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2.10 Translating and Starting a Program :

Compilation

[ Source program (e.g., C)]

Compiling

[ Assembly language ]

Assembling

[ Machine language ]
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Symbolic representation of a

computer’s binary encoding

- opcodes or register specifiers
instead of bit patterns

-labels to identify particular
memory words




Why Assembly Languages ?

¢ Program speed is critically important
— With compilers, no control over instructions to exe cute
— Thus, not sure about its response time

e Program size is critically important
— Embedded applications

— Sometimes needs to be fit into internal RAM

¢ No high-level language is available
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Why Assembly Languages ?

¢ GEOS from GeoWorks

— Object oriented operating system, entirely written in assembly language
(Intel 8086)

— Products
» Geobook, PC-NewDeal, PC-Ensemble
* HP’'s OmniGo
» Sharp’s Zoomer

» Nokia’s Communicator smart phones
— Advantages & Disadvantages ??7?

¢ What DSP programmers usually do ?
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How to Assemble

* “Assembling”
— is a straightforward process compared to “compiling
« Machine language format corresponds to memory layout.
— Dictates where file contents loaded into memory.
— Segments specified in assembly.
.align N
Ensure following item is N-byte aligned.
l.e., skip bytes based on current offset.
.section “..."
Following info is in specified segment.
Need to keep track of each segment’s contents aegbhar
— but, “label handling” is the most difficult task
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00100111101111011111111111100000
10101111101111110000000000010100

10101111101001000000000000100000 . —
10101111101001010000000000100100  2¢™ 329 429, 32 subw $sp, $sp, 32
10101111101000000000000000011000 swo o s4, 32(829) st $ra, 20($sp)
10L0TT11101000000000000000011100 5w 85 36529) oo st
10001111101011100000000000011100 & {0 Z4(829) s
10001111101110000000000000011000 1w 514, 28(529) Toop: A his point, record the
00000001110011100000000000011001  J 74 aresa W SU6, 28(85p) uaed wnon it s reered
00100101110010000000000000000001  adau  szs. 524, s15 ml o $t7, $i6, $t6
00101001000000010000000001100101  bme  s1,” 50, -9 w88, 24(3sp)
10101111101010000000000000011100 o, o> 3443290 o 3?&3?7
00000000000000000111100000010010 1w 35, za(s29) T
00000011000011111100100000100001 ~ J2! 1048 812 B e

addiu  $4, $4, 1072 »- €OLISP
000101000010000011111 11111110111 1" 31, 30¢s29) ble  $t0, 100, Toop
10101111101110010000000000011000  2ddiu  s29. s29, 32 la o %a0, str———
00111100000001000001000000000000  pove 55~ 5o GRS
10001111101001010000000000011000 (T
0000110000010000000000001L101100 v Sra, 20(8sp)
00100100100001000000010000110000 addu  $sp, $sp, 3P Nispoint ‘sr i not
10001111101111110000000000010100 j i and file later hen it

becomes known.

=1-pass is not enough

=Some can only be
resolved from other file

00100111101111010000000000100000
00000011111000000000000000001000
00000000000000000001000000100001

.data
.align 0

.asciiz "The sugl from 0 .. 100 is %d\n"
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How to Assemble : Labels

filel.s

Labels stand for the memory address of
their definition.

. Computing addresses difficult. /
Forward references . /
References to other section

. Computing all addresses impossible. label2:

References to other files (external) . call foo
Only possible during linking. /

«  Build symbol table to describe label / ba labell

labell:
beq label2

definition & uses.

file2.s

foo:
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How to Resolve Addresses :
2-pass Assembler (& Linker)

e Passl:
— Read file & parse input.
— Build symbol table of where each label defined.
— Compute starting addresses of each section.

¢ Pass2:
— Read file & parse input.
— Encode, using label's addresses where needed.

— Write encodings to file.

« Easytounderstand but Parses input twice.
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How to Resolve Addresses :
1-pass Assembler (& Linker)

e Passl:
— Read & parse input.
— Encode instructions, with “holes” for labels.
— Build symbol table of label definitions & uses.
— Compute starting address of each section.

— Use symbol tables to finish encoding instructions - - “backpatching”.
— Write encodings to file.

«  Simpler, and faster (backpatching is faster than a2  nd pass), but, somewhat tricky to

backpatch many instruction formats
*  Some architecture has 16-bit address field & uses a register if exceeded
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Object file format

* Header

* Text segment & data segment
« Relocation information

* Symbol table

« Debugging information

| Assembly language prrograml

Assembler

| Ohbject: Machine language moduJ!a | Object: Library routine (machine langu.ake)

Executable file formats

«a.out : traditional UNIX format
« ELF : modern UNIX format

« EXE : Microsoft format

Combine object files from
separately compiled modules
and fix their unresolved
references among files. |Execunab1e=Machme language prrogra.{n

Linker

Read the linked executaie
file from a disk, copies
instructions and data into
memory.
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Outline of a.out Format

¢ Header

¢ Segments
— Text
— Rodata
— Data
— Bss

¢ Symbol Table
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Description of rest of file, including segmen t sizes

Initial contents of memory

Instructions

Read-only data, e.g., constants & output stri  ngs
Global variables, possibly initialized

“heap”; pre-allocated space; initialized to zero s

Label definitions & uses (optional for executable files)

11

Outline of ELF & EXE Formats

¢ Similar to a.out, but much more flexible.
— More kinds of segments available.

Can specify more information about each segment.
Lots more details.

Both simplify shared libraries & dynamic linking.
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Compilation with Multiple Files

Source: (file3.cc)  (filed.f)

+«——— Compiling

Assembly:  (filel.s| (file2.s] (file3.s] |filed.s]

Assembling

Relocatable l
Machine &  [filet.o] (file2.0] [file3.0] |filedo] |libl.al

Libraries:
~—— Linking

Executable .
. .ﬁle
Machine:
EEC 483 Computer Org., 2006 1 3

Assembling & Linking

. *  Encoding is straightforward
Assembling: «  Most of the work is dealing with  labels
¢ Encode instructions. >_ «  Forward reference : when
+  Build table of label definitions. resolved?

- Build table of label uses. : Zii)weaég reference : when
*  Output relocatable file. S + External reference : when
resolved?

Linking: ~
e “Glue” relocatable files together.
*  Assign addresses to labels. ¢ Details depend on file formats

* Replace label uses with >_ « aout, ELF, EXE
addresses.

«  Output executable file.

¢ Next step is “Loader”
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Loader & PC-relative addressing

2000 0006 5000 0006
2000 0050 beq 4-) 5000 0050 beq 4-;
10 (=4<<2) . 10 (=4<<2) .
I label| .« | I label| . < |
(2000 0040) (5000 0040)
2000 0006 5000 0006
What if starting|
. : address=
2000 0050 j 100 ) 5000 0059 j 100 D 2000 3000 2?7
label R label .
(2000 0440 (5000 0440
=2’ from PCT26-bit 100<<2) =2’ from PCT28-bit 100<<2)
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More on Stack (revisited)

Procedure frame = activation record

Segment of stack which has a procedure’s saved
registers and local variables

Frame pointer ($fp)

Is used to reference a local variable stored in
stack

Why $sp does not do that ?

Global pointer ($gp)

Is ised to reference a static variable stored on dat
section
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S ——

Saved argument
registers (if any)

Saved return address

Saved saved
registers (if any)

Local arrays and
structures (if any)

> AR

- 1) Q—
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2.13 Example: swap => how about “test&set”

swap (int v[ ], int k) /I $a0 has starting address of an array v
{ /I $al has ‘k’
int temp;
/l'let’s use $t1 for ‘temp’

temp = v[K]; /1 $t1 <- memory[$a0+$al] ???
V[K] = v[k+1]; /i
vlk+1] = temp; Ik

} Ijr $ra

/Il since return address is in $ra

test&set (int x) See our account & draw $100

Lw $t0, 0($s0) => A: see & draw => B: see & “not” draw
. Addi $t1, $zero, 1 => Aisee, B:see, Adraw, B:draw ???
1= —1- ) see, , f
if (x!=1) x=1; Beq $t0,$t1,exit (multiprogramming,
} Sw $t1, 0($s0) interleaving with many programs)
Address of “x” is $s0 Exit: =>“Lock’=> A:lock(1), see, draw, unlock(0)

But “Lock” must be “atomic”, not a sequencg
of multiple operations
=Implement Test&Set in one machine inst.

Use $zero register

=Semaphore, concurrency control, dining ph
EEC 483 Computer Org., 2006 7

Example: clearl => how about “make-it-blac\k”

clearl (int array[ ], int size) /] $a0 = start address f ‘array’
{ /] $al = value of ‘size’
inti; /I $t0 is assigned to local variable ¥’

for(i=0;i<size;i=i+1) //$t0<-0
/I'if $tO is less th
I
array [i] = 0; I/ memory[$a0+$t0*4] <- 0

$al, get out of loop

Sub $t1, $t1, $t1 ; $t1=0 (index)

make-it-black (char screen[}int size) Loop:
Addiu $t0, $zero, 0ffh ; $t0=0fth => outsitlee loop
for (i=0; i<size; i++) sw $t0,$t1($s2) ; [screen[0]+i]=ff  => Add $8&1, $s2
- . Sw $t0, 0($t3)
screen [i] = Offh; addi $t1, $t1, 4 => must be 1 (char)
} Beq $t1, $s3, exit ; if i=size, exit  => i3K, but must
Address of screen]] starts at $s2, size in $s3 be just after “loop”
J loop

Exit: 1 8
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Example: clearl

clearl (int array[ ], int size)

{

inti;

for (i=0;i<size;i=i+1)

array [i] =0;

/I $a0 = start address ~ of ‘array’
/] $al = value of ‘size’
/I $t0 is assigned to local variable ‘¥’

//$t0 <-0
/I if $t0 is less than $al, get out of loop
Il (slt)

/I memory[$a0+$t0*4] <- 0
/] $t0 <- $t0+1 & repeat the loop

loop:

EEC 483 Computer Org., 2006 get_out_loop:

sub
slt
beq
add
add
add
sw
addi

J

$t0, $t0, $t0 | ,what's that ?

$t3, $t0, $al

$t3, $zero, get_out_log) }Why here ?
$t1, $t0, $t0
$tl, $t1, $t1
$t2, $a0, $t1 — 11— $t2 <-$a0+$t0*4
$zero, 0($t2)
$t0, $t0, 1
loop

19

Example: clear2

clear2 (int *array, int size)

{
int *p;

for (p = &array[0]; p < &array[size]; p = p +1),

address of
array[0]
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// $a0 = start address o f ‘array’
I/l $al = value of ‘size’
/I $t0 is assigned to local variable ‘p’

/I compare with “for (i=0; i<size; i=i+1)"

(sl)

/] $t0 <- $t0+1*4 & repeat the loop

in fact, increment
by four

20




Example: clear2

clear2 (int *array, int size) // $a0 = start address o f ‘array’
{ /] $al = value of ‘size’
int *p; /] $t0 is assigned to local variable ‘p’

for (p = &array[0]; p < &array[size];p=p+1) //$ 1t0<-%$a0
/I if $t0 is less than $a0+size*4, get out

I (slt)
*n=0; / memory[$t0] <- 0
/] $t0 <- $t0+1*4 & repeat the loop
J add $t0, $a0, $zero

add $t1, $al, $al

add $t1, $t1, $t1

add $t2, $a0, $t1 — $t2 <-$a0+3al+4

loop: slt $t3, $tO, $t2

beq $t3, $zero, get_out_loop

sw $zero, 0($t0)

addi $tO, $t0, 4

j loop
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2.15 Array versus Pointer

clearl (int array[ ], int size) clear2 (int *array, int size)
{ {
inti; int *p;
for (p = &array[0]; p < &array[size]; p = p +1)
for (i=0;i<size;i=i+1) *p =0;
array [i] = 0; }
}

Which one is better ?
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Comparison : Array versus Pointer

sub $t0, $tO, $t0 add $t0, $a0, $zero
loop: slt $t3, $t0, $al add $t1, $al, $al
beq $t3, $zero, get_out_loop add $t1, $t1, $t1
add $t1, $tO, $t0 add $t2, $a0, $t1
add $t1, $t1, $t1 loop: slt $t3, $tO, $t2
add $t2, $a0, $t1 beq $t3, $zero, get_out_loop
sw $zero, 0($t2) sw $zero, 0($t0)
addi $tO, $t0, 1 addi $tO, $t0, 4
j loop j loop
get_out_loop: get_out_loop:

Which one is better ?

EEC 483 Computer Org., 2006
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2.16 Alternative Architectures

« Design alternative:
— provide more powerful operations
— goal is to reduce number of instructions executed
— danger is a slower cycle time and/or a higher CPI

* Sometimes referred to as “RISC vs. CISC”
— virtually all new instruction sets since 1982 have been RISC

— VAX: minimize code size, make assembly language ea sy
instructions from 1 to 54 bytes long!

« We'll look at PowerPC and 80x86
¢ And then IA-32

EEC 483 Computer Org., 2006
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IA - 32

e 1978: The Intel 8086 is announced (16 bit architec  ture)

¢ 1980: The 8087 floating point coprocessor is added

e 1982: The 80286 increases address space to 24 bits , +instructions
e 1985: The 80386 extends to 32 bits, new addressing modes

e 1989-1995: The 80486, Pentium, Pentium Pro add af ew instructions
(mostly designed for higher performance)

e 1997: 57 new “MMX” instructions are added, Pentium Il
e 1999: The Pentium lll added another 70 instruction s (SSE)
e 2001: Another 144 instructions (SSE2)

* 2003: AMD extends the architecture to increase add  ress space to 64 bits,
widens all registers to 64 bits and other changes (  AMDG64)

e 2004: Intel capitulates and embraces AMD64 (calls it EM64T) and adds
more media extensions
« “This history illustrates the impact of the “golden hanccuffs” of compatibility
“adding new features as someone might add clothing to a geedd bag”

“an architecture that is difficult to explain and imposdble to love”
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IA-32 Overview

e Complexity:
— Instructions from 1 to 17 bytes long
— one operand must act as both a source and destinati on
— one operand can come from memory

— complex addressing modes
e.g., “base or scaled index with 8 or 32 bit displac ~ ement”

e Saving grace:
— the most frequently used instructions are not too d ifficult to build
— compilers avoid the portions of the architecture th at are slow

“what the 80x86 lacks in style is made up in quantity,
making it beautiful from the right perspective”
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A dominant architecture: 80x86

e Complexity:
Instructions from 1 to 17 bytes long ??? “irregular "

one operand must act as both a source and destinati on ???

one operand can come from memory ???

complex addressing modes “irregular "
e.g., “base or scaled index with 8 or 32 bit displac =~ ement”

EEC 483 Computer Org., 2006 2 7

Until 80286...

Next address = $CS // $PC

Iw $AX, 4($DX) Why ?

$CS: code segment
$DS: data segment Not real!y

$SS: stack segment a GPR architecture !
$SI: source index

$DI: destination index
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IA-32 Registers and Data Addressing

¢ Registers in the 32-bit subset that originated with 80386

Name Use
31 0
EAX GPRO
ECX GPR1
EDX GPR 2
EBX GPR3
ESP GPR4
EBP GPRS
ESI GPR6
EDI GPR7
cs Code segment pointer
ss Stack segment pointer (top of stack)
DS Data segment pointer 0
ES Data segment pointer 1
FS Data segment pointer 2
Gs Data segment pointer 3
EIP ‘ Instruction pointer (PC)

Condition codes.

EFLAGS ‘

EEC 483 Computer Org., 2006
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IA-32 Register Restrictions

* Registers are not “general purpose” — note the restri

Register
Deseription rastrictions

ctions below

Replster Indiract Address Is In a reglster. nol ESF of EBF T $s0,008s1)
Eased mode with &-or 3261t ‘Address |s contents of base raglster plus, not ESF of EBF Tw 50, 10045 1) F<16-bit
displacemant # displacement
Ease plus soaled Index The address Is Base: any GPR | mul 410,452, 4
Base + (25999 ¥ Ingexy Ingex: not ESP | add 40,410,451
where Scale nas the value 9, 1, 2, of 3. w $50.004t0)
Base plus scaled Index with The address Is Base: any GPR | mul S0, 452, 4
£ 0F 3201t displacement Base + (25990 Inaax) + displacement Index: not ESP add 410,410,451
where Scale nas the value 9, 1, 2, of 3. Tw $50,1000$t0) # <16-bit
#displacement

FIGURE 2.42 1A-32 32-bit addressing modes with register restrictions and the equivalent MIPS code. The Base plus Scaled Index
addressing mede, not found in MIFS or the FowerPC, is included to avoid the multiplies by four (scale factor of 2) to turn an index in a register into a
byte address (see Figures 2.34 and 2.36). A scale factor of 1 is used for 16-bit data, and a scale factor of 3 for 84-bit data. Scale factor of 0 means the
address is not scaled. If the displacement is longer than 16 bits in the second or fourth modes, then the MIPS equivalent mode would need two more
instructions:a 1ui 1o load the upper 16 bits of the displcement and an add to sum the upper address with the base register 45 1. (Intel gives two dif-
ferent names to what is called Based addressing mode—Based and Indexed—but they are assentially identical and we combine them here.)
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IA-32 Typical Instructions

« Four major types of integer instructions:

Data movement including move, push, pop
Arithmetic and logical (destination register or mem
Control flow (use of condition codes / flags )
String instructions, including string move and stri

JE name if equalicondition code s [EIP=name]:
EIP-122 < name < ETP+128

JMP name EIP=name

CALL name SP=5P-4: MISPI=EIP-+5: EIP=name:
MOVW EBX, [EDI+45] EBY=M[EDT+45]

PUSH EST SP=5P-4; M[SPI=EST

POP EDI EDI=M[SP]; SP=SP+4

ADD EAK,#6765 Ead= EAX+6TED

TEST EDX,$42 Set condition code (N3gs) with EDX and 42
MOYSL MLEDI]=M[EST]:

EDI=EDI+4; ESI=ESI+4

FAGURE 243 Some typical IA-32 instructions and their functions. A list of frequent openations
appearsin Figure 244, The CALL saves the EIP of the next instruction on the stack. (EIP is the Intel PC.)
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IA-32 instruction Formats

* Typical formats: (notice the different lengths)

a. JE EIP + displacement
4 4 8

tion
b. CALL
8 32
‘ CALL ‘ Offset

c.MOV  EBX, [EDI +45]
6 11 8 8

‘ Displacement

m
‘ mov ‘GM Postbyte

d.PUSH ESI
5 3

(oo o

€. ADD EAX, #6765
4 31 32

‘ ADD ‘Reg M Immediate

f. TEST EDX, #42
7 1 8 32

‘ TEST ‘w‘ Postbyte ‘ Immediate

EEC 483 Computer Org., 2006
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Intel MM X

83
* Packed data type N [
— packed byte, 8 bytes packed into @
one 64-hit quantity (a), 63 16 15
— packed word, 4 words packed into ] | '
one 64-bit quantity (b), ®)
— packed doubleword, 2 63 32 31
doublewords packed into one 64- ]
bit quantity (c), and ©
— quadword, one 64-bit quantity (d). 6].3
@
[ A3 | A2 | A1 | A0 ]
X X x x
(B3 [ B2 [ B1 | BO ]
[ _AaxB3 [ A2xB2 | AixB1 [ AOxBO ]

[ A3xB3+A2xB2 [ A1xB1+A0xBO |

EEC 483 Computer Org., 2006
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Intel MMX

Table 1. MMX instruction set summary.
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Opcode mucmonic* Options Cyele count Description

PADD(b,w,d), Wraparound [ [Adds or subtracts packed 8
Ibytes, four 16-bit words, ar
w0

PSUB(bw,d) and saturate 52-bit doublewords in
lparalle]

PCMPEQ(bw,d), Equal or greater [ Compares packed 8 bytes,

than. four 16-bit words, or fwo
32-bit

PCMPGT(h,w,d) eletments in parallel Result
s tmask of 1s if true or 0s if

se.

PMULLW, Result high- Latency 3, Muliplies four packed,
signed 16-bit words in
jparalle]

PMULHW or low-order bits throughput 1 Chonses low- or high-order
16 bits of the 32-bit result

PMADLWD Word ta Latency. 3; Wiuliplies four packed,

doublewword signed 16-bit words and
adds
conversion throughput. | |rogether adjacent pairs of

32-bit results in paralle]

Result
is & doubleword

PSRA(w ), PELL(w,d), | Shift count n [ Shifts arithmetic right,
register logical left and right packed

4 words,

PSRL(w.dy) or immediate 2 doublewords, or the full
64 bits (quadword) in
lparallel

PUNFCEL(bvw,ved dg) = [ Merges packed 8 bytes,
four 16-bit words, or two
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