC

# using 2’'s conpl enent add
1
1000

exit # exit if AC negative
1004 # conpute a — b in AC
# using 2's conpl enent add
1
1000 # Uses indirect bit | =1
1000
1008 # result =result + 1
1
1008
| oop

Lecture 5




Translating Conditional Expressions

Transl ati ng Logi cal Expressions

int a = 0;
int b = 4; : .,
int result = O | oop exit condition
main () {
while (a >= b) { ~(a >= b) ? ~((a = b) >=0)
a=a- b
result ++; i ((a —b) <0)
}
}
What i f Loop Exit Condition was:
~(a < b) ?
?
?
?
Fall 2002 INEL 4206 Microprocessors 17
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Computing Integer Division Peephole Optimization

lterative C++ Version

int a = 0; 0: andi 0 # AC =0
int b = 4; addi 12
int result = O; storei 1000 # a = 12 (a stored @ 1000)
main () { andi 0 # AC =0
while (a >= b) { addi 4
a=a- b storei 1004 # b =4 (b stored @1004)
resul t ++: andi 0 # AC =0
} storei 1008 # result = 0 (result @ 1008)
} mai n:
| oop: | oadi 1004 # conpute a — b in AC
conp # using 2's conpl enent add
addi 1
A add 1000
C}+“+ br ni exit # exit if AC negative
storei 1000
F{L_L_ | oadi 1008 # result = result + 1
addi 1
storei 1008
junmpi 1 oop
endl oop:
Easy-| exit:
Assembly Language
Fall 2002
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The MIPS Architecture
ISA at a Glance

e Reduced Instruction Set Computer (RISC)
e 32 general purpose 32-hit registers

e | oad-store architecture: Operands in registers
e Byte Addressable

o 32-bit address space

Fall 2002 INEL 4206 Microprocessors 19
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The MIPS Architecture

32 Register Set (32-bit registers)

Regi ster # | Reg Nane Function

ro ro Zer o const ant

ra-r7 a0-a3 | Function argunents

rl at Reserved for QOperating Systens
r 30 fp Frame poi nter

r28 ap A obal nenory pointer

r26-r27 kO- k1l |Reserved for OS Kernel

r3l ra Function return address
rl16-r23 sO-s7 |Callee saved registers

r29 Sp St ack pointer

r8-r15 tO-t7 |Tenporary vari abl es

r24-r25 t8-t9 |Tenporary vari abl es

r2-r3 vO-v1l |Function return val ues

Fall 2002 INEL 4206 Microprocessors 20
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The MIPS Architecture
Main Instruction Formats

Simple and uniform 32-bit 3-operand instruction formats

—R Format: Arithmetic/Logic operations on registers

opcode rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
—| Format: Branches, loads and stores
opcode rs rt Address/Immediate
6 bits 5 bits 5 bits 16 bits

—J Format: Jump Instruction

opcode rs rt Address/Immediate
6 bits 5 bits 5 bits 16 bits
Fall 2002 INEL 4206 Microprocessors
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The MIPS Architecture

Examples of Native Instruction Set

| nstructi on | nstructi on Functi on
Group
Arithmetic/ add $s1, $s2, $s3 $s1 = $s2 + $s3
Logi c
addi $s1, $s2, K $s1 = $s2 + K
Load/ St ore lw $s1, K($s2) $s1 = MEM $s2+K]
sw $s1, K($s2) MEM $s2+K] = $s1

Junps and beq $s1, $s2, K if ($s1=$s2) goto PC + 4 + K
Condi ti onal
Br anches slt $sl1, $s2, $s3 if ($s2<$s3) $sl1l=1 el se $s1=0
j K goto K
Procedur es jal K $ra = PC + 4; goto K
jr $ra goto $ra

Fall 2002

INEL 4206 Microprocessors
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The SPIM Assembler

Examples of Pseudo-Instruction Set

Instruction Goup Synt ax Transl ates to:
Arithnetic/ neg $sl1, $s2 sub $s1, $r0, $s2
Logi ¢ not $sl1, $s2 nor $17, $18, $0
Load/ St ore li $s1, K ori $s1, $0, K
la $s1, K | ui $at, 152
ori $sl1, $at, -27008
nove $sl1, $s2
Junps and bgt $s1, $s2, K slt $at, $sl1, $s2
Condi t i onal bne $at, $0, K
Branches sge $s1, $s2, $s3 bne $s3, $s2, foo
ori $s1, $0, 1
beq $0, $0, bar
foo: slt $sl1, $s3, $s2
bar :

Pseudo | nstructi ons:

translated to native instructions by Assenbl er

F T UvU

TTVI L. T UV

Lecture 5

TVTITOT \JPI VULV T J
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The SPIM Assembler

Examples of Assembler Directives

G oup Directive Functi on
Menory . data <addr> Dat a Segnent starting at
Segnment ati on

.text <addr> Text (progran) Segnment
. Stack <addr> St ack Segnent
. kt ext <addr> Ker nel Text Segnent
. kdat a <addr > Kernel Data Segnent
Data Al l ocation x: .word <value> | Allocates 32-bit variable
X: .byte <value> | Allocates 8-bit variable
x: .ascii “hello” |Allocates 8-bit cell array
O her . gl obl x X is external synbol

Assenbl er Directives: Provide assenbler additional info to generate nmachi ne code

Fall 2002 INEL 4206 Microprocessors 24
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Handy MIPS ISA References

Fall 2002

Appendix A: Patterson & Hennessy
SPIM ISA Summary on class website

Patterson & Hennessy Back Cover

INEL 4206 Microprocessors
Lecture 5

25



The MIPS Architecture
Memory Model

TEFFAT, .

10000000, _,

400000),,,

Fall 2002

Dynamic data

Static data

Reserved

Stack segment

Data segment

Text segment

INEL 4206 Microprocessors
Lecture 5
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Computing Integer Division MIPS/SPIM Version

lterative C++ Version

int a = 12;
int b = 4;
int result = O; .data # Use HLL program as a conment
main () { X: .vor d 12 #int x = 12;
While(a >= b) y: .wor d 4 #int y = 4
a=a-b res: .word 0 #int res = 0;
result B . gl obl mai n
} .text
} } mai n: I a $s0, x # Allocate registers for globals
| w $s1, 0(%$s0) # xin $s1
A | w $s2, 4($s0) # y in $s2
C.|._|. | w $s3, 8($s0) # res in $s3
whi | e: bgt $s2, $s1, endwhile # while (x >=y) {
sub $s1, $s1, $s2 # X =X - V;
addi $s3, $s3, 1 # res ++;
j whil e # )
endwhi | e:
I a $s0, X # Update variables in nenory
MIPS swW $s1, 0(%$s0)
Assembly Language sw $s2, 4(3s0)
swW $s3, 8(%$s0)
jr $ra
Fall 2002 INEL 4206 Microprocessors 27
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SPIM Assembler Abstractions
o Symbolic Labels

— Instruction addresses and memory
locations

 Assembler Directives
— Memory allocation
— Memory segments
* Pseudo-Instructions
— Extend native instruction set without
complicating arquitecture
e Macros

Fall 2002 INEL 4206 Microprocessors
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Implementing Procedures

e Why procedures?
— Abstraction
— Modularity
— Codere-use

e |nitial Goa

— Write segments of assembly code that can be re-used,
or “called” from different points in the main program.

— KISS: Keep It Simple Stupid:

* N0 parameters, no recursion, no locals, no return values

Fall 2002 INEL 4206 Microprocessors
Lecture 5
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Procedure Linkage
Approach |

Problem

— procedure must determine where to return after
servicing the call

Solution: Architecture Support

— Add ajump instruction that saves the return address in
some place known to callee
e MIPS: jal instruction saves return address in register $ra

— Add an instruction that can jump to return address

e MIPS: jr instruction jumps to the address contained in its
argument register

Fall 2002 INEL 4206 Microprocessors
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Computing Integer Division (Procedure Version)

int a =
int b
int res
main () {

a = 12;

b =5;

res = 0;

div();

printf(“Res = %

I
I o o

}
void div(void) {
while (a >= b)
a=a- b
res ++;

C++

MIPS
Assembly Language

Fall 2002

X:
y:

res:
pf 1:
pf 2:

unused

menory

. dat a
.word
.word
.word
.asciiz
.asciiz
. gl obl

. text

| a
li

SW
| a
li

SW
| a
li

SW
j al
| a

li

[ 'w

I a

li

sw

I a

li

| w

I a

li
syscal
nove
li
syscal
I a

li
syscal
nove
li
syscal
jr

0

0

0

"Result ="

"Remai nder ="
mai n

$s0, x

$s1, 12
$s1, 0($s0)
$s0, vy

$s2, 5

$s2, 0($s0)
$s0, res
$s3, O

$s3, 0($s0)
d

$s0, x

$s1, 12
$s1, 0($s0)
$s0, vy

$s2, 5

$s2, 0($s0)
$s0, res
$s3, O

$s3, 0($s0)
$a0, pf1l
$v0, 4

$a0, $s3
$v0, 1

$a0, pf2
$v0, 4

$a0, $si
$v0, 1

$ra

#

#

res

n
o

res

n
o

printf("

printf("

#int main() {
# /] main assunmes registers sx

# x = 12;
# y =5
# div();

# /] Mist refresh registers from

Result = % \n");

# [//systemcall to print_str

# //systemcall to print_int

Remai nder = % \n");
# [//systemcall to print_str

# //systemcall to print_int

# return // TO Operating System




Computing Integer Division (Procedure Version)
Iterative C++ Version

int a = 0;
int b = 0;
int res = 0;
main () {
a = 12
b = 5;
res = 0;
div(); # div function
. “« _ # PROBLEM Muist save args and regi sters before using them
printf(“Res = 9% . # void d(void) {
} # /] Alocate registers for globals
. . . la $s0, x # /] x in $s1
void div(void) { | w $s1, 0($s0)
i - la $s0, vy # /] y in $s2
while (a >=b) { w $s2. 0($s0)
a =a - b; la $s0, res # I/ res in $s3
. | w $s3, 0(%$s0)
res ++, whi | e: bgt $s2. $s1, ewhile# while (x <= y) {
} sub $s1, $s1, $s2 # X =X -y
addi $s3, $s3, 1 # res ++
} j whil e #
ewhi | e: # |/ Update variables in nenory
‘:::f////\\\\722>> a 390, x
sw $s1, 0(%$s0)
(::4"F la $s0, vy
sw $s2, 0(%$s0)
la $s0, res
sw $s3, 0(%$s0)
enddi v: ir $ra # return;
#}
MIPS
Assembly Language
Fall 2002 INEL 4206 Microprocessors 32
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Pending Problems With
Linkage Approach |

* Registers shared by all procedures

* Procedures should be able to call other procedures
» Lack of parameters forces access to globals

e Recursion requires multiple copies of local data

* Need a convention for returning function values

Fall 2002 INEL 4206 Microprocessors 33
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Solution: Use Stacks of
Procedure Frames

e Stack frame contains:
— Saved arguments
— Saved registers
— Return address
— Local variables

0!

stack growth

Fall 2002 INEL 4206 Microprocessors
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Anatomy of a Stack Frame

caller’'s stack frame
function arguments
frame >
pointer return address
saved registers
local variables of static size
stack >
pointer l
work area

Contract: Every function must leave the stack the way it found it

Fall 2002 INEL 4206 Microprocessors 35
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Example: Function Linkage
using Stack Frames

Int x =
int y =
int res
main () {

X = 12,

y = 5;

res = div(x,y);

printf(“Res = %", res);

o o

}
int div(int a,int b) {

nt tes = o » Add return values

if (a >=b) {

res = div(a-b,b) + 1; *Add parameters

}

I .

el ~ *Add recursion

}

return res; *Add local variables
} -
Fall 2002 INEL 4206 Microprocessors
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MIPS: Procedure Linkage
Summary

* First 4 arguments passed in $a0-$a3
* Other arguments passed on the stack
e Return address passed in $ra

« Return value(s) returned in $v0-$v1
o SX registers saved by callee

o TX registers saved by caller
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