Instructions:
Language of the Computer



Instruction Set

The repertoire of instructions of a computer
(vs. human-oriented “high-level” programming language)

Different computers have different instruction sets
but with many aspects in common

Early computers had very simple instruction sets
similar to this simplified implementation

Many modern computers also have
simple instruction sets

Easier hardware and compiler optimization

CISC (Complex Instruction Set Computer) vs.
RISC (Reduced Instruction Set Computer)



ClSC (IBM 370 MoVe Characters Long — MVCL)

LA R4,FIELDA POINT AT TARGET FIELD WITH EVEN REG
L R5, LENGTHA PUT LENGTH OF TARGET IN ODD REG
LA R6,FIELDB POINT AT SOURCE FIELD WITH EVEN REG
L R7, LENGTHB PUT LENGTH OF SOURCE IN ODD REG

ICM R7,B"1000" ,BLANK INSERT A SINGLE BLANK PAD CHAR IN ODD REG

7 1552

FIELDA DC CcL2000" 7
BDATA DC 1000CL1" X’

ORG BDATA
FIELDB DS CL1000
LENGTHA DC A(L"FIELDA) CREATE AN ADDRESS CONSTANT THAT IS A LENGTH
LENGTHB DC A(L"FIELDB) CREATE AN ADDRESS CONSTANT THAT IS A LENGTH
BLANK DC crr

http://csc.columbusstate.edu/woolbright/Instructions/MVCL.HTM


http://csc.columbusstate.edu/woolbright/Instructions/MVCL.HTM

The MIPS Instruction Set

Used as example throughout the book
MIPS-32 (vs. MIPS-64)

Stanford MIPS commercialized by MIPS
Technologies ( )

Large share of embedded core market

Applications in consumer electronics, network/storage
equipment, cameras, printers, ...

Past: Silicon Graphics workstations
General purpose: Intel architecture

Typical of many modern RISC
Instruction Set Architectures (ISAS)



http://www.mips.com/
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32 bit MIPS R3000 processor (115000 transistors

early 1990s
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https://www.mips.com/blog/five-most-iconic-devices-to-use-mips-cpus/

MIPS

by Imagination


https://www.mips.com/blog/five-most-iconic-devices-to-use-mips-cpus/

The future of MIPS?

IPS

||||| SR

Ingenic Ingenic
XBurst CPU XBurst CPU Vaoice
1.2 GHz 300 MHz trigger

L2 Cache (512 KB) AC'97/128/

PCM

| 5 UART i Ts ) | wPics |
2xsDio & 0D 7l B icow

. 2% 8Pl E Ink If
USB OTG MNAND/eMMC/ i RGE Iif

SD card E
3 x SMB controller MIFT DS

MIPS Goes Open Source
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https://www.cdrinfo.com/d7/content/mips-goes-open-source

open source ISA of the future

®

https://riscv.org/

MIPS (the company) will build RISC-V processors



https://riscv.org/

The MIPS Instruction Set

Human-readable form:

assembly language
(without/with pseudo-instructions)

Machine-readable form:

machine language (binary)
Translation between both

by *assembler” (a low-level, very simple compiler)



asm.py assembler (notmirs)

pushi #0 zet 1 op de stack

#1 zet 1 in R1l, door peek, 1 blijft op de stack
#2 zet 1 in R2, door pop, 1 verdwijnt van stack
#3 rl=rl + r2

1 #4 zet rl op de stack

-

= =
(%]

2rl #5 r2=r2+rl
parselLine(line, data): r2 #6 Zet r2 op del:lstack
tokens = line.split(" ")
instr = tokens[0] . lower () #7 repeat vanaf stap 3
("or"™ == instr):
data += "0"
str{hex((get_register(instr, tokens[1l]) << 5) + (get_register(instr, tokens[2]) << 2)}))[2:]
instr):
nyn
str(hex((get_register(instr, tokens[1]) << 5) + (get_register(instr, tokens[2]) << 2)))[2:]

instr):

tokens[1]) << 5) + (get_register(instr, tokens[2]) << 2)))[2:]

data += "3"

data += str(hex((get register(instr, tokens[1]) << 5) + (get register(instr, tokens[2]) << 2)))[2:]
("ori" == instr):

data += "4"

data += str(hex((get_register(instr, tokens[1l]) << 5) + get immediate(instr, tokens[2])))[2:]
("andi" == instr):

data += "5"

data += str(hex((get_register(instr, tokens[1l]) << 5) + get_immediate(instr, tokens[2])))[2:]
("addi" == instr):

data += "6"

data += str(hex((get_register(instr, tokens[1]) << 5) + get immediate(instr, tokens[2])))[2:]
("subi" == instr):

data += "7"

str(hex((get_register(instr, tokens[1l]) << 5) + get_immediate(instr, tokens[2])))[2:

("sw" instr):

data += "8"

offset = str(hex(get_offset(instr, tokens[1])))[2:]
len (offset) == 1:
data += "0"

data += offset

("lw" == instr):

data += "9"

offset = str(hex(get_offset(instr, tokens[1])))[2:]
len (offset) == 1:

data += "0"
data += offset
("ldi" == instr):
data += "a"
offset = str(hex(get offset(instr, tokens[1])))[2:]
len (offset) == 1:
data += "0O"
data += offset
== instr):
= "p"
data += str(hex(get_register(instr, tokens[1l]) << 1))[2:]
ngn
U e st v2.0 raw

data += "c"

offset = str(hex(get offset(instr, tokens[1])))[2:] 51 54 ?B 25 44 29 48 C3
len (offset) == 1:
data += "0"

data += offset



Arithmetic Operations

Add and subtract, three operands
Two sources and one destination
add a, b, ¢ # a gets b + c

All arithmetic operations have this
“Three-Address Code” (TAC, 3AC) form

Design Principle 1:
Simplicity favours regularity
regularity makes implementation simpler

enables higher performance at lower cost
~ orthogonality of instruction set



lorthogonality of InstructionSet
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Arithmetic Example
C code:

f=(g+h - (i+ 3);

Compiled to MIPS code (almost):

add t0, g, h # temp t0 = g + h
add tl, i, ] # temp tl = 1 + j
sub £, t0, tl1 # £ = t0 - t1l



Register Operands

Arithmetic instructions use register operands

MIPS has a 32 x 32-bit register file
Use for frequently accessed data
Numbered O to 31
32-bit data is called a “word”

Assembler names (convention)

$t0, $tl, .., $t9 fortemporary values
$s0, $sl1, .., $s7 for saved values

$t0 - $t7 denote registers 8 - 15
$t8 — $t9 denote registers 24 - 25
$s0 — $s7 denote registers 16 - 23

Design Principle 2: Smaller is faster
Signals travel smaller distance
Smaller instructions (uses less memory)



Register Operand Example

C code:

int £, g, h, 1, 7;

f = (g+h) - (1+ 3);

with £, .., jINn $s0, .., $s4
Compiled MIPS code:

add $t0, $sl, $s2
add $tl, $s3, Ss4
sub $s0, S$t0, stl



Memory Operands

Main memory used for composite data
Arrays, structures, dynamic data

To apply arithmetic operations
Load values from memory into registers
Perform operation
Store result from register to memory

(data) memory is byte addressed
Each address identifies an 8-bit byte
Words (= 4 bytes) are alighed in memory
Address must be a multiple of 4 (see .align)
MIPS implements Big Endian storage

Most-significant byte at least address of a word
Little Endian: least-significant byte at least address



TRAVELS

Remote Nations

WOR LD.

IN FOUR PARTS

Endian-ness

by LEMUEL GULLIVER,
- #irft a Se #nd then & Carraix
SHIPS,

(Jonathan) Swift's point is that the difference between breaking the egg
at the little-end and breaking it at the big-end is trivial.
Therefore, he suggests, that everyone does it in his own preferred way.

YOI i

LONDON:

Pwmmﬂi. at the Middie,
i Flocts fireet.
M, DCC, XXVI.

Danny Cohen IEN 137 1 April 1980

http://www.ietf.org/rfc/ien/ienl37.txt

IETF == Internet Engineering Task Force
RFC == Request For Comments

Rﬂﬁiﬁ’[ﬂl’ Register
thur}a Uﬂﬂﬂﬂﬂﬂﬂ ﬂAﬂ BUCUD Mcmur}a

a: DB —-=— - a: 0D
at1:|OB| > g+1:|0C
at2: E - > q+2: /0B
a+3:|0D| =< > a+3:|0A

Big-endian Little-endian :


http://www.ietf.org/rfc/ien/ien137.txt

Endian-ness

Register Register
\iéioyl (0AOBOCOD|  |DAOBOCOD Metnory
/* endian.c */ i [ | :
a:l0A a:/0D
#include <stdio.h> atl:|0B| <«——— > 4t1:0C
?nt main(void) a+2:locl<— L > 4+2: 0B
. . . _..: - - =
register int reg_i= OXOAGBOCOD; H+’EE Big-endian Little—endian H¥3oﬁ

int 1 = reg_1i;

/* https://cplusplus.com/reference/cstdio/printf/ */

printf("0x%08X: 0x%02X\n", (unsigned char *)(&1i) , * ((unsigned char *)(&1) )
printf ("ox%08X: 0x%02X\n'", (unsigned char *)(&i)+1, * ((unsigned char *)(&1)+1)
printf("0x%08X: 0x%02X\n", (unsigned char *)(&1i)+2, * ((unsigned char *)(&1)+2)
printf("0x%08X: 0x%02X\n", (unsigned char *)(&1i)+3, * ((unsigned char *)(&1)+3)
return(0);

),
),
),
)

l4

}

hv@roke% ./endian hv@roke% ./endian
Ox38D4BF7C: Ox0D OX6FEC561C: 0Ox0D
Ox38D4BF7D: 0Ox0C OX6FEC561D: 0Ox0C
Ox38D4BF7E: 0Ox0B OX6FEC561E: 0Ox0B
Ox38D4BF7F: OX0A OX6FEC561F: OX0A

hv@roke% lscpu

Architecture: x86_64
CPU op-mode(s): 32-bit, 64-bit
Address sizes: 39 bits physical, 48 bits virtual

Byte Order: Little Endian



Unicode string (en/de)coding

>>> ord('a'.encode('UTF-8'))

97 # < 127 - fits in 7 bit, compatible with ASCII

>>> 'a'.encode("UTF-8") # compatible with ASCII

b'a' == b"\x61’ # b’...’ means byte literal, not string

>>> '€'.encode('UTF-8"') # variable length: 8, 16, 24, or 32 bit
b'\xe2\x82\xac' # write in binary and see UTF-8 pattern specification

>>> '€'.encode('UTF-16-LE")
b'\xac ' # variable length: 16 or 32 bit

>>> 'a'.encode("UTF-16-LE")

b'a\x00' # not compatible with ASCII, embedded \x00

>>> '€'.encode('UTF-32") # 32 bit, not compatible with ASCII, embedded \x00
b'\xff\xfe\x00\x00\xac \x00\x00' # 64 bit? .. 4 byte Byte Order Mark (BOM)

>>> '€'.encode('UTF-32-LE") # LE = Little Endian

b'\xac \x00\x00' # 32 bit

>>> b'\xe2\x82\xac'.decode('UTF-8")
|€|

>>> p'\xff\xfe\xac '.decode('UTF-16")
l€|

>>> p'\xff\xfe\x00\x00\xac \x00\x00'.decode('UTF-32"')
l€|



Memory Operand Example 1

C code:

g =h + A[8];
gin $s1, hin $s2,
base address of 2 In $s3

Compiled code for MIPS architecture:

Index 8 (words) requires offset of 32 bytes
(4 bytes per word)

1w St0, 32($s3) # load word
add $817/§82,T$t0

| offset base register | (past: index register)




Memory Operand Example 1

data memory
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N N . N I
Mapy AT AUt : Tanu
+32 (uxs)
. . oF T
REGi s Hwe FiLE
bAsSE ADDNESS




Memory Operand Example 2

C code:
A[l2] = h + A[8];
h in $s2,

base address of A in $s3
Compiled MIPS code:

lw S$t0, 32($s3) # load word
add $t0, S$s2, S$StO

sw S$St0, 48 ($s3) # store word



Registers vs. (“main”) Memory

Registers are faster to access than RAM memory

Operating on memory data
requires loads and stores

— more instructions to be executed

— Compiler must use registers for variables
as much as possible

Only “spill” to memory
for less frequently used variables

Register use optimization is important!
“register allocation”



Immediate Operands

Constant data specified in an instruction

addi $s3, $s3, 4 ~ orthogonality
No subtract immediate instruction (only pseudo-)

Just use a negative constant

subi $s2, $sl1, 10 - addi S$s2, $sl1, -10
Design Principle 3:

Make the common case fast

Common:
50% of SPEC2006 instructions: immediate
small constants (fit in 16bit, 2's complement)

Fast:
Immediate operand avoids one (load) instruction



The Constant Zero

MIPS reqister 0( $Szero) Is the constant 0
Cannot be overwritten

Useful for common operations
e.g., move between registers

move S$t2, Ssl
IS a “pseudo-instruction” implemented as

addu $t2, $sl, Szero



Sign Extension

Representing a number using more bits
preserve the numeric value
In MIPS instruction set, in datatpath
addi: extend immediate value
1b, 1h:extend loaded byte/halfword
beqg, bne: extend the displacement/offset from pC+4
Replicate the sign bit to the left
unsigned values: extend with 0s, else 1s
Examples: 8-bit to 16-bit
+2: 0000 0010 - 000 0010
-2: 1111 1110 - 111 1110



Representing Instructions

Instructions are encoded in binary
Called machine code (vs. assembly code — text)

MIPS instructions
Encoded as 32-bit instruction words

Small number of formats encoding operation code
(opcode), register numbers, ...

Regularity!

Register numbers
$t0 — $t7 denoteregisters 8 - 15
St8 - $t9 denote registers 24 - 25
$s0 - $s7 denote registers 16 - 23



®

M I P s Reference Data

CORE INSTRUCTION SET OPCODE
FOR- / FUNCT
NAME, MNEMONIC ~ MAT OPERATION (in Verilog) (Hex)
Add add R R[rd] = R[rs] + R[rt] (1) 0/ 20
Add Immediate addi [ R[rt] = R[rs] + SignExtimm (1,2)  Bpex
Add Imm. Unsigned addiu [ R[rt] = R[rs] + SignExtImm 2)  Fnex
Add Unsigned addu R R[rd] = R[rs] + R][rt] 0/ 2130,
And and R R[rd]=R[rs] & R[rt] 0/ 24y,
And Immediate andi I R[rt] = R[rs] & ZeroExtlmm (3)  Chex
Bravch OnTamal. e lfyé[:’];;{-i[—g]rinch}\ddr () Hhex
Branch On Not Equal bne I Itl‘[’légi’](!:jﬁlrrgzanch T @ Stex
Jump j 1 PC=JumpAddr B 2y
Jump And Link jal 1 R[31]=PC+8;PC=JumpAddr (5)  3pex
Jump Register jr R PC=R[rs] 0/ 08pex
Load Byte Unsigned lbu 1 Rln]:%;?;?lﬁ[fé]:‘l]]ﬂ:m} o 24ypex
m%]:;lgf::drd ma g {igi];?.ﬁﬁr:x]m sop (@) Phex
Load Linked 11 I R[rt] = M[R[rs]+SignExtimm]  (2.7) 30pex
Load Upper Imm.  lui I R[rt] = {imm, 16°b0} 7
Load Word 1w I R[rt] = M[R[ss]+SignExtimm] (2} 23pex
Nor nor R R[rd] =~ (R[rs] | R[rt]) 0/ 27pex
Or or R R[rd] = R[rs] | R[rt] 0/25p.
Or Immediate ori I R[rt] = R[rs] | ZeroExtImm (3)  dpe
Set Less Than slt R R[rd]=(R[rs]<R[rt])?1:0 0/ 2apex
Set Less Than Imm. slti I  R[rt] = (R[rs] < SignExtlmm)? 1:0(2)  apex
Set [Sz:i;:eag Imm. siila T R[rt] = (R[rs% T :S(i]grﬁxllmm) o biss
Set Less Than Unsig. s1tu R R[rd]=(R[rs] <R[rt])?1:0 (6) 0/ 2bpex
Shift Left Logical ~ s11 R R[rd] = R[rt] << shamt 0/ 00p,y
Shift Right Logical srl R R[rd] = R[rt] >>> shamt 0/ 0244
MI[R[rs]+SignExtImm}(7:0) =
Store Byte sb I [R[rs]+Sign R[rt]]:;‘T: D]) @ 280y
Store Conditional s I M[R[“]E'fi‘f’;gf;:};?kl[% oz S
S i
Store Word M I M[R[rs]+SignExtlmm] = R[rt] (2)  2bpex
Subtract sub R R[rd] = R[rs] - R[rt] (1) 0/220y
Subtract Unsigned subu R R[rd] = R[rs] - R[rt] 0/ 234

(1) May cause overflow exception

(2) SignExtlmm = { 16{immediate[15]}, immediate }

(3) ZeroExtImm = { 16{1b’0}, immediate }

(4) BranchAddr = { 14{immediate[15]}, immediate, 2°b0 }

(5) JumpAddr={ PC+4[31:28], address, 2’b0 }

(6) Operands considered unsigned numbers (vs. 2's comp.)

(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic
BASIC INSTRUCTION FORMATS

R | opcode | S | rt | rd ‘ shamt | funct |
31 26 25 21 20 16 15 1110 65 [
I | opcode | o] | rt | immediate |
3l 26 25 21 20 16 15 o
J | opcode | address |
31 2625 o

ARITHMETIC CORE INSTRUCTION SET OPCODE
/FMT /FT
FOR- /FUNCT

NAME, MNEMONIC ~ MAT OPERATION (Hex)

Branch On FP True belt FI if{(FPcond)PC=PC+4+BranchAddr (4) 11/8/1/--
Branch On FP False belf  FI if(!FPcond)PC=PC+4+BranchAddr(4) 11/8/0/--
Divide div. R Lo=R[rs)/R[rt]; Hi=R[rs]%R][rt] 0/=-/--1a
Divide Unsigned  diva R Lo=R[rs)/R[rt]; Hi=R[rs]%R[rt] (6) 0/--/--/1b
FPAdd Single  add.s FR F[fd ]= F[fs] + F[fi] 11/10/-/0
FP Add {F[fd],F[fd+1]} = {F[fs],F[fs+1]} + .
e add.d FR CFERLF[A+1]) 1/11/--10
FP Compare Single cx.s* FR FPcond = (F[fs] op F[ft])?1:0 11/10/--fy
FP Compare FPcond = ({F[fs],F[fs+1]} op
Double Eza® ER {F[f),F[ft+1]})21: 0 LIz

* (xis eq, 1t, or le) (opis ==, <, or <=) ( yis 32, 3c, or 3e)
FP Divide Single  div.s FR F[fd] = F[fs] / F[ft] 11/10/--/3
FP Divide {F[fd]),F[fd+1]} = {F[fs],F[fs+1]} / =
sl div.d FR CELRLF[R1]) 11/11/--/3
FP Multiply Single mul.s FR F[fd] = F[fs] * F[ft] 11/10/-/2
FP Multiply {F[fd),F[fd+1]} = {F[fs],F[fs+1]} * N
A mal.d FR CFERLF[A+1]} 11/11/--/2
FP Subtract Single sub.s FR F[fd]=F[fs] - F[ft] 11/10/--/1
FP Subtract {F[fd],F[fd+1]} = {F[fs],F[fs+1]} -
Dkl sub.d FR (FIRLFIR+]} 11/11/--11
Load FPSingle  1wel 1 F[rt}=M[R[rs]+SignExtImm] (2) 31/-//-
Load FP F[rt]=M[R[rs)+SignExtimm];  (2) o, ,
Double el T et ]=M[R[rs]+ SignExtimm+4] >
Move From Hi mfhi R R[rd]=Hi 0 /==f==/10
Move From Lo mflo R R[rd]=Lo 0 /=-/--/12
Move From Control mfco R R[rd] = CR[rs] 10/0/--/0
Multiply mult R {HiLo}=R[rs] * R[rt] 0/--/--f18
Multiply Unsigned multu R {HiLo}=R[rs]* R[rt] (6) 0/=-/--/19
Shift Right Arith.  sra R R[rd] = R[rt] >> shamt 0/--/--I3
Store FP Single swel I M[R[rs]+SignExtlmm] = F[rt] (2) 39/--f=/--
Store FP MI[R[rs]+SignExtlmm] = F[rt]; 2) L
Double sdcl I R {rs]+SignExtimmt4] = Flrt+1] &~/
FLOATING-POINT INSTRUCTION FORMATS

FR | opcode | fmt | ft | fs | fd ‘ funct |

31 26 25 21 20 1615 1110 65 0
F1 | opcode | fmt [ ft | immediate |
31 26 25 21 20 1615 [
PSEUDOINSTRUCTION SET
NAME MNEMONIC OPERATION
Branch Less Than blt if(R[rs)<R[rt]) PC = Label
Branch Greater Than bat

)
if(R[rs]=R[rt]} PC = Label
if(R[rs]<=R[rt]) PC = Label
if(R[rs]>=R[rt]) PC = Label
R[rd] = immediate
R[rd] = R[rs]

REGISTER NAME, NUMBER, USE, CALL CONVENTION

Branch Less Than or Equal
Branch Greater Than or Equal
Load Immediate

Move

ble
bge
1li
move

PRESERVEDACROSS
NAME NUMBER USE A CALL?
Szero 0 The Constant Value 0 N.A.
Sat 1 Assembler Temporary No
Values for Function Results
051 2 e Expression Evaluation ho
$a0-$a3 4-7 Arguments No
$t0-$t7 8-15  Temporaries No
$s0-5s7 16-23  Saved Temporaries Yes
$t8-5t9 24-25  Temporaries No
Sk0-5k1 26-27  Reserved for OS Kernel No
Sgp 28 Global Pointer Yes
Ssp 29 Stack Pointer Yes
$tp 30 Frame Pointer Yes
$ra 31 Return Address Yes

© 2014 by Elsevier, Inc. All rights reserved. From Patterson and Hennessy, Computer Organization and Design, 5th ed.



MIPS R-format Instructions

op rs

rt

rd

shamt

funct

6 bits 5 hits

5 bits

Instruction fields

op. operation code (opcode)

5 bits

5 bits

rs: first source register number

rt: second source register number

rd: destination register number
shamt: shift amount (00000 for now)
funct: function code (extends opcode)

6 bits




R-format Example

op s rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
add $t0, $sl, $s2
special $s1 $s2 $t0 0 add
0 17 18 8 0 32
000000 | 10001 | 10010 | 01000 | 0OO0OOO | 100000

00000010001100100100000000100000, = 02324020,




MIPS I-format Instructions

op rs rt constant or address
6 bits 5 bits 5 bits 16 bits

Immediate arithmetic and load/store instructions
rs:. source register number

rt: target register number
constant (two’s complement 16 bit) in [-2%°, +21° — 1]
address: offset added to base address in rs

Design Principle 4:

Good design demands good compromises

Different formats complicate decoding hardware,
but allow 32-bit instructions uniformly

Do keep formats as similar as possible




Logical Operations

Instructions for bitwise manipulation

Logical operations MIPS instructions

Shift left S11

Shift right >> FaR sri
Bit-by-bit AND & & and, andi
Bit-by-bit OR | | or, ori
Bit-by-bit NOT ~ ~ nor

Useful for extracting and inserting
groups of bits in a word



Shift Operations

Shift Left Logical s11 R R[rd] = R[rt] << shamt 0/ 00y
Shift Right Logical srl R R[rd] = R[rt] >>> shamt 0/ 0240
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
shamt: how many positions to shift (unsigned)
why 5 bits?

shift left logical
shift left and fill with @ bits
s11 by i/ bits multiplies by 2/ (int only)
shift right logical (vs. sra shift right arithmetic)
shift right and fill with 0 bits
srl by / bits divides by 2' (unsigned int only)



AND Operations

Useful to mask bits in a word:
select some hits, clear others to O

and $t0, $tl, St2

$t2 | 0000 0000 0000 0000 0000 1101 1100 0000

$t1 | 0000 0000 0000 0000 0011 1100 0000 0000

$t0 | 0000 0000 0000 0000 0000 1100 OO0O0 0000




OR Operations

Useful to include bits in a word
set some bits to 1, leave others unchanged

or $t0, Stl, St2

st2 | 0000 0000 0000 0000 0000 1101 1100 0000

st1 | 0000 0000 0000 0000 0011 1100 0000 0000

$t0 | 0000 0000 0000 0000 0011 1101 1100 0000

Bit operations are commonly used in 2D games where “sprites” are put on a background using BLT (Bit Block Transfer)
https://en.wikipedia.org/wiki/Bit_blit


https://en.wikipedia.org/wiki/Bit_blit

NOT Operations

Useful to invert bits in a word (0/1)
not $t0, Stl

MIPS has the NOR 3-operand instruction
aNOR b ==NOT (aORDb)

nor S5t0, S$tl, Szero — [iegistero:

always zero

st1l | 0000 0000 0000 0000 0011 1100 0000 0000

st0 11171111711 1111 1111 11000011 1111 1111




Stored Program Computers

Instructions represented in
binary, just like data

Memory
recomngpogan || [NStructions and data
W stored in memory
--2=S. Programs can operate

roseseer ||| _mewee || 0N programs
| Payoisea | e.g., compilers, linkers, ...

= p|| == | Binary compatibility allows
= W oewxnc | compiled programs to work
| Eeeimn ] on different computers

standardized ISAs

=-.... “Von Neumann architecture”

vs. “(modified) Harvard architecture”
(e.g., Atmel AVR, Motorola 68HC12 — different HW technologies for instr/data)



Stored Program Computers

File Edit Run |Settings | Tools Help

- ¥ Show Labels Window {symbol table)}

= E IJ Program arguments provided to MIPS program E
¥ Popup dialog for input syscalls {(5,6,7,.8,12) I—
Execute ¥ pAddresses displayed in hexadecimal
¥ Values displayed in hexadecimal

Text Segme

nddresa - Assemble file upon opening
axoodoon - Assemble all files in directory 50, 7
o400 O Assembler warnings are considered errors
Ex 004800 [J Initialize Program Counter to global 'main’ if defined (t8. ¢
Qe OOA0G0 . . .
004000 ¥ Parmit extem:legl {pseudo] instructions and formats 10, @
axoodoon = Delayed branching 10, ¢
ox004c00| ¥ Self-modifying code
g“ggjggg Editor... ig 4
K . . . A ., £
0% 004000 nghllg.htlng...
oxoodoon  Exception Handler... t0, 5
Ox004000  Memory Configuration... st0,
DxO04020030) 0x34230010(0r1 %8, $1, Ox00000010
(00400034 OxBd110000(lw $17, Ox000C0000 (%5 | 53: Tw $s1, O
O 00400028 Ox3cllofl|{lul $1, Ox0G0GLA61 05 la $10, e

“VYon Neumann architecture”



Program Counter (PC)

Points to current — to be executed —
Instruction

Incremented by 4 (all instructions 32 bit)
or ... changed by branch/jump/...



Conditional Operations

“branch” (in the tree of possible execution paths)
to a labeled instruction (encoded as offset)
If a condition (comparing register values) IS true
else, continue to next sequential instruction
beq rs, rt, L1
1f (rs == rt)
branch to instruction labeled 1.1

bne rs, rt, L1

if (rs != rt)
branch to instruction labeled 1.1
7 L1

unconditional jJump to instruction labeled 1.1



Compiling 1f Statements

C code: - 0 e

if (l::j) f = g+h; : Else: |

else £ = g—h; F=g+h f=g-h

f, g, .. In $s0, $s1,]|..
COmplled MIPS COde Exit:l “control flow” diagram

bne $s3, $s4, Else

add $ sO s $ s] y $ g? z code “block”

] Exit ]
Else: sub $s0, $sl, $s2  codeblock

Exit: TT—

Assembler calculates addresses




Compiling while Statements
C code:

while (save[i] == k) 1 += 1;

iln $s3,kin $s5, address of save in $s6
Compiled MIPS code:

Loop: sll1 s$tl1, $s3, 2
add $tl, Stl, $s6
1w st0, 0(Stl)
bne $t0, $s5, Exit
addi $s3 ’ Ss3 y 1 ™ code “block”
] Loop B
Exit: ..



Basic Block

IS a sequence of instructions with
* No embedded branches (except at end)
* No branch targets (except at beginning)

_ 1 A compiler identifies basic
blocks for optimization

An advanced processor
_can accelerate execution
of basic blocks (e.g., re-

order instructions)




More Conditional Operations

Set result to 1 if a condition IS true
otherwise, setto 0 “canonical” (vs. C)

slt rd, rs, rt

if (rs<rt)rd =1, else rd = 0;
slti rt, rs, constant

If (rs < constant) rt = 1; else rt = 0;

Use Iin combination with beq, bne

slt $t0, $sl, S$Ss2 # if (Ssl < $s2)
bne $t0, S$Szero, L # branch to L

2 clock cycles

blt $sl1l, $s2, L # pseudo-instruction



Branch Instruction Design

Why not blt, bge, etc?
Hardware for <, >, ... slower than =, #

Combining with branch involves more work
per instruction, requiring a slower clock

All instructions penalized!
beg and bne are the common case
This Is a good design compromise



Signed vs. Unsigned

Signed comparison: s1t, slti
Unsigned comparison: sltu, sltui

Example
$SsO = 1111 1111 1111 1111 1111 1111 1111 1111
$Ssl = 0000 0000 0000 0000 0000 0000 0000 0001
slt $t0, $s0, $sl1 # signed
-1 < +1 - $t0 =1
sltu $t0, $s0, $sl1 # unsigned
+4,294,967,295 > +1 - $t0 = 0



Switch statement

# General form
switch (expression_evaluating to_integer_value) {

case constant-expression_O0
Basic Block 0 statement (s)
break; /* optional */

case constant-—-expression_1
Basic Block 1 statement (s)
break; /* optional */

/* .. any number of case statements .. */

case constant-expression_LAST_CASE_NUM
Basic Block LAST_CASE_NUM statement (s)
break; /* optional */

default : /* Optional */
Basic Block default statement (s);



Switch statement

# Concrete Example:

int result = 9;
int expr_value = 1;

switch (expr_value) {

case O
result
break;

+
Il
|_\

case 1
result +
break;

Il
N
e

case 2
result = 0O;
break;

default
result = -1;



Jump Register (absolute, indirect)

Jump to full 32 bit address

(can not be encoded inside instruction)

Aiolo e 3

Po

Adwe
1

A

INDT e

I

32 by

Jow P

a:

KEG-

A Dr-

e \Wr

LA Jt,
Je H#:

ADk



Data Memory “alignment”

20N 77

1 1L 34563

o

Apr A ! it

.align 2 # .align n: align on 2" boundary

.Space 36 # reserve space for 36 bytes



Switch statement (aka “computed jump”)

NYTD  If e /este

-
——
—

g ! Z vEFAvL]
\1

{
G ilg S NE

CoVIny  Flow

SWiTat  [cASE

ig ¢
iSN

“control (flow) indirection”



Switch statement (aka “computed jump”)

jumpTbl :

@BB O

@BB 1

@BB LAST_CASE_NUM

1. Check if expr_value In range

2. Compute where to find @BB expr_value
= @jumpTbl + 4*expr_value

3. Load @BB expr_value Intoregister SR
by loading the 4 bytes found at address
@jumpTbl + 4*expr_value

4. Indirect Jump JR $R

BR ==
Basic Block

@ ==
address of



# macros for readability

.eqv LAST CASE NUM 2 # cases are numbered @ .. LAST CASE NUM
.eqv LAST_CASE_NUM_PLUS1 TIMES4 12

.data

.align 2 # .align n: align on 2" boundary

jumpThbl: = ’
.space LAST_CASE _NUM PLUS1 TIMES4 # allocate LAST CASE NUM+1 consecutive words,

# with storage uninitialized,

# to store LAST CASE NUM+1 pointers

# (addresses of code for different cases)

# int expr value =1
expr _value: .word 1

# int result = 9
result: .word 9

CText
# 7ill jumpThl with --instruction-- adresses of casel ... case?
la $sB@, jumpThbl # %$s0 contains the address of jumpThl
la $th, casel
SW $th, 0(ss0) # dataMEM[ADDRESS(jumpThl)+ @] = ADDRESS(casef)
la $t0, casel
SW st0, 4(5s0) # dataMem[ADDRESS (jumpThl)+ 4] = ADDRESS(casel)
la $t0, case?
s5W $th, 8(s5s0) # dataMEM[ADDRESS(jumpTbl)+ 8] = ADDRESS(case?2)
# shorter alternative (let the assembler do the work)
#
# in
# .data
# instead of
# .align 2 # .align n: align on 2" boundary
# .space 12
#
#jumpThl:

# .word caself, casel, case?



# int result in $sl

la $t0, result
lw $s1, B(st0)
# int expr _value in $s2
la 5t0, expr_value
lw 552, 0(st0)
# check it expr value out of range 0 .. LAST CASE NUM of the switch cases
blt $s2, Szero, default
11 $t0O, LAST CASE_NUM
bgt $s2, $t0O, default

# note: what if the range is not "dense", i.e., some values of expr value
# 1n the range 0 .. LAST CASE NUM are also considered out of range?

# use the jumpThl to jump to the code for the appropriate case

sl1 stl, s$s2, 2 # multiply expr value by 4
add $tl, $s0, $tl # address at which address to jump to is found
1w st2, 0(stl) # address to jump to

jr $t2



# case B

# result += 1;

# break;

casel:

e addi $s1, $s1, 1

j endSwitch

# case 1

# result += 2;

# break;

casel:
addi ssl, ss1, 2
j endSwitch

# case 2

# result = 0;

# break;

casez:
li $sl, O
j endSwitch

#

# detfault :

# result = -1;

default:
li $sl, -1

endSwitch:

# store result back in memory
la $t0, result
SW $sl, 0(5t0)

# cleanly exit to 05
li sve, 10
syscall



Text Segment

Bkpt | Address Code Basic Source

[ ] | GxGC400000 Gx3cfllEel lul $1, GxO0001001 71: la %50, jumpThl  # $s8 contains the address of jumpTbl

[ ] Cx 00400004 Ox343000000rl $16, %1, OxQ0000C000

[] 0x 00400002 Ox3c010040 1ul $1, Gx000E0340 T2 la %10, cased

: 0x0040000c| Ox342800830rd $8. $1. Ox00000063

[ ] | Gx00400010) Oxae0B0000sw $2. Ox00000000($16] | 73: L 410, O($s0) & dataMEM[ADDRESS(jumpThl)+ 0] = ADDRESS(casel)

: Ox00400014) Ox3c010040 1ul $1, Gx0B0C0040 74 la %10, casel

[] Ox 00400018 0x342800700rl $8, 1, OxO0000C7TD

[ ] | GxGG40001c| OxaelB0004|sw $8, Gx00000004($16) | 75: oW $10, 4($s0)  # dataMem[ADDRESS(jumpTbl}+ 4] = ADDRESS(casel)

[ ] Cx 00400020 Ox3c010040 Tul $1, Gx00000540 76 1a $10, case2

[] 0x00400024) 0x342800780rl $8, $1, OxO0000078

[ ] | ox0C400028) OxaelB0008sw $8, 0x00000008(416) | 77: o $t0, S($s0)  # dataMEM[ADDRESS(jumpThll+ 8] = ADDRESS{caseZz}

: Ox0040002¢) Ox3c0110011ul $1, Gx0B0C1001 = la $t0, result

: Ox 00400030 0x34280010/0rd $8, $1, OxO00B0CLE

[] Ox 00400034 0xB3d110000 1w $17, Ox00000000 ($8) 93 Tw %51, O($t0)

[ ] | Gx0C400038 Gx3cfllEel lul $1, GxO00E1001 05 la $10, expr_value

[ ] Ox 0040003 Ox3428000c/orl $28, $1. Ox 0000000

[] 0x 00400040 0x2d120000 1w $18, Gx00000000 (58] a7 Tw %52, 00§t0)

[] 0x 00400044 Ox0240022a)s1t $1,$18, 50 100 b1t %52, $zero, default

: Ox 00400048 Ox1420000dbne $1, $0, OxO0000CCD

: Ox0040004c) Ox24080002)addiu $8, $0, CxOBOCO002 101 1i $t0, 2

(] | Gx08400058 GxA112082as1t 31,385,418 102 bot $52. 410, default

[] Cx 00400054 Ox1420000abne $1, $0, Ox 0000000

[ ] | ox0C400058) Ox00124880/s11 45, $18, Cx00000002 [108: sl $11, $s2. 2 # multiply expr value by 4

[ ] | 0x0040005c| Ox02004820(add $0, $16,$0 109: add $t1, $s0, $tl # address at which address to jump to is found

L] | ox0G400060 GxBd2ateee 1w $10, Gx00000000(%5) [110: Tw $t2, O($tl) # address to jump to

: Ox00400064) Ox01400008/1r $10 111: ir $12

(] | Gx0B400068 0x22310001|add1i $17, %17, Gx008a. .. |117: Gddi %51, %51, 1 =

[] | @x0040006c| Gx8810002L] Bx00400084 118: ] endSwitch Labels - |

(| | ©x00420070 0x22310002/addi §17,$17, GxBO0D, .. [124: addi  $sl, §s1, 2 Label a Address |

L 000400074 OuBS100021 ] Gubl400084 123 1 endSwitch indiredt trol a

[| | 0x08400078| 0x24110000/addiu $17,%0, 0xBOGG, . . |131: 11 $51, 0 indirect_control.asm

[] | ox0040007¢| 0x0S100021)1 0x00400084 132; ] endSwitch cazel % 00400063

(] | ox00400088) Ox2411Ff1f|addiu $17.30, ExFfif. .. |138: 11 $31, -1 casel Gy 0048007E

(] | Gx00400084) 0x3c011001(lui $1, OxGO0G1EGL 143 1a %10, result casel £x08400078

(] | Gx00400055 Bx34280618)0r1 38, $1, OxOO0B0ELA default 000400080

[| | 0x0840008c| Oxadl10000/sw $17, Bx00000000($3) |144. v $s1, 0($t8) endSwitch 00400084

[] | Gx0BA0000E| Bx2402000aladdiu $2,$0, 0x000BO00E 147 11 $v0, 10 expr_ualue 01001 808c

[| | 0x0B8400094| 0x00886E0C/syscall 148 syscall JurnpTbl £1001 6060

result Ox10010010) -
Data Text
Data Segment :
Address Value (+0) Walue (+4) Walue (+8) Walue (+c) Walue (+10] Walue (+14) Walue (+18) Walue (+1c)

Ox 10016660 errgelcleloieielele] lexrgeieleleioielele] eyrgeleleieielelele] errgelelieieielelen ) erielelelelelele i) Oy GOROGEGEGEE lexrgeieleleioielele] erielelelelelele e/
Oy 10010620 Oy 00000GGE5 Oy 0000060 O GO00GEGEGEE Oy 0O0A0GGEG e {elelelelelplele] O GO00GGEGEE Oy 0000060 e {elelelelelplele]
Oy 10010640 Oy 00AA0GEGEE O Q0000060 O QORGGEGEGEE O OOAARGEEG QxOREEEGEG3 O GORGOGEGEGEE O Q0000060 QxOREEEGEG3
O 10010060 egelelolelelelele] exgelelelelelelele] O GOGGOGEGEG0 O QOOAGGGEG S {ol6lelelelolele] O GORRGEGEG0 Oy GOAEAG00 QxO0006000] =
O 1010020 erqeleleleielelele] erdelelelelelelele) jerfelelelelelelele] erqeleleleieTelele] epqelelelelelelele] epfelelelelelelele] erdelelelelelelele) epqelelelelelelele]
Oy 1010030 epfelelelclelelele] ergelelelelelelele) jer{elelelclelelele] epfelelelclelelele] jejiqelelelelelclele] jeji{elelelclelelele] ergelelelelelelele) jejiqelelelelelclele]
Ox1001660eG errgelcleloieielele] lexrgeieleleioielele] eyrgeleleieielelele] jerrgelcieloieielele] erielelelelelelele) Oy GOROGEGEGEE lexrgeieleleioielele] erielelelelelele e
Ox1001G00ed errgeleieieieielele] lexrgeeleieieieiele] eyrgeleieieielelele] errgeleieieieielele] erieleelelelelele) OxOOROGEGEE lexrgeeleieieieiele] erieleelelelelele)
Oy 10016160 Oy 00AA0GEGEE O Q0000060 O QORGGEGEGEE O OOAARGEEG QxOREEEGEG3 O GORGOGEGEGEE O Q0000060 QxOREEEGEG3
Ox 10010120 Oy 00000GGE5 Oy 0000060 O GO00GEGEGEE Oy 0O0A0GGEG e {elelelelelplele] O GO00GGEGEE Oy 0000060 Ox000000003|

<] |

| < | B> ||0x10010000 {.data} |v| [v] Hexadecimal Addresses [v] Hexadecimal Values [ |ASCI




32-bit Constants

Most constants are small
and 16-bit iImmediate is sufficient

For the occasional 32-bit constant:

pseudo-instruction such as

la $s0,
(e.g., 40000004

lui rt,

lui $s0,

ori $s0,

32bitAddrLabel
003D0900,5 = 61x2'% + 2304)

constant # load upper immediate
Copies 16-bit constant to left 16 bits of rt
Clears right 16 bits of rt to O

61
$s0, 2304
4000000

0000 0000 0011 1101

0000 0000 0000 0000

0000 0000 0000 0000

0000 1001 0000 0000

0000 0000 0011 1101

0000 1001 0000 0000




Procedures/Functions

Group and encapsulate instructions

and refer to by procedure/function name
(more general: “signature™)

Hide inside (implementation details) -
coginitive load reduced (i.e., abstraction)

Separate use from implementation
can be varied independently

Can be used multiple times,
In different places

Parametrise with arguments



Procedure/Function Calling

HCa
Ste

ler” vs. “Callee”

0S required:
Place parameters where callee can find them
Transfer control to callee
Acquire storage for callee (save)
Perform callee's operations
Place result where caller can find them
Release storage allocated for callee (restore)
Return to (just after) place of call (in caller)




Register Usage

$a0 - $a3: argument values ($4-%$7)
$vO, $vi:result values ($2, $3)
$tO - $t9: temporaries
($8-%$15, $24-3%$25)

may be overwritten by callee
$sO - $s7:saved ($16-$23)

must be saved/restored by callee
$gp: global pointer - static data ($28)
$sp: stack pointer ($29)
$fp: frame pointer ($30)
$ra: return address ($31)

pC: program counter (only indirect control)

[ Registers | Coprocl | Coproc0 |

Number

Value

Szraro [u] 0x00000000
Sat 1 0x00000000
Sy E 0x00000020
el 3 0x00000000
%an 4 0x00000011
%al 5 Ox00000011
=il & Ox00000001
$a3 7 Ox00000001
St0 =3 Ox00000022
Skl o Ox00000002
St2 10 Ox00000000
St3 11 Ox00000000
St4 1z Ox00000000
St5 15 Ox00000000
St6 14 Ox00000000
St7 15 Ox00000000
$s0 16 0x00000000
%=1 17 Ox00000000
552 12 0x00000000
$s3 15 Ox00000000
$s4 20 0x00000000
$s5 21 Ox00000000
$s6 22 0x00000000
$s7 23 Ox00000000
$te 24 0x00000000
Sto 25 Ox00000000
k0 26 0x00000000
Skl 27 Ox00000000
Fap 22 Ox10008000
$=p 29 Ox7fffeffc
Sfp 30 0x00000000
Sra 31 Ox00000000
pc 0x00000000
hi Ox00000000
1o 0x00000000




Procedure Call Instructions

Procedure call/linvocation: jump and link
jal ProcedurelLabel

Address of following (aka “next sequential”)
instruction (i.e., PC + 4) put in $ra

Jumps to target address

Procedure return: jump register
jr $ra
Copies $ra to program counter

Can also be used for computed jumps
e.g., for switch/case statements (see earlier)




Stack (Abstract Data Type)

Data Structure + Operations

] ]
push(value) Pum Pop
]

value = pop()

INVARIANT:
push(value); res= pop()

-~ res == value

Implementation data structures:
Stack memory + Stack Pointer (SP)



Stack: multiple realizations

# stack grows “downwards”, SP to top-of-stack

push: addi $sp,
sw  $s0,

pop: 1w  $s0,

addi $sp,

O($sp)

O($sp)
$sp, 4

# adjust stack for 1 word
# save $s0O

# restore saved $s0
# pop 1 item from stack

# stack grows “upwards”, SP to top-of-stack

push: addi $sp,
sw  $s0,

pop: 1w  $s0,
addi $sp,

$sp, 4
0($sp)

0($sp)

# adjust stack for 1 word
# save $s0

# restore saved $s0
# pop 1 item from stack



Stack: multiple realizations

# stack growns “downwards”, SP to free space

#

push:

pop:

sw  $s0,
addi $sp,

addi $sp,
w  $s0,

0($sp)
$sp, -4

$sp, 4
0($sp)

below top-of-stack

# save $s0
# adjust stack for 1 word

# pop 1 item from stack
# restore saved $s0

# stack grows “upwards”, SP to free space

#

push:

pop:

sw  $s0,
addi $sp,

addi $sp,
lw  $s0,

0($sp)
$sp, 4

$sp, -4
0($sp)

above top-of-stack

# save $s0
# adjust stack for 1 word

# pop 1 item from stack
# restore saved $s0



Stack: don’t mix them up!

push: sw  $s0, 0($sp) # save $s0
addi $sp, $sp, -4 # adjust stack for 1 word

pop: addi $sp, $sp, -4 # pop 1 item from stack
lw  $s0, 0($sp) # restore saved $s0

push: sw  $s0, 0($sp) # save $s0
addi $sp, $sp, -4 # adjust stack for 1 word

pop: lw  $sO0, O($sp) # restore saved $s0
addi $sp, $sp, 4 # pop 1 item from stack

- stack de-synchronization (and possible crashes/exploits)



Stack Overflow

STACK ANALYSIS FOR 2005 CAMRY L4

4,096 bytes

; 94% (vs. the 41% Toyota told NASA!)
ISR Stack Use

Recursion violates a MISRA-C rule
(1998: #70; 2004: #16.2)

System
i 1,024 bytes
(Basic Tasks
and ISRs)
Bottom I i Bottom
' s
Barr Chapter Regarding DS BARR
25 Toyota’s Stack Analysis group

TOYOTA’'S MAJOR STACK MISTAKES

Toyota botched its worst-case stack depth analysis
B Missed function calls via pointers (failure to automate)
B Didn’t include any stack use by library and assembly functions
Approximately 350 functions ignored
B HUGE: Forgot to consider OS stack use for context switching!

On top of that... Toyota used dangerous recursion

absence of recursive procedures, which is standard in safety critical embedded softwarg

And... Toyota failed to perform run-time stack monitoring
B Asafety check that the cheaper 2005 Corolla ECM had!

[ ]
Barr Chapter Regarding B XS BARR
27 Toyota’s Stack Analysis PN soup

www . safetyresearch.net/Library/BarrSlides_FINAL_SCRUBBED.pdf

OSEK = Offene Systeme und deren Schnittstellen fiir die Elektronik in Kraftfahrzeugen


http://www.safetyresearch.net/Library/BarrSlides_FINAL_SCRUBBED.pdf

Leaf Procedure Example
C code:

int leaf_example (int g, h, 1, 3)
{ int f; // local variable

f=(+h)-(1+7);
return f;

b
Arguments g, .., jin$a0@, .., $a3

Local variable f in $s0
(hence, need to save $s0 on stack)

Result in $vO



Leaf Procedure Example

MIPS code:

leaf_example:
addi $sp, $sp, -4
sw $s0, 0($sp)
add $t0, $a0, $al
add $t1, $a2, $as3
sub $s0, $tO, $t1
add $v0O, $s0, $zero
lw  $s0, O0($sp)
addi $sp, $sp, 4
jr $ra

How can the above code be optimized?

Save $s0 on stack:
“push $s0 onto stack”

Procedure body
(three-address code)

Result (or move $v0O, $s0)

Restore $s0:
“pop $s6 from stack”

Return to caller



Assembly Program Template

Comments giving
* name of program
* description of function
template.asm (often used extension: .s)
Bare-bones outline of
MIPS assembly language program

H*H H OHH HH

.data # variable declarations follow this 1line
#

.text # instructions (code) follow this 1line
.globl main

main: # entry point
# indicates start of code to “loader”
# (first instruction to execute, by convention)
#

# End of program, leave a blank line afterwards



Calling a Leaf Procedure

int leaf_example (int g, h, i, j)
{ int f,

f=(+h)-(1+73);

return f;

}

void main(void)

{ int gm, hm, im, jm, res;
gm = 10; hm = 11; im = 3; jm = 4;
res = leaf_example(gm, hm, im, jm);
print(res);

}



Calling a Leaf Procedure

# main.asm
# Calling leaf_example

.data
# varName: .word varValue # need to load into $si
.text
.globl main
main: 11 $a0,10 # main's variable gm
1i Sal,1ll # main's variable hm
1i $a2, 3 # main's variable im
1i s$a3, 4 # main's variable Jjm
#note: 1li == addiu pseudo-instruction

jal leaf_ example
# result directly into $vO,

11 Sv0o, 1
syscall

eliminated res

add $a0, $v0, $zero # number to print

# print Integer system service
# print result

1i Sv0, 10 # system call for clean exit

syscall # exit (back to operating system)



Application Binary Interface

SYSTEM V
APPLICATION BINARY INTERFACE

Interacting with the Operating System: ABI

MIPS® RISC Processor

Supplement
3rd Edition

http://math-atlas.sourceforge.net/devel/assembly/mipsabi32.pdf
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Fibonacci

# Fibonacci.asm
# Compute first twelve Fibonacci numbers (iteratively, not recursively)
# and put in array, then print
# F[O0] =1
# F[1] =1
# F[n+2] = F[n] + F[n+1]
#
.data
.eqv NUM_FIBS 12 # must be > 2

fibs: .word 0O : NUM_FIBS # "array" of NUM_FIBS words to hold Fib wvalues
# elements of array initialized to O

size: .word NUM_FIBS # size of "array"
.text
.globl main
main: linker/loader starts execution here

la $t0, fibs

la $th5, size

1w $t5, 0(sthH)
1i s$t2, 1

SwW $t2, 0(s$t0)
SW $t2, 4(s$t0)
addi s$tl, $t5, -2

load address of array

load address of size wvariable

load array size into $t5

1 is first and second Fibonacci number
F[0] =1

F[1l] = F[0] =1

Counter for loop,

will execute (size—-2) times

H FH H FH H H H FH F



Fibonacci

loop: 1lw St3, 0(s$st0)
1w Std4, 4($t0)
add $t2, $t3, $t4
sw $t2, 8($t0)
addi $t0, $t0, 4

Get value from array F[n]

Get value from array F[n+1]

$t2 = F[n] + F[n+1]

store F[n+2] = F[n] + F[n+l] in array

increment address of Fibonacci number source
addi $tl1, stl1, -1 decrement loop counter
bgtz $tl, loop repeat if not finished yet

# note: the above fails when only first two Fibonacci numbers needed

# - use “while cond” instead of “repeat .. until cond” / “do .. while”

$= S S S S e S

# print results

la $a0, fibs # first argument for print (array address)
add $al, S$zero, $St5 # second argument for print (array size)
jal print # call print routine

# normal end of program, return control to operating system
1i Sv0, 10 # system call for exit
syscall # exit



Fibonacci

######### (leaf) routine to print the numbers on one line.
.data
space:.asciiz " " # space to insert between numbers
# asciiz = null-terminated, fixed length
head: .asciiz "The Fibonacci numbers are:\n"
.text
print:add $t0, S$zero, $al0 # starting address of array
add S$tl, Szero, $al # initialize loop counter to array size
la $a0, head # load address of print heading
1i Sv0, 4 # specify Print ASCII String service
syscall # print heading
PrFNr:lw $a0, 0(S$tO0) # load Fibonacci number for syscall
1i Svo, 1 # specify Print Integer service
syscall # print Fibonacci number
la $a0, space # load address of white space for syscall
1i Sv0o, 4 # specify Print String service
syscall # output string
addi $t0, $t0, 4 # increment address
addi $t1, S$t1, -1 # decrement loop counter
bgtz $tl, prFNr # repeat if not finished
jr Sra # return



byReferenceVSbyValue.c

#
# “call by value” vs. “call by reference”

#

#include <stdio.h>

int f_by_ value (int argqg)
{

int calc_res = 0;
calc_res = arg+l;
return calc_res;

}

void f_by_reference (int *arg_address)
{
int calc_res = 0;
calc_res = *arg_address+l;
*arg_address = calc_res;

}



byReferenceVSbyValue.c

void main ()

{

int 1 = 10; int ret_val = 999;
printf (" before f_by_value():

/* call by value */
ret_val = f_by value(i);

printf (" after f_by_value():

/* re—-inialize values */
i = 10; ret_val = 999;

printf (" before f_by_reference():

/* call by reference */
f by reference (&i);

printf (" after f_by_reference():

ret_vwval)

ret_vwval)

ret_wval)

ret_vwval)

is

is

is

is

o\°
0.
-

o°
0.
~

o\
0.
~

o
0.
~

%d) \n",

i,

%$d) \n\n",

$d) \n",

$d) \n",

i,

i,

ret_val);

i, ret_val);

ret_val);

ret_val);



byReferenceVSbyValue.c

[o)

% gcc -o byReferenceVSbyValue byReferenceVSbyValue.c

% ./byReferenceVSbyValue

before f_by_value(): (i, return_value) is (10, 999)
after f_by _value(): (1, return_value) 1is (10, 11)
before f_by_reference(): (i, return_value) 1is (10, 999)
after f_by_ reference(): (i, return_value) 1is (11, 999)

Current limitations on function arguments and results?



byReferenceVSbyValue.c

[o)

% gcc -o byReferenceVSbyValue byReferenceVSbyValue.c

% ./byReferenceVSbyValue

before f_by_value(): (i, return_value) is (10, 999)
after f_by _value(): (1, return_value) 1is (10, 11)
before f_by_reference(): (i, return_value) 1is (10, 999)
after f_by_ reference(): (i, return_value) 1is (11, 999)

... call by reference is useful for passing large structures ...



Procedure/Function Calling

HCa
Ste

ler” vs. “Callee”

0S required:
Place parameters where callee can find them
Transfer control to callee
Acquire storage for callee (save)
Perform callee's operations
Place result where caller can find them
Release storage allocated for callee (restore)
Return to place of call (in caller)




Call by Value/Reference

Caller: by value by reference
.data .data
iz .word 10 i: .word 10
ret_val: .word 999 ret_val: .word 999
.text .text
# f_by_value (i) : # f_by_reference (&i):
# value of i is passed # address of i is passed
la $t0, 1 la $a0, i
1w $a0, 0(st0)
jal f_by_wvalue jal f_by_ reference

la Stl, ret_val
SW $v0, 0(stl)

Callee: Dby value by reference
.text .text
f_by_value: f_by_ reference:
move $t0, $a0 1w $t0, 0($a0)
addi $to0, 1 addi $t0, 1
move $vO0, $t0 # result sw $t0, 0($al) # result
jr Sra

jr Sra



compiler generated assembly

[e]

% gcc =S byReferenceVSbyValue.c

produces (intermediate) assembly code
byReferenceVSbyValue.s

.file "byReferenceVSbyValue.c"
.text
.globl f_by_value
.type f_by value, @function
f_by_value:
.LFBO:

.cfi_startproc

pushqg Srbp
.cfi_def_cfa_offset 16
.cfi_offset 6, -16

movqg $rsp, %rbp
.cfi_def_cfa_register 6
movl %$edi, -20(%rbp)
movl 50, -4 (%rbp)
movl -20 (%rbp), %eax
addl $1, %eax

movl $eax, —4(%rbp)
movl -4 (%rbp), %eax
popgq Srbp

.cfi_def cfa 7, 8
ret




compiler generated assembly

% gcc =S byReferenceVSbyValue.c

produces (intermediate) assembly code
byReferenceVSbyValue.s

.file "byReferenceVSbyValue.c"
.text
.globl f_by_value
.type f_by value, @function
f_by_value:
.LFBO:

.cfi_startproc

pushqg Srbp
.cfi_def_cfa_offset 16
.cfi_offset 6, -16

movqg $rsp, %rbp
.cfi_def_cfa_register 6
movl %$edi, -20(%rbp)
movl 50, -4 (%rbp)
movl -20 (%rbp), %eax
addl $1, %eax

movl $eax, —4(%rbp)
movl -4 (%rbp), %eax
popgq Srbp

.cfi_def _cfa 7, 8

ret

... for Intel instruction set, not for MIPS



heed “cross compilation” M

% gcc —-S byReferenceVSbyValue.c
Use http://crosstool-ng.org

Produces byReferencevVsbyvValue.s

.file 1 "byReferenceVSbyValue.c"
.section .mdebug.abi32

.previous

.abicalls

M or emulate MIPS using QEMU


http://crosstool-ng.org/

byRefenceVSbyValue.s

.text
.align
.globl
.ent
.type
f_by_value:
.frame
.mask
.fmask
.set
.cpload
.set
addiu
SW

move
SW

SW

1w
addiu
SW

1w
move
1w
addiu

.end
.align
.globl
.ent

.type

2
f_by_value
f_by_value
f_by_value, @function
Sfp, 24,531
0x40000000, -8
0x00000000,0
noreorder

$25

reorder

Ssp, $sp, —24
$fp,16($sp)

$fpl $Sp

$4,24 (Sfp)

$0,8 (Sfp)

$2,24 (Sfp)

$2,52,1

$2,8(Sfp)

$2,8(Sfp)

$Ssp, $fp

$fp, 16 (Ssp)

Ssp, $sp, 24

$31

f_by_value

2

f_by_ reference
f_by_ reference

f_by_ reference, @function

(f_by_value())

# vars= 8,

regs= 1/0,

args= 0,

gp= 8



byRefenceVSbyValue.s

f by _reference:
.frame
.mask
.fmask
.set
.cpload
.set
addiu
SW
move
SW
1w
1w
addiu
SW
1w
1w
SW
move
1w
addiu

.end

Sfp, 24,531
0x40000000, -8
0x00000000,0
noreorder
$25

reorder

Ssp, $sp, —24
$fp, 16 (Ssp)
$fp, $sp
$4,24 (Sfp)
$2,24 (S$fp)
$2,0(82)
$2,%2,1
$2,8(Sfp)
$3,24 ($fp)
$2,8(Sfp)
$2,0($3)
$sp, $fp
$fp, 16 (Ssp)
Ssp, $sp, 24
$31
f_by_reference

(f_by_reference())

# vars= 8,

regs= 1/0,

args= 0,

gp= 8



SLC1l:

SLC2:

SLC3:

SLCO:

.rdata
.align

.ascii
.ascii
.align

.ascii
.ascii
.align

.ascii
.ascii
.align

.ascii
.ascii

byRefenceVSbyValue.s (data)

" before f_by value():
"\n\OOO"
2

" after f_by wvalue():
"\n\n\000O™"
2

" before f_by_ reference():

"\n\OOO"
2

" after f_by_ reference():

"\n\OOO"

return_value)

return_value)

return_value)

return_value)

is

is

is

is



main:

byRefenceVSbyValue.s

.text
.align
.globl
.ent

.type

.frame
.mask
.fmask
.set
.cpload
.set
addiu
SW
SW
move
.Cprestore
1i
SW
1i
SW
la
1w
1w
jal

(main())

2
main
main
main, @function
Sfp, 40,831
0xc0000000, -4
0x00000000,0
noreorder
$25
reorder
$sp, $sp, —40
$31,36($sp)
$fp, 32 ($sp)
$fp, $sp

16
$2,10
$2,24 ($fp)
$2,999
$2,28($fp)
$4,SLCO
$5,24 (sfp)
$6,28($fp)
printf

# vars= 8,

# Oxa

# 0x3e7

regs= 2/0,

args=

le,

gp= 8



byRefenceVSbyValue.s (main() ctd.)

1w
Jal
SW
la
1w
1w
jal
1i
SW
1i
SW
la
1w
1w
Jal
addiu
Jal
la
1w
1w
jal
move
1w
1w
addiu

.end
.ident

$4,24 (Sfp)
f_by_value
$2,28 (Sfp)
$4,$LC1
$5,24 (Sfp)
$6,28 (Sfp)
printf
$2,10

$2,24 (Sfp)
$2,999
$2,28 (Sfp)
$4,$LC2
$5,24 (Sfp)
$6,28 (Sfp)
printf
$4,S5fp, 24
f_by_reference
$4,$LC3
$5,24 (Sfp)
$6,28 (Sfp)
printf

Ssp, Sfp
$31,36(Ssp)
$fp, 32 (Ssp)
Ssp, Ssp, 40
$31

main

"GCC: (GNU) 3.4.5"

# Oxa

# 0x3e7



Memory Layout

$sp— 7fff fffcye

$gp— 1000 8000,
1000 0000,

pc— 0040 00000y
0

Stack

!
T

Dynamic data

Static data

Text

Reserved

XA

Configuration

@ Default

) Compact, Data at Address 0
) Compact, Text at Address 0

Configuration

i Default

@ Compact, Data at Address 0
) Compact, Text at Address 0

XX

Configuration—
) Default

) Compact, Data at Address 0
@ Compact, Text at Address 0

000

OufffFfff
ouffffffff
oyt foeee
oufffeffff
{efdeleleleleelole]
oxgffffffc
[efd=eleeleaR=c]
0% BODDGGC
[efd=telelelecloc]
oxTfEf 1 F
ou7f 1 f
ouTffffffe
o 7fffeffe
(10040008
Oy 10040006
(10010003
Oy 100028006
erelelelelelele]
Oy 10000066
OuOffffffe
0% 00400000

memory map limit address
kernel space high address
MMIO base address

kernel data segment limit address
.kdata base address
kernel text limit address
exception handler address
kernel space base address
.ktext base address

user space high address
data segment limit address
stack base address

stack pointer $sp

stack limit address

heap base address

.data base address

global pointer $gp

data segment base address
.extern base address

text limit address

.text base address

Apply and Close Apply Cancel Reset

0007
GxE0007Tf{
G EO00TTE0
Gx00007eff
CO0005000
GxE0004f fo
CrB0004180
00004000
CxE0004000
G EO003Tf{
o000t fo
00003000
G EO002T
000021 fo
xE0002f fo
ExE0002000
CrB0002000
erieielele) R=lole]
00001000
CrB0000000
CxA0000000

memory map limit address
kernel space high address
MMIO base address

kernel data segment limit address
.kdata base address
kernel text limit address
exception handler address
kernel space base address
.ktext base address

user space high address
text limit address

.text base address

data segment limit address
stack pointer $sp

stack base address

stack limit address

heap base address

global pointer $gp

.extern base address

data segment base address
.data base address

Apply and Close

Apply cancel Reset

0007 f
0% 00007 £
erdelelclely elt]
0% 0e007ef
(00005000
0% B0004ffc
Oy 00G04180
(:00004000
[ieieleleRieiele)
0w 0e0EST
0% 00003f {1
0% BO063ffc
eldeleleleleiiie
000003000
[eleleleiclelele)
{elfgclelelciiclelc]
000001800
[eleleleaelele)
{elgcleleieh Relelc]
erdelelcleleliide
[eielelelelelele)

memory map limit address
kernel space high address
MMIO base address

kernel data segment limit address
.kdata base address
kernel text limit address
exception handler address
kernel space base address
.ktext base address

user space high address
data segment limit address
stack pointer $sp

stack base address

stack limit address

heap base address

.data base address

global pointer $gp

data segment base address
.extern base address

text limit address

.text base address

Apply and Close Apply Cancel Reset




Memory Layout

Text: program code

Static data: global variables ssp—rfr ey,

e.g., static (in a function) variables
In C, constant arrays and strings

Sgp Initialized to address allowing

+offsets Into this segment $gp— 1000 8000,
1000 00000,

pc— 0040 0000,

Stack

l
T

Dynamic data

Static data

Text

0

Reserved
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S\ Ry V¢ comn Silmep
KeGN1EwS
_____-d
1 13 Z
=" G¢
1 WA
$sp— TFFf Fffcyey STaoh
Dynamic data
$gp— 1000 80004 Static data
1000 0000;64
Text
pc— 0040 00000,
Reserved

0

Memory Layout
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Memory Layout

Text: program code

Static data: global variables ssp—rfr ey, T
e.g., static (in a function) variables '
In C, constant arrays and strings T
Sgp Initialized to address allowing Dotk
+offsets Into this segment $ap = 1000 8000,,, | N GHEERE
1 . e Text
Dynamic data: heap e 0080 0000, i
e.g., malloc (size) /free (ptr) 0 Heserved

IN C, new (DataType) IN Java
Stack: automatic storage

local variables in functions/procedures
and much more, cfr. Stack Frame



Heap vS. Stack (grow towards each other)

HeAD 44
e LT “Tex] G VoAl — , ——
[ i I 7 7777777 [l Tl ) T ——— 1
J héwony Alre Cax TN
E Ghne AGE  CoM B\ o
y..dug.g:_.( ] 1
" ety LEA ’
{rae, ) _ .
gz (O hbnwsj VR Fio
s N S UChe S VGW Fr ov/
§sp—= 7FFF FFfcpey Stack NGWEW O Sy MCHIAMZA W'

$gp— 1000 8000,
1000 0000y,

pc— 0040 0000},
0

l
T

Dynamic data

Static data

Text

Reserved

PosH [/ PP



Heap needs Garbage Collection
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* overflow.c
|

* demonstrates stack and heap overflow (and command-line arguments)

i

#include <stdio.h=>
#include <stdlib.h>

void stackOverflow(wvoid);
void heapOverflow(void);

int main(int argc, char **argv) {
if (argc = 1) {

/* stack overflow option */

if (argv[1][e] == 's') {
printf("Entering infinite recursion ...\n");
stackOverflow();

/* heap out of memory option
/* uses virtual memory, so will start swapping and thrash
* to avoid, set limit on amount of memory process can use:
* systemd-run --scope -p MemoryMax=5@@M --user ./overflow h
>
if (argv[1][e] == 'h') {
printf("Using up the whole heap ...\n");
heapOverflow() ;

void stackOverflow() { /* oops, forgot termination condition */
stackOverflow();

void heapOverflow(void) {
char *p;
while (1) {p = malloc(leeooee@*sizeof(char));}

ot



Non-Leaf Procedures

Procedures that call other procedures
For “nested” calls (may be multiple),
callee needs to save on the stack,

whatever could be overwritten:

Its return address

any arguments and temporaries needed
after the call (note how arguments and local
variables are very similar)

Restore from the stack after the call




Non-Leaf Procedures




Register Conventions

Preserved on
Reglster number Usage call?

$zero The constant value O

$v0-$vl 2-3 Values for results and expression evaluation no
$a0-%a3 4-7 Arguments no
$t0-$t/ 8-15 Temporaries no
$s0-$s7 16-23 Saved yes
$t8-$t9 24-25 More temporaries no
$ap 28 Global pointer yes
$sp 29 Stack pointer yes
$fp 30 Frame pointer yes
$ra 31 Return address yes




Non-Leaf Procedure Example

C code:

int fact (int n)

{

if (n < 1) return 1,
else return n * fact(n - 1);

b
Argument n in $a0

Result in $vO



Non-Leaf Procedure Example

MIPS code:
fact:
addi $sp, $sp, -8 # adjust stack for 2 items
sw S$ra, 4($sp) # push (save) return address
sw $a0, 0($sp) # push (save) argument
slti $tO, $ao, 1 # test for n < 1
beq $tO, $zero, fM1
addi $vO, $zero, 1 # if so, result is 1
addi $sp, $sp, 8 # pop 2 items from stack
jr  $ra # and return
fM1:addi $a0, $a0, -1 # else decrement n
jal fact # recursive call, overwrites
lw $a0, 0(S$sp) # restore original n
lw  $ra, 4($sp) # and return address
addi $sp, $sp, 8 # pop 2 items from stack
mul $vO, $a0d, $vO # multiply to get result
jr  $ra # and return

How can the above code be optimized?




Preserved information

Saved registers: $s0-$s7/ Temporary registers: $t0-$t9
Stack pointer register: $sp Argument registers: $a0-%$a3
Return address register: $ra Return value registers: $v0-$v1
Stack above the stack pointer Stack below the stack pointer

Assuming the stack grows “downwards”



Stack Frame
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remember:

byRefenceVSbyValue.s

.text
.align
.globl
.ent
.type
f_by_value:
.frame
.mask
.fmask
.set
.cpload
.set
addiu
sw
move
sw
sw
lw
addiu
sw
lw
move
lw
addiu

.end
.align
.globl
.ent

.type

2

f_by_value
f_by_value

f_by_value,

@function

Sfp, 24,531
0x40000000, -8
0x00000000,0
noreorder

$25

reorder

$sp, $sp, —-24
$fp,16 ($sp)
$fp, $sp

$4,24 ($£fp)
$0,8(S£fp)
$2,24 ($£fp)
$2,%82,1
$2,8($£fp)
$2,8($£fp)
$sp, $fp
$fp,16 ($sp)
$sp, $sp, 24
$31
f_by_value

2

f_by_ reference
f_by_ reference

f_by_ reference, @function

(f_by_value())

# vars= 8,

regs= 1/0,

args= 0,

gp= 8



Stack Frame

Procedure/Function (call) frame (aka activation record)
Used by (some) compilers to manage stack storage

In addition to Stack Pointer register $sp,

use Frame Pointer register $fp

to keep track of all pertinent information on the stack
pertaining to a procedure/function invocation (aka activation).

Caller side:

Caller pushes arguments on the stack
(or passes themvia $a0 - $a3 if not more than 4 arguments)

Caller reserves space on the stack for return values
(or they are returned via $v0 - $v1)

Caller passes “static link” (address on the stack of the nearest
occurrence of the next lexically enclosing procedure/function)
via $v0

The call:
jal label jumps to label and puts the return address in $ra




Stack Frame

Callee side:

Callee puts the old Sfp at 0 (Ssp).
This is the “dynamic link” (chain).
(note that here we chose to let $sp point beyond the stack).

Callee sets sfp to $sp (beginning of the callee's frame)

Callee reserves space on the stack for the entire frame
(decrease $sp by frame size as the stack grows “downwards”)

Callee saves the return address Sra at -4 ($fp)
(in case the callee calls another function and overwrites $ra).

Callee saves the “static link” from $v0 at -8 (Sfp).

Callee reserves the following words in the frame for
local variables. To be initialized if appropriate.

Callee uses words in the frame after the local variable to save
temporary variables etc.

If the callee in turns calls another function, see Caller side




Stack Frame

Callee side, returning from the call:

Callee puts function result(s) in appropriate place(s) above the
frame pointer (or returns via $v0 - $v1).

Callee restores $ra from -4 ($fp)

Callee sets $sp to sfp (i.e., pops the entire frame)
Callee sets sfp to 0 (Sfp) (the frame pointer of the caller)
Callee returns with jr S$ra

Caller side, _returning from the call:

Caller pops the function result(s) (if any) from the stack
(unless passed via sv0 - Sv1).

Caller pops the function arguments (if any) from the stack.




Frame Structure (with dynamic links)

- - previous $fp

$ra

$vo

(grows downwands)
argumentl
(or passed via registers)
argument3
teturn value 1
space for return values
retarn value 2 (or passed via registers)
- previous §fp
$ra
$v0
space for local varisbles
space for temporary values
argl
arg2 arguments
arg3 (or passed via registers)

space for return values
(or passed via registers)

space for local variables

space for temporary values

argumentl

argument2

argument3

return value 1

return value 2

pirevious $fp

$ra

$Sv0

(or passed via registers)

space for return values
(or passed via registers)

space for local variables

space for temporary values



Factorial with Frames

/* factorial function
fact.c

based on an example by Leonidas Fegaras
for CSE 5317 at UTA in Spring 1998

*/
int fact ( int n ) {
if (n<=1)
return 1;
else

return n*fact (n-1);

b



Factorial with Frames

.text

fact: # Allocate a frame for the dynamic link, return address,
# and static link (total: 3 words * 4 bytes/word = 12 bytes)
# not more space needed as no local variables, temporaries,

SW Sfp, (Ssp) # push old frame pointer (dynamic 1link);

# (Ssp) means 0 (S$Ssp)
move Sfp, S$sp # frame pointer now points to the top of the stack
subu Ssp, S$sp, 12 # allocate 3 words (12 bytes) on the stack

# Save return address in the frame
SwW Sra, -4 (Sfp)

# Save static link in the frame

# Sv0 is provided by caller

# Note that S$v0 is also used to pass a function return value
SW $v0, -8 (Sfp)
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Factorial with Frames

if n>0 goto recurs: (the argument n is located at 4 (S$fp))

Note 1: if the result of fact () were not returned via $v0, but rather via
the stack, 4 ($fp) would be reserved for this return value
and the argument n of fact () would be found at 8 ($fp)

Note 2: argument n of fact () could be passed via the argument register $al.
In that case, no space should be reserved for it on the stack
and the following instruction
1w $a0, 4 ($fp)
would not be needed.
There are two reasons for passing argument (s) via the stack:

1. if there are more than 4 arguments, there are not enough
argument registers $al0 - $a3 to pass all arguments directly;

2. 1f inside fact (), a function is called (in this case, fact () calls
itself recursively), the content of the argument register(s) need to be
saved (on the stack) as they may be overwritten.

Arguments passed via the stack are already saved.

1w $Sal0, 4(s$fp)
bgt $a0, 1, recurs

# otherwise return 1

1i Svo, 1

b return # unconditional relative branch
# (beg $zero, S$zero, return)



Factorial with Frames

recurs:
1w $al0, 4 (sfp) # get n from the stack
subu $a0, $a0, 1 # calculate n-1
# push n-1 on the stack as the argument to fact ()
SwW $a0, (Ssp)
subu $sp, $sp, 4
# load static link (was passed in $v0 by the caller
# and stored in frame at -8 ($fp))
1w Sv0, -8 (Sfp)
# call fact ()
jal fact
# multiply the result of fact(n-1), found in the result
# register $v0, by n, found on the stack at 4 ($fp),
# and place the result in the result register $v0
1w $a0, 4 (s$fp)
mul $v0, $v0, $aO

return: # return from fact (restore registers and pop the frame)
1w Sra, —-4($fp) # get return address from frame
move Ssp, Sfp # get old frame pointer from current frame
1w Sfp, (Ssp) # restore old frame pointer

jr Sra



Factorial with Frames

/* The main program calling the factorial function fact ()

main.c
*/
#include <stdio.h>

void main (void) {
int i, res;
while (1) {
printf (" Number? ");
scanf ("%d", &i);
if (i<=0) break;
res = fact(i);
printf ("The factorial is: %d\n"
i
i

, res);



Factorial with Frames

.text

# main must be global (visible to functions in other files)
.globl main

main: # allocate a frame for the dynamic link, return address, static link,
# and for the integer local variables i and res (total: 5*4 = 20 bytes)
sSw $fp, ($sp) # push old frame pointer (dynamic link)
move Sfp, $sp # frame pointer now points
# to the top of the stack
subu S$Ssp, Ssp, 20 # allocate 20 bytes on the stack

# save return address in frame
sSw $Sra, —-4($fp)

# save static link in frame
SwW $v0, —-8($fp)



Factorial with Frames

loop:

prompt:

# print prompt
# note the interleaving of

.data
.asciiz "Number? "

.text

1i Sv0, 4

la $al0, prompt
syscall

# read i

1i Sv0, 5
syscall

SW Sv0, —-12(Sfp)

# if i<=0 goto exit:
blez Sv0, exit

.data and .text

# \0 terminated ASCII string

=

print string service
address of the string to be printed

read integer service

result of read is local variable i,
located in frame, at -12(Sfp)



Factorial with Frames

# push i on the stack, as argument for the fact () call

1w $a0, -12(S$fp) # where in the frame local variable i is found
SW $a0, (S$sp) # push i

subu S$Ssp, S$sp, 4 # update stack pointer

# the static link of fact () is the frame pointer of main(),
# the nearest enclosing “lexical scope”
move $v0, $fp

# call fact
Jjal fact

# store the result of fact (i) (returned via result register $vO0)
# in res (local variable res is located at -16(S$Sfp))
sw $v0, -16($Sfp)



Factorial with Frames

# print

.data
answer: .asciiz

.text

1i

la

syscall

# print
1i
1w
syscall

# print

.data
endl: .asciiz

.text

1i

la

syscall

answer

"The factorial is: "

Sv0o, 4 # print string service

$al, answer # address of the string to be printed
res

Svo, 1 # print integer service

$al0, -16(Sfp) # the value of the string to be printed
end of line

"\n"

Sv0, 4
$a0, endl

# loop back

b

loop



Factorial with Frames

exit: # return from main (restore registers and pop frame)
1w Sra, —-4($fp) # the old frame pointer
move Ssp, S$fp # pop frame off the stack
1w Sfp, (Ssp) # restore old frame pointer
jr Sra # return to caller (of the fact program)



Frame Structure (with static links)
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“nested scope”

Not in CSA, but in Compilers (Ba2)



Matrix 1D (vector), static size, single type

\VECLeow, & (9 SEQuentrL mopnecses  (8) 4 ElenenT Tlyre (¥
N kLoMf’\(\)

CLEMENT ‘\\J?(f ‘ T '\f’ /(N ET
{ T——
Lew (ELExen uim,) Bl | | -
Co, SN-1) <N
RASE ADBNness po g Jh i e
o= N\
=F DAY Mewn

i

lty_m;ﬂ o D [ [~ | ek =g

\ \ . : [
VD & /) |
3 DU = =
A A B3S X} E \j[ij = EA + ¢ %)gg




Matrix 1D (vector), dynamic size, single type
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Matrix 1D (vector), dynamic size(, multi-type)
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Matrix 2D, static size, single type
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Character Data ... operations

Byte-encoded character sets

ASCII: 128 characters
95 graphic, 33 control

Latin-1: 256 characters
ASCII, +96 more graphic characters
Unicode: universal character set
Used in Java, C++ wide characters, ...
Most of the world’s alphabets, plus symbols
UTF-8, UTF-16: variable-length encodings



“big picture” (snapshot)
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Byte/Halfword Operations

Could use words + bitwise operations
MIPS: byte/halfword load/store

String processing IS a common case
lb rt, offset (rs) lh rt, offset (rs)
Signh extend to 32 bits in rt
lbu rt, offset (rs) lhu rt, offset (rs)
Zero extend to 32 bits in rt
sb rt, offset (rs) sh rt, offset (rs)
Store just rightmost byte/halfword



String Copy Example

C code (naive):
Null-terminated ASCII string (.asciiz)

void strcpy (char x[], char yI[])

{ int i,
i = 0;
while ((x[i]=y[i])!="\0")
i += 1;

}
Addresses of x, v In $a0, $Sal

iln $s0

/* Caveat: (b && (x[i]=y[i1])) evaluation in C */



String Copy Example

MIPS code:
strcpy:
addi $sp, $sp, -4 # adjust stack for 1 item
sw $s0, 0($sp) # save $s0
add $s0, $zero, $zero# i =0
L1: add $t1, $s0, $al # addr of y[i] in $t1
lbu $t2, 0($t1) # $t2 = y[i]
add $t3, $s0, $a0 # addr of x[i] in $t3
sbh  $t2, 0($t3) # x[1] = y[i] (includes \0)
beq $t2, $zero, L2 # exit loop if y[i] ==
addi $s0, $s06, 1 # 1 = 1 + 1 . what if int[] args?
j L1 # next iteration of loop
L2: lw  $sO, O($sp) # restore saved $s0
addi $sp, $sp, 4 # pop 1 item from stack
jr  $ra # and return




Addressing Modes (datal/instr)

1. Immediate addressing

op|rs | rt Immediate

2. Register addressing

op | rs rt | rd | ... |funct Registers

Register

3. Base addressing (relative)

Data
op|rs | rt Address Memory
I
Fegeie (| R v
I
4. PC-relative addressing _
Instruction
op|rs | rt Address Memory
I
PC Q—)— Word
I
5. Pseudodirect addressing
Instruction indi
op Address Memory 6. indirect
I
R SR
PC @—~ Word J $
I




Branch Addressing

Branch instructions specify
opcode, two registers, target address

Most branch targets are

near branch instruction (“locality”)

forward or backward
op Is rt constant or address
6 bits 5 bits 5 bits 16 bits

PC-relative addressing
Target address = PC + offset x 4
PC already incremented by 4 by this time




Jump Addressing

Jump (J and jall) targets could be
(almost) anywhere Iin text segment

encode (almost) full address in instruction

op address

6 hits 26 bits

(pseudo)Direct jump addressing
Target address = PC;, ,, : (address x 4)



Assembling Example (J)

sll
add
1w

bne

loop:

exit:

.text

addi

0x1C50083C
$tl, $s3,
St2, Sti,
$t0, -4(st
$t0, Ssb5,
$s3, $s4,
loop

- 0 000
$ S p - 7 f f f f f f C hex St k oxffffffff memory map limit address
2 ac onfffiffff kernel space high address
Oy ffffEEEE MMIO base address
$ s 6 l onfffeffff kernel data segment limit address
(%90000000 .kdata base address
2 ) oxeffffffc kernel text limit address

(80000180 exception handler address
Configuration 080000000 kernel space base address
_ l ® Default (%B0000000 .kiext base address

ox7ffffff user space high address
Dynam|c da‘ta (0 Compact, Data at Address 0 on7ffiffff data segment limit address
) Compact, Text at Address 0 | m7ffffffc stack base address

on7fffeffc stack pointer $sp
016040000 stack limit address
018040000 heap base address
Gx16010000 .data base address
0x10008000 global pointer $gp
(108000000 data segment base address
Ox100000C0 .extern base address
G@ffffffc text limit address
000400000 .text base address

exit 1

$gp— 1000 8000,y Static data

1000 0000,,,

Text

pc— 0040 0000qy
Reserved

O Apply and Close ‘

| Apply | ‘ Cancel ‘ | Reset |

.text 0x1C50083C

Address not allowed!
This is a synthetic example to demonstrate use of top 4 bits in address calculation
in the J instruction




Assembling Example (J)

.text 0x1C50083C .text 0x1C50083C
loop: sll S$tl, $s3, 2 loop: sll $9, $19, 2

add $t2, $tl, $s6 add $10, $9, $22

1w St0, —-4(S$t2) 1w $8, OxXFFFC($10)

bne $t0, $s5, exit bne $8, $21, .0x0002

addi  $s3, $s4, -1 addi  $19,$20, OXFFFF

3 loop I e Tﬂc‘)op

\\\\\\\\

exit: exit: &



.text 0x1C50083C
loop: sll $9, $19, 2
add $10, $9, $22
1w $8, OxXFFFC($10)
bne $8, $21, 0x0002
addi  $19, $20, OxFFFF
Jj loop
exit:
0X1G50083C sll $9, $19, 2
-, 0x00 0 19 9 2 0
0x1C506840 add $10, $9, $22
-~ %, 0x00 9 22 10 0 0x20
0x1C500844, 1w  $8, OxFFFC($10)
- “0x23 10 8 OxFFFC
0x1C500848 bne $8, $21, 0x0002
~ 0x05 8 21 0x0002
0x1C50084C addi*$19, $20, OxFFFF
- 0x08 20 19 OXFFFF
0x1C500850 lobp
- 0x02 0x314020F

@

M I P S Reference Data

CORE INSTRUCTION SET
FOR-

NAME, MNEMONIC ~ MAT OPERATION (in Verilog)
Add add R R[rd]=R[rs] + R[rt] )
Add Immediate addi [ R[rt] =R[rs] + SignExtimm (1,2)
Add Imm. Unsigned addiu 1 R[rt] = R[rs] + SignExtimm )
Add Unsigned adéu R R[rd] = R[rs] + R[rt]
And and R R[rd] = R[rs] & R[rt]
And Immediate andi I R[rt] = R[rs] & ZeroExtImm 3)
BicHONEQal. (pagi 1 lfl(’]é[:;}aiglr;nch;\ddr @
Branch On Not Equalbne 1 }fll’]é[;i’](!;l:-[:gzanch Addr )
Jump 2] 1 PC=JumpAddr %)
Jump And Link jal 1 R[31]=PC+8;PC=JumpAddr (5)
Jump Register Iz R PC=R[rs]
Load Byte Unsigned 1bu I R["]_{i‘;iﬁg&ﬁgﬂ}(?ﬂ]} )
Load Ha_lfword i 1 R[rt)={ 16’vbO.M[R[rs]

Unsigned +SignExtImm](15:0)} 2)
Load Linked 11 I R[rt] = M[R[rs]+SignExtImm]  (2,7)
Load Upper Imm.  1lui I R[rt] = {imm, 16’b0}

Load Word 1w I R[rt] = M[R[rs]+SignExtImm] 2)
Nor nor R R[rd] =~ (R[rs] | R[rt])

Or or R R[rd] = R[rs] | R[rt]

Or Immediate ori I R[r] = R[rs] | ZeroExtImm 3)
Set Less Than slt R R[rd]=(R[rs]<R[rt])?1:0

Set Less Than Imm. slti I R[rt] = (R[rs] < SignExtlmm)? 1 : 0 (2)
Set Lcss_Than Imm. el R[] = (R[rs] < SignExtImm)

Unsigned 21:0 2,6)
Set Less Than Unsig. situ R R[rd] =(R[rs]<R[rt])?1:0 (6)
Shift Left Logical  s11 R R[rd] = R[rt] << shamt
Shift Right Logical szl R R[rd] = R[rt] >>> shamt

E M[R[rs]+SignExtImm](7:0) =
Store Byte sb I [R{rs]*Sign R[n]]:'l:DJ) 2
Store Conditional ~ sc 1 M[R[mlﬁiﬁfzgzx];}l[rf% en
Store Halfword sh I M[R!m]+SigDEthm;2:_:]ii(;::(J:] @
Store Word sw I MI[R[rs]+SignExtlmm] = R[rt] 2
Subtract sub R R[rd] = R[rs] - R[rt] )

Subtract Unsigned  subu R R[rd] = R[rs] - R[rt]
(1) May cause overflow exception

OPCODE
/FUNCT
(Hex)

0/ 20pex
Bhex
Fnex
0/ 210y
0/ 24y,

Chex

4hex

Shex

Zhex

Jhex
0/08pex

24p.,

25
304ex
fhex
23hex
0/27hex
0/25hx
Gpex
0/ 2apex
Apex
Bhex
0/ 2byey

0/ 004y
0/ 02y

Wi
S8

2
Dbpe
0/22hex
0/ 234y

(2) SignExtlmm = { 16{immediate[15]}, immediate }

(3) ZeroExtImm = { 16{1b’0}, immediate }

(4) BranchAddr = { 14{immediate[15]}, immediate, 2’'b0 }

(5) JumpAddr = { PC+4[31:28], address, 2’b0 }

(6) Operands considered unsigned numbers (vs. 2’s comp.)
(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic

BASIC INSTRUCTION FORMATS

R [ opode | s [ [ rd [ shamt [ funct |
31 2615 2120 16 15 110 65 0
I ‘ opcode | s ‘ t immediate |
31 26 25 2130 16 15 0
J ‘ apeode | address |

2625

n

Assembling Example (J)

ARITHMETIC CORE INSTRUCTION SET OPCODE
/FMT /FT
FOR- /FUNCT

NAME, MNEMONIC ~MAT OPERATION (Hex)
Branch On FP True beit  FI if(FPcond)PC=PC+4+BranchAddr (4) 11/8/1/-
Branch On FP False be1f  FI if{!FPcond)PC=PC+4+BranchAddr(4) 11/8/0/-
Divide div. R Lo=R[rs)/R[rt]; Hi=R[rs]%R[rt] 0f-~/--/1a

Divide Unsigned  divu R Lo=R[rs]/R[rt]; Hi=R[rs]%R[rt] (6) 0/--/--/1b

FP Add Single add.s FR F[fd ]= F[fs] + F[ft] 11/10/--/0
FP Add {F[fd)F[fd+1]} = {F[fs),F[fs+1]} +
ey add.d FR CFIERe) | A0
FP Compare Single cx.s* FR FPcond = (F[fs]op F[ft])?1:0 11/10/--/y
FP Compare FPcond = ({F[fs],F[fs+1]} op
Double g g {FIRLF[R+1]) 71 :0 ik
* (xis eq, 1t,or le) (op is==, <, or <=) ( yis 32, 3¢, or 3¢)
FP Divide Single  aiv.s FR F[fd] = F[fs]/ F[ft] 11/10/-/3
EP Divide 5 {F[fd),F[fd+1]} = {F[s]F[fs+1]} / -
Dionibls div.d FR (FIfLFIfH1]} 11/11/--/3
FP Multiply Single mu1.s FR F[fd] = F[fs] * F[fi] 11/10//2
FP Multiply {F[fd),F[fd+1]} = {F[fs],F[fs+1]} *
it mul.d FR CFIRLER1]} 1171172
FP Subtract Single sub.s FR F[fd]=F[fs] - F[ft] 11/10//1
FP Subtract {F[fd).F[fd+1]} = {F[fs].E(fs+1]} - x
b sub.d FR FTRLEIA1]) 1AL/
Load FPSingle  lwel I F[rt]=M[R[rs]+SignExtImm] @) 3VrA--i—
Load FP FIr-M[R[rs]+SignExtimm];  (2) 4o, ,
Double el b e 1 =MIR[rs|+SignExtimm+4] 5>
Move From Hi mfhi R R[rd] =Hi 0 /--/--10
Move From Lo mfloe R R[rd]=Lo 0 /=112
Move From Control mfe0 R R[rd] = CR[rs] 10 /0/--/0
Multiply mult R {HiLo} =R[rs] * R[rt] 0/--/--/18
Multiply Unsigned multu R {HiLo} =R[rs] * R[rt] (6) 0/----/19
Shift Right Arith.  sra R R[rd] = R[rt] >> shamt Of--/--13
Store FP Single swel [ M[R[rs]+SignExtImm] = F[rt] (2) 39/-/—/--
Store FP M[R[rs]+SignExtlmm] = F[rt]; 2) s
Double sdel b IR [rs]+SignExtimmt4] = Flre+1] o0

FLOATING-POINT INSTRUCTION FORMATS

FR ‘ opeode ] fmt ‘ ft ‘ fs | fd ‘ funct
31 26 25 21 20 16 15 1110 65
FI ‘ opcode ] fmt ‘ ft immediate
31 2625 2120 1615
PSEUDOINSTRUCTION SET
NAME MNEMONIC OPERATION
Branch Less Than blt ifiR[rs]<R[rt]) PC = Label
Branch Greater Than bgt if(R[rs]>R[rt]) PC = Label
Branch Less Than or Equal ble if(R[rs]<=R[rt]) PC = Label
Branch Greater Than or Equal bge if(R[rs)>=R[rt]) PC = Label
Load Immediate 1i R[rd] = immediate
Move move  R[rd] =R[rs]
REGISTER NAME, NUMBER, USE, CALL CONVENTION
PRESERVED ACROSS
NAME NUMBER USE A CALL?
Szero 0 The Constant Value 0 N.A.
Sat 1 Assembler Temporary No
Values for Function Results
$v0-5v1 23 and Expression Evaluation Ho
$a0-$a3 47 A No
$t0-8t7 8-15  Temporaries No
$s0-5s7 16-23  Saved Temporaries Yes
$t8-319 24-25  Temporaries No
Sk0-$k1 26-27  Reserved for OS Kernel No
Sep 28 Global Pointer Yes
Ssp 29 Stack Pointer Yes
$fp 30 Frame Pointer Yes
Sra 31 Return Address Yes

31
© 2014 by Elsevier, Inc. All rights reserved. From Patterson and Hennessy, Computer Organization and Design, 5th ed.



Assembling Example (J)

0x1C50083C sll $9, $19, 2
- 7, 0x00 0 19 9 2 0
0x1C500840 add $10, $9, $22
- “, 0x00 9 22 10 0 0x20
0x1C500844 1w  $8, OxFFFC($10)
~ 6x23 10 8 OxFFFC
0x1C500848 bne,  $8, $21, 0x0002
~ 0x05,8 21 0x0002
0x1C50084C addi $19, $20, OxFFFF
- 0x08 20%,19 OxXFFFF
0x1C500850 loop.
- 0x02 0X314020F
0x1C500854 # next sequential address
Jump target = 1 C 5 0 0 8 3 Chex

(1C500854,,.,

26 bit address

0001 1100 0101 0000 0000 1000 0011 1100y;,
0001 1100 0101 0000 0000 1000 0101 01004:,)

0001 11 0001 0100 0000 0010 0000 1111 00;,

11 0001 0100 0000 0010 0000 1111.;,

3 1 4 O 2 O Fhex



Assembling Example (J)

0x1C50083C

-

0x1C500840

-

0x1C500844

-

0x1C500848

-

0x1C50084cC

-

0x1C500850

-

0x1C500854

sll
0x00
add
0x00
1w
0x23
bne
0x05
addi
0x08

0x02

$9, $19, 2
0 19 920
$10, $9, $22
9 22 10 0 0x20
$8, OXFFFC($10)
10 8 OXFFFC
$8, $21, 0x0002
8 21 0x0002
$19, $20, OXFFFF
20 19 OXFFFF
loop
0x314020F

26 bit

000000

000000

100011

000101

001000

000010

00000

01001

01010

01000

10100

10011

10110

01000

10101

10011

01001 00010 0000004ip

01010 00000 1000004ip

1111 1111 1111 110044,
0000 0000 0000 0010pip

1111 1111 1111 1111y,

11 0001 0100 0000 0010 0000 1111y;,



Assembling Example (J)

000000

000000

100011

000101

001000

000010

00000 10011 01001 00010 000000y;p 0000 0000 0001 0011 0100 0100 1000
01001 10110 01010 00000 100000yip 0000 0001 0011 0110 0101 0OOOO 0010

01010 01000 1111 1111 1111 11004, 1000 1101 0100 1111 1111 1111 1111

01000 10101 0000 0000 0000 0010yi;n 0001 0101 0001 0101 0000 0000 0000

10100 10011 1111 1111 1111 111lpin 0010 0010 1001 0011 1111 1111 1111

11 0001 0100 OOOO OO1I0 OOOO 1111,,, OOOO 1011 0001 0100 0O0OOO 0010 0O0OO

0000y;,
0000y;,
1100y, ,
0010,;,

1111y,

1111y,



0000

0000

1000

0001

0010

0000

0000

0001

1101

0101

0010

1011

0001

0011

0100

0001

1001

0001

0011

0110

1111

0101

0011

0100

0100

0101

1111

0000

1111

0000

0100

0000

1111

0000

1111

0010

1000

0010

1111

0000

1111

0000

0000y;,

0000,;,,

11004,

0010,;,

1111,;,

1111,;,

0x1C50083C

0x1C500840

0x1C500844

0x1C500848

0x1C50084cC

0x1C500850

0x1C500854

Assembling Example (J)

00134880,,,

01365020,,,

8D48FFFCyy

15150002,

2293FFFF;,

0B14020F,,

[] lext Segment :

Bkpt| Address Code Basic Source

[ || 0x00400000 0x00134820(s511 $9,$19, 0x00000002 2: loop: sl . $s3, 2

[ | | Gx00400004 Gx01363020/add $10,%$9,$22 ¥ add . $tl, %56
[ | | ox00400002 Gxeddafffc/lv $2, Oxfffffffe($10) |4; Tw . -404t2)
[ | | Gx0040000c| Gx1515000Z0bne $2,$21. Gx00000002|5: bne . $s5, exit
[ | | Gx00400010 Gxz203ffffladdi $19.4$20, oxfff... |6 addi . $s4, -1
[ | | Gx00400014 Gx02100000 7 GxO0400000 7 ]




disAssembling Example (J)

Decoding machine code (aka “disassembling”)

0x1C500850 0B14020F 0x1C500850 0000 1011 0001 0100 0000 0010 0000 1111y;,

0x1C500854 .. \
Opcode of Jump (J)

0x1C500854

1C500854,., = 0001 1100 0101 0000 0000 1000 0101 0100,

(26 bit) 314020F, = 11 0001 0100 0000 0010 0000 1111;,

Jump target = 0001 11 0001 0100 0000 0010 0000 1111 OO,

0001 1100 0101 0000 0000 1000 0011 1100,

= 1 C 5 0 0 8 3

Chex



Branching Far Away

If branch target is too far to encode with
16-bit offset, assembler rewrites the code

Example
beq $s0,$s1l, L1
d
bne $s0, $sl1, L2
J L1
LZ2: ..



Even Farther Away: JR

Full 32 bit address

Aiolo e 3 INDT kg
I
P
,\lbt
Avwe
e

32 by

Jow P

a:

LEG-

A Dr-

e \Wr

LA Jt,
Je H#:

ADk



Even Farther Away: JR

Full 32 bit address

Text Segment r Registers
Bkpt | Address Code Basic Source : b= Number \Value
0x00400000 Ox3c010040 lui §1,0x00000040 4: la 5tl, label ol :fizeze 0 L2 AT
0x00400004| 0x3429000c|ori $9,%1,0%00. .. iac 1 0x00400000
0x00400008| 0x01200008/It §9 5: jr §tl :zf 2 Eigggggggg
0x0040000c] Ox21080000addi $8,58,0x0... |6: label: addi $tD, 5t0, O - . e
A5 al 5 000000000
-text a2 5 0x00000000
la Stl, labkel :[sa3 7 0x00000000
ir 511 §§ st 8 000000000
, J5el g 0x0040000¢
addi $t0, 5t0, 0O |5tz 10 0x00000000
:flsc3 11 0x00000000
|4ca 12 0x00000000
|sts 13 000000000
“|scE 14 000000000
Address A 57 15| 0x00000000
directjump.asm :|ss0 16 0x00000000
| Ox0040000c 5=l 17 0x00000000
582 18 000000000
 [EE 18 0200000000
|54 20 0x00000000
55 2 000000000
v|Data [v|Text |56 22 000000000




Switch statement (aka “computed jump”)

NYTD  If e /este

-
——
—

g ! Z vEFAvL]
\1

{
G ilg S NE

CoVIny  Flow

SWiTat  [cASE

ig ¢
iSN

“control (flow) indirection”



Data Indirection: example

ptrTbl:

valuelO:
valuel:
valueZ:

value3:

.data
.align 2 # .align n: align on 2" boundary
.space 16 # allocate 4 consecutive words,
# with storage uninitialized,
# to store 4 pointers
.word 1 # 4 bytes, value 1, aligned on word boundary
.space 16
.word 2 # 4 bytes, value 2, aligned on word boundary
.space 7 # does not end on word boundary
.word -1 # 4 bytes, value -1, aligned on word boundary
.space 32
.word 3 # 4 bytes, value 2, aligned on word boundary
.text
fill ptrTbl with adresses of value@ .. value3
la $s0, ptrTbl # $s0 contains the address of ptrTbl
la $t0, valueO
sw $t0, 0(%$s0) # dataMEM[ADDRESS (ptrTbl)+ 0] = ADDRESS(value0)
la $t0, valuel
sw $t0, 4(%$s0) # dataMem[ADDRESS (ptrTbl)+ 4] = ADDRESS(valuel)
la $t0, value2
sw $t0, 8(%s0) # dataMEM[ADDRESS (ptrTbl)+ 8] = ADDRESS(valueZ2)
la $t0, value3
sw $t0, 12($s0) # dataMEM[ADDRESS(ptrTbl)+ 12] = ADDRESS(value3)
# more compact: let the assembler figure out the addresses in ptrTbl

#
#

.data

.word value0,

valuel,

value2, value3



Data Indirection: example

logic to encode:

for 1 in 0..3:
address = dataMEM[ADDRESS(ptrThl) + 4*i]
dataMEM[address] += 1

with only (assembler) primitive if and goto:

address = ADDRESS(ptrTbl) + 4*3
for: dataMEM[address] += 1
address -= 4
1f address >= ADDRESS(ptrTbl) goto: for

o W o W H W W H W H

addi $tl, $s0, 12 # $t1 is pointer to elements (words) of ptrTbl (starting with the last)

for: 1w $t2, 0(%$tl) # $t2 is the data in the elements of ptrTbl:
# the address of the data to be incremented

1w $t3, 0(%$t2) # the data to be incremented

addi $t3, $t3, 1 # increment

SW $t3, 0($t2) # put incremented value back in memory

subi $t1, $t1, 4

bge $tl, $s0, for

# cleanly exit to 0S
li $vO, 10
syscall



Assembler Pseudoinstructions

Most assembler instructions represent
machine instructions one-to-one

Pseudoinstructions:
“expanded” by the assembler

move S$St0, S$tl — add $t0, S$Szero, Stl
blt st0, Stl, L - slt $at, $t0, $S$tl

bne $at, S$zero, L

sat (register 1): assembler temporary



Assembler “macro’s

User-defined patterns,
“‘expanded” by the assembler

Increased readability (but harder to debug)

Don’t go overboard as others may not understand your new “language”!

macros: “expanded” by the assembler

eqv INCR 100 | .macro done .macro terminate (%termination_value)
eqv CTR st2 11 $v0,10 1i $a0, %$termination_value
syscall 1i $v0, 17

syscall
.end_macro

.end_macro

addi CTR, CTR, INCR done terminate (1)




Translation and Startup

C program

Many compilers produce object code modules directly
w (but can use e.g., gcc -S to still see assembly)

Assembly language program

Assembler

Object: Machine language module | | Object: Library routine (machine language)

(Linker > Static linking

Executable: Machine language program

Memory




Translation and Startup

#include <stdio.h>

int
main (int argc, char *argv[])
{

It 1z

int sum = 0;

for (I =08 7 «=100¢ 1 =1 <+ 1) Sum = sum + 1 * 7
printf (“The sum from 0 .. 100 is %d\n”, sum);



Translation and Startup

.text
.align 2 # .align n: align on 2" boundary
.globl main
main:
subu ¥sp, $8p, 32
SwW $ra, 20(%sp)
sd $a0, 32(%sp)
SW $0, 24(%sp)
SW $0, 28(%sp)
loop:
Tw $t6, 28(%sp)
mu $t7, $t6, $t6
Tw $t8, 24(%sp)
addu $t9, $t8, $t7/
SW $t9, 24($sp)
addu $t0, $t6, 1
SwW $t0, 28(%sp)
ble $t0, 100, Toop
la $a0, str
Tw $al, 24($sp)
jal printf
move $v0, $0
Tw $ra, 20(%sp)
addu bsp. $sp: 32
jr $ra
.data
.align 0 # align on byte boundary
str:

.asciiz "The sum from O .. 100 is %d\n"



Translation and Startup

addiu $29, $29, -32
SW $31, 20(%$29)
SW $4, 32(%$29)
SW $5, 36(%$29)
SW $0, 24(%29)
SW $0, 28(%$29)
Tw $14, 28(%$29)
Tw $24, 24(%$29)
multu $14, $14
addiu $8, $14, 1

g 144 $1, $8, 101
SW $8, 28(%29)
mflo $15

addu $25, $24, $15
bne $1, $0, -9
SW $25, 24(%$29)
Tui $4, 4096

Tw $5, 24(%$29)
jal 1048812

addiu 54, $4, 1072
Tw $31, 20(%$29)
addiu $29, $29, 32
jr $31

move $2, $0



Translation and Startup

1 MIPS instruction — 32 bit

T

00100111101111011111111111100000
10101111101111110000000000010100
10101111101001000000000000100000
10101111101001010000000000100100
10101111101000000000000000011000
10101111101000000000000000011100
10001111101011100000000000011100
10001111101110000000000000011000
00000001110011100000000000011001
00100101110010000000000000000001
00101001000000010000000001100101
10101111101010000000000000011100
00000000000000000111100000010010
00000011000011111100100000100001
00010100001000001111111111110111
10101111101110010000000000011000
00111100000001000001000000000000
10001111101001010000000000011000
00001100000100000000000011101100
00100100100001000000010000110000
10001111101111110000000000010100
00100111101111010000000000100000
00000011111000000000000000001000
00000000000000000001000000100001



Translation and Startup

High-level language program

.C
.0
| o L3
Program —— Compiler ——| Assembler —  Linker
—| |—> Loader

T'S

Assembly language program



Translation and Startup, in pieces

m
Source

file.s

T

/_\\__
Source

file.s

Assembler

T

Source
file.s

Assembler

Assembler

—  Linker —»

Program
library . a

Executable
file




Settings | Tools Help

¥ Show Labels Window (symbol table)

IJ Program arguments provided to MIPS program
IJ Popup dialog for input syscalls (5,6,7,8,12)

¥ Addresses displayed in hexadecimal

¥ Values displayed in hexadecimal

I Assemble file upon opening

¥ Assemble all files in directory

0 Assembler warnings are considered errors

¥ |nitialize Program Counter to global 'main’ if defined

¥ Permit extended (pseudo) instructions and formats
I Delayed branching

Editor...

Highlighting...
Exception Handler...
Memory Configuration...

Static Linking (local, global visibility) in MARS

Version 4.5 Copyright (¢) 2003-2014

. . \‘. - -
“Pete Sanderson and Kenneth Mallmar

“n! < —

This is called the “entry point”,
By default, this is the first line in the .text segment.



Static Linking in MARS

main.asm rprugraml.asm rprugramz.asm rprintInPrug.asm rmacrus.asm

1
2
3
4
5)
6
7
8

9
10
11
12
13
14
15

.macro cleanProgramExit
# clean exit of program
1i $v0, 10
syscall # exit()
.end_macro

.macro push(%register)

subiu $sp, $sp, 4 # stack (of words) grows downwards

Sw %Sregister, 0(%$sp) # $sp points to last stack entry
.end_macro

.macro pop(%register)
1w %Sregister, 0(%$sp) # $sp points to last stack entry
addiu $sp, $sp, 4 # stack (of words) grows downwards
.end_macro



Static Linking in MARS

main.asm | programl.asm | program2.asm | printinProg.asm | macros.asm

1 #

2 # main.asm

3 #

4 # main program (entry point main:) which calls subroutines

5 # progl

6 # prog2

7 #

8 # note how main has no local data defined

9

18 .include "macros.asm"

11

12 # text (code) segment

13

14 .text #0x00400000

15

16 defaultEntry: # execution starts here if 'main' is not explicitly made entry point in MARS Settings
17 # main must also be globally visible for this to work

18

19 # call printProgX, with argument 0 -> will print prog0
20 1i $al, 0
21 jal printProgX
22
23 .globl main # make symbol (instruction address main) globally visible for linking
24 # when commented, 'main' is not globally visible and execution will start at defaultEntry:
25 main:
26 jal progl # call progl
27 jal prog2 # call prog2
28
29 cleanProgramExit




Static Linking in MARS

main.asm programl.asm rprugramzasm rprintlnpmg.asm rmacros.asm |

1 #

2 # programl.asm

3 %

41 # holds integer variable wl with value 255 (0x000000fT)

5 # makes (the address of) wl globally visible for referencing from other linked binaries
6 #

7 # defines subroutine progl

8 # makes (the address of) progl globally visible for referencing from other linked binaries
9 # progl prints integer variables wl and w2 by calling printProgX

10 #

11

12 .include "macros.asm"

13

14 # text (code) segment

15

16 .text  #0x00420000

17 .globl progl # make symbol (iInstruction address progl) globally visible for linking
18 progl:

19 # save $ra by pushing on the stack
20 push($ra)
21
22 # call printProgX, with argument 1 (in progl)
23 Tw $a0, progNr
24 jal printProgX
25
26 # restore $ra by popping from the stack
27 pop(sra)
28
29 # return to progl's caller
30 jr $ra
31
32 # data segment
33
34 .data # 0x10010010
35
36 progNr: .word 1 # only visible locally
37
38 .glob1l wl # make symbol (data address wl) globally visible for linking

39 wl: .word 255



Static Linking in MARS

main.asm rprngraml.asm rprngramzasm rprintInPrng.asm rmacrns.asm |

1 #

2 # program2.asm

3 #

4 # holds integer variable w2 with value -1 (Oxffffffff)

5 # makes (the address of) w2 globally visible for referencing from other linked binaries
6 #

7 ¥ defines subroutine prog2

8 # makes (the address of) prog2 globally visible for referencing from other linked binaries
9 # prog2 prints integer variables wl and w2 by calling printProgX

10 #

11

12 .include "macros.asm"

13

14 # text (code) segment

15

16 .text  #0x00440000

17 .globl prog2 # make symbol (instruction address prog2) globally visible for linking
18 prog2:

19 # save $ra by pushing on the stack
20 push($ra)
21
22 # call printProgX, with argument 2 (in prog2)
23 w $a0, progNr
24 jal printProgX
25
26 # restore $ra by popping from the stack
27 pop($ra)
28
29 # return to prog2's caller
30 jr $ra
31
32 # data segment
33
34 .data # 0x10010020
35
36 progNr: .word 2 # only visible locally
37
38 .globl w2 # make symbol (data address w2) globally visible for linking

39 w2: word -1



Static Linking in MARS

fmain.asm rprugraml.asm rprugramzasm* rprintInPrug.asm r macros. asm

1 #

2 # printInProg.asm

3 #

4 # implements the function printProgX

5 # takes one integer argument (passed in %$a0@) indicating whether we're In progl or prog2
6 # prints the values of wl and w2 (which are externally defined and only available through linking)
7 #

8

9 # text (code) segment

10

11 text  #0x00430000

12 .globl printProgX # make symbol (instruction address printProgX) globally visible for linking
13 printProgX:

14 # print "“in Prog X:", with X from function argument (iIn $a0)

15

16 # fill prognr: with the appropriate digit (computed from $a0)

17 # to complete the inProgX: "template"

18 addiu $tl, $a0, '0' # ascii value of the digit = integer value of digit + '0'

19 sb $tl, prognr
20
21 la $a0, inProgX
22 1i $vo, 4 # print string syscall
23 syscall



Static Linking in MARS

[ main.asm | programl.asm | program2.asm* [ printinProg.asm | macros.asm |

25
26
27
28
29
30
31
32
33
34
B
36
37
38
o)
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
58
56
57
58
5
60
61
62
63

# fill nr: with the digit '1' to complete the valstr: "template"

i1
nr
valstr

4 # print string syscall

wl # wl 1s external (defined in programl.asm) <---
1 # print integer syscall

nl # end with newline
4 # print string syscall

# fill nr: with the digit '2' to complete the valstr: "template"

# print wl
1i $t0,
sh $t0,
1la $al,
1i $v0,
syscall

1w $al,
1i $v0,
syscall

1la $al,
1i $v0,
syscall

# print w2
11i $t0,
sb $t0,
la $a0,
11i $v0,
syscall

1w $a0,
11i $v0,
syscall

la $a0,
11i $v0,
syscall

# return to
jr $ra

151
nr

valstr
4 # print string syscall

w2 # w2 is external (defined in programZ2.asm) <---
1 # print integer syscall

nl # end with newline
4 # print string syscall

printProgX's caller



Static Linking in MARS

64 # data segment

65 .data # 0x10010030

66

67 # the following are only locally visible (for printing informative messages)
68

69 1inProgX: .ascii "In prog"”

70 prognr: .space 1 # 1 byte placeholder for the ASCII code of digits '1' or '2' (progl or prog2)
71 .asciiz ":\n"

72

73 valstr: .ascii " The value of w"

74 nr: .space 1 # 1 byte placeholder for the ASCII code of digits '1' or '2' (wl or 2w)

75 .asciiz " is "

76 nl: .asciiz "\n"



[ Edit | Execute

|| Coproc1 | Coproc O

-

Mars Messages | Run IfO |

Azzemble: operation completed successfully.

Aszsemble: assembling shomeshvssrc/courses/sComputerSystemsarchitecture/material/Handouts/assenbly/Class 19 Compilerslinkingsmain.asm,
shome /hy fsre/eourses/ComputerSystensArchitecture /material /Handouts /hssenbly /Class 16 Compiler/linking/program2. asm,
shome shy /sre/courses/ComputerSystensArchitecture /material/Handouts /hssenbly /Class 19 Compilerslinking/programl.asm,
shameshy ssre/eourses/ConputerSystenshrchitecture/material Handouts Jassembly /Class 18 Compilerslinkingsmacros.asm,
Jhome/hv /srefeourses/ConputerSystenshrchitecture/material /Handouts /assembly /Class 18 Compilerslinking/printInProg.asm

[l

Text Segment [ Labels Reilsmm i ll'
Bkpt| Address Code Basic Source Label & | Address : $Zgra0me Ham era g:fsz:nggggl
L O %2404 ddiu $4,$0, 0x00000000 |20: 11 $ad, @ & {global} : $at 1 0 00000000|
[ | | ©x00400004) Ox0clO00lajjal OxO0400068 21: al printProgx main 0x00400008| || |$ve 2 @ BE0E0063|
L 0x00400008| 0x0cl000LE|jal 0x00400040 26: al progl & call progl printProg: Gy 00400052 gl 3 0 00000000|
L] Ox0040000c| Ox0c100006 al_GxGGdOOGlB 2T i al prog2 & call prog2 progl [y D0400040, i|gan 4 gxggggggool
L 0x00400010| 0x2402000a(addiu $2,$0, 0xD000000a |29: =3= 11 $v0, 10 ; prog2 G 0E40001 8] $al 5 0 00000000|
[] | GxGECE400014) Ox0008EE0 sys_;call <4= gyscall # exit(} il Gy 10010000 : & OXGEEE0060|
[ | OxDE400015 OXSCOIOOOOIU} $1, Ox00000000 20: =8~ subiu  $sp, $sp, 4 # stack {of words) grows downwards w2 010010004 7 0x00000000|
[ [ oxoed4o00lc| ox34210004ori $1,$1, 0xE0000004 e AR 8  ox00000800
L 0x00400020| 0x03aleS23subu $29,$29, $1 o gl 0 00000000|
[ | 0x00460024] Gxathfoocosw $31.0 [$20) 5 $ra, 0($sp) # $sp points to last stack entry defaultEntry | x g 16 000080800
[ | | ex00400028) 0x3c011001|Tui $1, 0x00001 601 2 Tw $a@, proghr programz2.asm 11 2100000000
0%0040002c| GxEc240000(lw $4, Gx0ODDOE0O ($1) ={l|pregnr x168168503 12| expooogoen|
L 0300400030 Gx0cl000lajal ExO04000GE 24 jal printProg i programl.asm 13 0 00000000|
100400034 Oxefhfooed| 1w ;;31,0)(00000000@29) 27 €l3s lw $ra. O(%sp) # $sp points 1o last stack entry proghr G 1G010008 14 gxgggggggol
[ | 0x0E400036) 0x27hd00E4|addin $29,§29, Bx000. .. <14= addiu  $sp. $sp. 4 # stack (of words) grows downwards . 15 0x00000000|
[ | | ©x0040003c| Gx03e00005 jr $31 30: ir gra prRLnRIog. asim 16 @ BE0E0063|
[ ] | 2x00400040 0x3c0l@608(1ui $1, ox00008000 20: =B= subiu  $sp, $sp, 4 # stack (of words) grows downwards InProgx 1 BBE10 17 @x00000000
[ [ oxoeao0044] ox342100040ri $1,$1, OxE0000004 i D1 5010031 18 Gx00000800
[ | Ox00400040] Ox0Jalefzasubu $29, 29, $1 nr ] B0 602D 19 @x00000000
O] [ ox axafhf $31. 0 ($29) 0= gw $ra, O{$spl # $sp points to last stack entry prognr Bl BE10617 >0l 2100000000
[ | 0x00400050) Gx3c0LL00L[1u §1,0x0000100L 3 Tw _ $ad, proghr valstr 8x1081801h 21| txooocoooo|
; 000400054 OxSc240005 1w §4, 0x00000805 (1) 22 0)(00000000'
[ | | 0xDB400056) Ox0cl00Blaljal 0x00400068 24; jal printProg¥ 23 0y B0000000|
[ | GxBE40005¢ Oxefbfoo00 1w $31, 0x00000000($28) |27 <13= 1w $ra. O(%sp) # $sp points 1o last stack entry 24 gm@@ggggo|
L] | o 0x27bd0004 _:Idiu $20,$20, Dx000. . <14= add:LL_l $sp. $sp, 4 # stack {of words) grows downwards 25 0x00000000|
LI | e 0x0 ir $31 3a: ir___ $ra _ _ i 26 0x00000000|
[ | 0xDOA000G0| 0x24820030/addiu $9, §4, 0xBEODDO3D |18: addiu  $tl, $ad, '0' # ascii value of the digit = integer ... 27 0x00000000)|
| O3 00400060 Ox3c011001(1ul $1, Gx00001001 16: sh $tl, prognr =28 gxm@ggggq
L 0x00400070| 0xa0200017|sh $O, Ox000000L7($1) 29 ox7fffeffc|
L Ox00400074| Ox3c011001 'Lu1:. $1, OxQ020LOGL 21 1a $a@, inProgx a0 O){OOOGGGGO'
L Cx 00400078 0x34240010(0r1 $4, $1, 0xC0000QC10 3l @) G0E00000|
| 30040007 | 024020004 addiu $2,$0, 0x00000004 |22: 11 $vd, 4 # print string syscall gmg4ggggg|
0x 00400050 0x0000000c|syscall 23 syscall @) G0E00000|
L 0x 00400054 Ox24080031addiu $2, 40, 0x0000003L |25: 11 $t0, ‘1 Oy AREEEEE0;
0x00400088| 0x3c011001(lul $1,0x00001001 29; sb 10, nr
[] | ox0e4c008c] Oxa0zc002b[sb §5, 0x0008002b ($1) o
L] 0x00400090) 0x3c011001(Tul $1,0x00001001 al: la $ad, wvalstr =
02 i
[C)iA Ox342400Lbjorl $4,%1,0 1b ¥lData [¥] Text
Data Segmen
Address Walue (+0) Walue (+4) Walue (+8) Value (+c) Value (+10] Value [+14) Value (+18] Walue (+1c) |
Ox1 0010000 [eiielelelelelelo)l o fffffFf OxOE0R000L Oy 0e0001 Ox 70206249 0x 00676172 Ox 20000333 OKGSGSS&QO'A
G 10010020 GxBeel 7620/ 05T 208575 Gx0E772066 B 20736020/ [©) ) epgelelelelelelele] G GOEE0000|
010010040 [eiielelelelelelole] ¢} ¢} ¢} ¢} ¢} [ergelelelelelelele] 0}(00000000'
Gx 10010060 jefielelelelelelele] ) o] ) [©) ) epgelelelelelelele] G GOEE0060|
010010030 [eiielelelelelelole] ¢} ¢} ¢} ¢} ¢} [ergelelelelelelele] 0}(00000000'
Gx100100a0) jefielelelelelelele] ) o] ) [©) ) epgelelelelelelele] G GOEE0060|
Ox100100c 0 [eiielelelelelelole] ¢} ¢} ¢} ¢} ¢} [ergelelelelelelele] 0}(00000000'
Gx 1001 00e0) jefielelelelelelele] ) o] ) [©) ) epgelelelelelelele] G GOEE0060|
Ox10010100 [eiielelelelelelole] ¢} ¢} ¢} ¢} ¢} [ergelelelelelelele] 0}(00000000'
Gx10010120) jefielelelelelelele] ) o] ) [©) ) epgelelelelelelele] G GOEE0060|
Ox100101 40 [eiielelelelelelole] ¢} ¢} ¢} ¢} ¢} [ergelelelelelelele] 0}(00000000'
Gx10010160) jefielelelelelelele] ) o] ) [©) ) epgelelelelelelele] G GOEE0060|
Ox10010180 [eEiielelelelolelale] [} ¢} a a a epgelelelelelelele] 0}(00000000'
Gx100161a0) jefielelelelelelele] ) o] ) [©) ) epgelelelelelelele] G GOEE0060|
Ox100101cd) [eEiielelelelolelale] [} ¢} a a a epgelelelelelelele] 0}(00000000'
Gx100101ed) jefielelelelelelele] ) o] %) [©) %) epgelelelelelelele] G GOEE0060|




[ Mars Messages | Run /O |

Azsemble: assembling shome/hv/srcfcourses/ComputerSystemsArchitecture/material /Handouts AAssembly /Class 16 Compiler/linking/main.asm,
Jhomeshv fsrefeourses /ComputerSystemsarchitecture /material/Handouts sbssembly /Class 19 Compiler/linking/programz. asm,
Jhomeshyv Ssrefeourses /ComputerSystemsarchitecture /material/Handouts sbssembly /Class 19 Compiler/linkingsprograml.asm,
Jhomeshy /sre/courses/ComputerSystemsarchitecture/material/Handouts sassembly /Class 19 Compilerslinkingsmacras. asm,
[ Jhomeshy /sre/courses/ComputerSystemsarchitecture/material/Handouts Aassembly /Class 19 CompilerslinkingsprintInProg.asm

Assemble: operation completed successfully.

ASCII TABLE

Labels
Decimal Hexadecimal Binary Octal Char Decimal Hexadecimal Binary Octal Char | Decimal Hexadecimal Binary Octal Char
Label & | Address 0 0 0 0 N 28 30 110000 60 0O %6 60 1100000 140
1 1 1 1 [START OF HEADING] 49 31 110001 61 1 97 61 1100001 141 a
2 2 10 2 [START OF TEXT] 50 32 110010 62 2 98 62 1100010 142 b
globa
3 3 11 3 [END OF TEXT] 51 33 110011 63 3 99 63 1100011 143 ¢
B 4 4 100 4 [END OF TRANSMISSION] 52 34 110100 64 4 100 64 1100100 144 d
main GKGGdGGGGB 5 5 101 5 [ENQUIRY] 53 35 110101 65 5 101 65 1100101 145 e
i 6 6 110 6 [ACKNOWLEDGE] 54 36 110110 &6 6 102 66 1100110 146 f
prlntprog}{ DKBD&E‘DDGB 7 7 111 7 [BELL] 55 37 110111 67 7 103 67 1100111 147 g
8 8 1000 10 [BACKSPACE] 56 38 111000 70 8 104 68 1101000 150 h
progl Ex 00400040 9 9 1001 11  [HORIZONTAL TAB] 57 39 111001 71 9 105 69 1101001 151 i
prcg2 G Q0400018 10 A 1010 12 [LINE FEED] 58 3A 111010 72 : 106 6A 1101010 152
11 B 1011 13 [VERTICAL TAB] 59 3B 111011 73 ; 107 68 1101011 153 k
w1 A 10010000 12 c 1100 14 [FORM FEED] 60 3c 111100 74 < 108 6C 1101100 154 |
13 D 1101 15  [CARRIAGE RETURN] 61 3D 111101 75 = 109 6D 1101101 155 m
iy 2 Oy 10010004 14 E 1110 16 [SHFFTOUT] 62 3E 11110 76 > 110 &€ 1101110 156 n
. 15 F 1111 17 [SHIFT IN] 63 3F 111111 77 ? 111 6F 1101111 157 o
main.asm 16 10 10000 20 [DATA LINK ESCAPE] 64 40 1000000 100 @ 112 70 1110000 160 p
17 11 10001 21 [DEVICE CONTROL 1] 65 41 1000001 101 A 113 71 1110001 161 q
i 18 12 10010 22 [DEVICE CONTROL 2] 66 42 1000010 102 B 114 72 1110010 162 r
dEfau“Entw | D}{doGGE‘GG 19 13 10011 23 [DEVICE CONTROL 3] 67 43 1000011 103 C 115 73 1110011 163 s
20 14 10100 24 [DEVICE CONTROL 4] 68 44 1000100 104 D 116 74 1110100 164 t
programz2.asm 21 15 10101 25  [NEGATIVE ACKNOWLEDGE]| 69 45 1000101 105 E 117 75 1110101 165 u
22 16 10110 26 [SYNCHRONOUS IDLE] 70 46 1000110 106  F 118 76 1110110 166 v
proghr | 10010000 23 17 10111 27  [ENG OF TRANS. BLOCK] | 71 47 1000111 107 G 119 77 1110111 167 w
24 18 11000 30 [CANCEL] 72 48 1001000 110 H 120 78 1111000 170 x
programl.asm 25 19 11001 31 [END OF MEDIUM] 73 49 1001001 111 | 121 79 1111001 171y
26 1A 11010 32 [SUBSTITUTE] 74 4A 1001010 112 ) 122 7A 1111010 172 2
prgg[\]r | G101 000s 1B 11011 33 [ESCAPE] 75 48 1001011 113 K 123 78 1111011 173 {
8 1C 11100 34 [FILE SEPARATOR] 76 4c 1001100 114 L 124 ic 1111100 174 |
1 1D 11101 35 [GROUP SEPARATOR] 77 4D 1001101 115 M 125 7D 1111101 175 }
prl ntlnprug' asm 1E 11110 36 [RECORD SEPARATOR] 78 4E 1001110 116 N 126 7E 1111110 176 ~
B 1F 11111 37 [UNIT SEPARATOR] 79 4F 1001111 117 O 127 7F 1111111 177 [DEL}
Inprug}{ D}{l :"31 E"EI]- 20 100000 40 [SPACE] 80 50 1010000 120 P
- 21 100001 41 ! 81 51 1010001 121 Q
nl bx1{e1 0851 22 100010 42 " 82 52 1010010 122 R
; 100011 43 # 83 53 1010011123 S
nr (x 1081 GIGIQb\ 100100 44  § 84 54 1010100 124 T
prggnr CxlEalonlF 100101 % 85 55 1010101 125 U
& 86 56 1010110 126 V
walstr Ox1EA1001L0 ‘ 87 57 1010111127 W
( 88 58 1011000 130 X
) 89 59 1011001 131 Y
Data Segment o [
Address Value (+0} val¥ (+4] \ Walue TLO) Value (+14) Value (+18) “alue (+1c)
01001 0003 Ox0REOEE02 Guffffffff \ OxOEAEEEE1L 0% 00E000T Ox FE206e 45 Ox 00676172 Ox 20000233 OxE5685420
Ox1E01 06020 Ox6c8l 75620 Ox6T 206575 \ QxOETT2086 Ox 20736520 O 00000300 Ex 20000000 O 20000300 0000000
Ox1001 0040 eEqelelelelelelole] [epielelelelelelele) \ O}{GIGGIGGOGO| jexgelelelelelelole] GXOGGOGGGO| jexgelelelclelelole] G}(OGOOGGGO| Ox@@@@@@@@l
Data Segment : \\ |
Address Walue [+0] Walue (+4] wallie (+8) Walue (+¢) walue (+10] Walue (+14) Walue (+18)] Walue (+1c)
10010000 R Y i 0 o0 o W ONE 0NN p n I Mg ooor WO\ e h T
Ox10E10020 1 a v ] e u WO W f 5 i SO v D SOOWD WD D AR IR RN SOV WD D
4 [»
| < | B ||0x10010000 {.data} |v| ¥l Hexadecimal Addresses [v] Hexadecimal Values [v] ASCII




Text Segment

Bkpt| Address Code Basic Source
defaultEntry:| [ | 0x8048000G] 0x24040008/addiu $4, %8, 0xB00B0000 [20; 1i $a@, ©
|| | Ox00400004) Ox0clOoolajjal OxO0400085 21; jal printFrogx
main: ; Ox00400008 Gx0cl00018/jal CxO0400040 246 jal progl # call progl main.asm
[ | | Ox0040000c| GxO0clO0006(jal Cx00400018 27 jal prog2 # call prog2
[] | ex00400010] 8x2402000a/addiu $2, $8, 0x0800080a [29: <3» 1i $v0, 10 cleanProgramexit
[ | | oxop40001d) Ox0000000c|syscall =4= syscall # exit()
rog2: 0x00400015 Gx3c010000(1ul $1, Ox00000000 20 <B= subiu $sp, $sp. 4 # stack {of words) grows downwards A
d || | Gx0040001c| Gx34210004/ori $1,$1, 0x00000004
[ ] | oxopdoe0z0] OxoJaled23(subu $29, $29, 41 push
[ ] | Ox00400024) Grafhfoo00sw $31, GxO0000006 ($29] <0 S $ra, O(fsp) # $sp points to last stack entry v
[] 00400022 Gx3c011001|Tul $1, 0xG00001601 23 Tw $a0d, proghr
[] 0x0040002¢) OxSc240000 1w $4, 0x00000000 ($1 )
[ ] | ox00400036 Gx0clofnlaljal Gx00400062 24 jal printProg prog ramz2.asm
[ | Ox00400034) Ox8fbfo000| Ly $31, Ox00000000 ($29) |27: <13= 1w $ra, Ofsp) & $sp points to last stack entry
[ ] | oxocdooo3e) ox27bdoce4laddiu $29, $29, 0xE00, . . <14> addiu $sp, $sp. 4 # stack (of words) grows downwards POP
L] Ox0040003c) Gx03e00008jr $31 30 ir $ra
progi: DHEEAC004T Bx3c10000 Tul §1, BxO0000000 20: =B> subiu  $sp, $sp. 4 # stack {of words] grows downwards
L Ox00400044 Gx342100040r1 $1, %1, Ox00000004
[] 0x 00400045 Ox03aleB23/subu $28,$29,§1
[ | | 0x0040004c| GrathfOO00sw $31, GxO0000000 (§20] 0= gy $ra, O(fsp) # $sp points to last stack entry
[ 00400050 Gx3c011001|Tui $1, 0x00001001 23 Tw $al, progMr
[] Cx00400054) OxSc240008 v $4, 0x00000005 ($1) programl -asm
[ | 0x00400058) Ox0cli0flaljal Ox00400068 24: jal printProgx
|| | 0x0040005c| Gxafhfoo00 Ty $31, Gx00000000 ($20]) |27 <12~ 1w $ra, Ofspl # $sp points to last stack entry
[ ] | ox00400060 Ox27bd0004/addiu $29, $20, Gx000, | | <14= addiu  $sp. $sp. 4 # stack (of words) grows downwards
L] 00400064 Ox03e000081r $31 30 ir $ra
printProgX: Cx00400065 Ox24890030/addiu $9. $4, 0x 00000030 |18; addiu  $tl, $al, '0' & ascil wvalue of the digit = integer ...
|| | Ox0040006c| Gx3c0l100LTul $1, GxO0001E61 19: sh $tl, prognr
L] 000400070 Oxa02B0017|sh $9, Ox00000017 ($1)
[] 00400074 Gx3c011001|Tul $1, OxG00001601 21 la $al, inProg¥
[] Cx00400073) Gx34240010/0rd $4, $1, 0x0000001L0
|| | Ox0040007c|) Gx24020004addiu $2, $0, 0xOE00G004 |22: 11 v, 4 # print string syscall
[ | 0x00400050) Gx0000000c/syscall 23 syscall
[ Cx00400024) 0% 240280031 |addiu $8, $0, 0x00000021 |28: 11 $to, ‘'1'
[] 00400088 Gx3c011001|Tul $1, 0x00001601 20 sh $t0, nr
] 0x0040008c) Oxad28002b/sh $8, 0x00EEOE2Db ($1)
[] 00400000 Gx3c011001|Tul $1, 0xG00001601 31: la $ad, wvalstr
[] 000400094 Ox2424001bjord $4, $1, 0xA000001H0
[ ] | Ox00400008) Gx24020004/addiu $2, $0, GxO0000004 |32 1i $w@, 4 # print string syscall
[ ] | ox0040009c| OxG0000000c|syscall 33: syscall
|| | 0x004000a0 Gx3c0ll00LTul $1, GxO000LEGE1 35: Tw $30, wl # wl is external {defined in programl.asm. ..
L] 000400034 OxBc24000c|Lw $4, Ox0000000c ($1)
[ ] | Ox004000a8) Gx24020001|addiu $2, $0, Gx000000E1 |36: 1i v, 1 # print integer syscall
[ ] | ox004000ac| OxG0O00000c|syscall 37 syscall
|| | Ox004000bG Gx3c0ll00LTul $1, GxO000LEE1 35: la $ad, nl # end with newline
[] | 0x804800b4] 0x34248031[0ri $4, $1, Bx00B00GIL programInProg.asm
[ | | Ox004000b2 Ox24020004addiu $2, %0, OxO00000004 |40: 11 $wd, 4 # print string sysecall
[ | | oxopdo00be| Ox0O00000c|syscall 41: syscall
] Cx004000c0] Ox24080032/addiu $8. $0, 0x00000032 |46; 1i Fto, ‘2
[] Cx004000cd| Gx3c011001|Tul $1, 0xG0001001 47 sh $t0, nr
[] 0x004000c2) Oxa0228002b|sh $8, Ox0R00002b ($1)
[ ] | Ox004300cc) Gx3c011001|Tul $1, GxE00016001 4G la $ad, wvalstr
[] Cx004000d0) Gx3424001bjord $4, $1, 0x0000001L0
|| | Ox004000d4) Gx24020004addiu $2, $0, 0xO00E0C004 |30 11 v, 4 # print string syscall
L] | 0x004000d3) 8x0000000c/syscall 51: syscall
[ ] | Ox004000de] Ox3c011001|Tul $1, GxE00016001 53: Tw $al, w2 # w2 ig external {(defined in program2.asm. ..
[] Cx004000e0] OxBSc240004/ 1w $4, 0x00O00004 ($1)
|| | Ox004000ed| Gx2402000Laddiu $2, $0, GxOEG0G001 |34 11 $wd, 1 # print integer syscall
[ | Gx004000e2 Gx0000000c/syscall 55: syscall
[ ] | Ox004000ec) Ox3c011001|Tul $1, GxE00016001 57: la %30, nl  # end with newline
[] 00400010 Gx34240031|ord $4, $1, 0x0000003L
[ ] | Ox004006f4) Gx24020004addiu $2, $0, Gx000E0G004 |35: 11 $vwd, 4 # print string syscall
[ ] | 0x004000f2 8x0000000c/syscall 59 syscall
[] Cx004000fc) Gx03e00008ir $31 52 ir $ra




(linked) program execution

f Mars Messages |/Run o |

In progl:
The walue of wl 15 255
The walue of w2 15 -1
Clear |[[In progz: _
The value of wl 1s 255
The walue of w2 15 -1

-- program 1s finished running --




Translation and Startup, in pieces
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Producing an Object Module

Assembler (or compiler) translates program into
machine instructions (binary), stored on disk

Provides information for building a complete
program from the pieces (through “linking”)
Header: described contents/layout of object module
Text segment: translated instructions
Static data segment: data allocated for the life of the program

Relocation info: for contents that depend on absolute location of
loaded program

Symbol table: global definitions and external refs
Debug info: for trace-ability to source code

Object file Text Data Relocation Symbol Debugging
header segment segment information table information




Application Binary Interface

Interacting with the Operating System: ABI

SYSTEM V
APPLICATION BINARY INTERFACE

MIPS® RISC Processor

Supplement
3rd Edition

http://math-atlas.sourceforge.net/devel/assembly/mipsabi32.pdf
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http://math-atlas.sourceforge.net/devel/assembly/mipsabi32.pdf

byReferenceVShyValue.c

#

# “call by value” vs. “call by reference”

#

#include <stdio.h> /* extern int fprintf (FILE *stream, const char *format, ..) */

int f_by_ value (int argqg)
{

int calc_res = 0;
calc_res = arg+l;
return calc_res;

}

void f_by_reference (int *arg_address)
{
int calc_res = 0;
calc_res = *arg_address+l;
*arg_address = calc_res;

}



byReferenceVShyvalue.c

void main ()

{

int 1 = 10; int ret_val = 999;
printf (" before f_by_value():

/* call by value */
ret_val = f_by value(i);

printf (" after f_by_value():

/* re—-inialize values */
i = 10; ret_val = 999;

printf (" before f_by_reference():

/* call by reference */
f by reference (&i);

printf (" after f_by_reference():

ret_vwval)

ret_vwval)

ret_wval)

ret_vwval)

is

is

is

is

o\°
(O
-

o°
0.
~

o\
0.
~

o
0.
~

%d) \n",

i,

%$d) \n\n",

$d) \n",

$d) \n",

i,

i,

ret_val);

i, ret_val);

ret_val);

ret_val);



Executable and Linking Format (ELF)

http://refspecs.linuxbase.org/LSB_4.1.0/LSB-Core—generic/LSB-Core—generic/elf-generic.html

% gcc —c byReferenceVSbyValue.c

% file byReferenceVSbyValue.o

byReferenceVSbyValue.o: ELF 64-bit LSB relocatable, x86-64, version 1 (SYSV), not stripped


http://refspecs.linuxbase.org/LSB_4.1.0/LSB-Core-generic/LSB-Core-generic/elf-generic.html

Executable and Linking Format (ELF)

http://refspecs.linuxbase.org/LSB_4.1.0/LSB-Core—generic/LSB-Core—-generic/elf-generic.html

% gcc —c byReferenceVSbyValue.c
% file byReferenceVSbyValue.o

byReferenceVSbyValue.o: ELF 64-bit LSB relocatable, x86-64, version 1 (SYSV), not stripped

% hexdump -C -n 64 byReferenceVSbyValue.o
00000000 7f 45 4c 46 02 01 01 00O 00 00 00 00 00 00 00 0O |.ELF ............

00000010 1 00 3 00 01 00 00O OO 0O 0O OO OO 00 00 00 00 |..> .............

0000002 00 00 00 00 00 00 00O OO dO 05 00 00 00 00 00 00 | ................
00000080 00 00 00 OO 40 00O 00 OO 0O 00 40 00 0d 00 Oc 00 |....@ ..... @..... |

00000040

“magic number” = Special data located at the beginning of a binary data file to indicate its
type to a utility. Under Unix, the system and various applications programs (especially the
linker) distinguish between types of executable file by looking for a magic number.

From http://www.catb.org/jargon/html/go01.html


http://refspecs.linuxbase.org/LSB_4.1.0/LSB-Core-generic/LSB-Core-generic/elf-generic.html
http://www.catb.org/jargon/html/go01.html

Executable and Linking Format (ELF)

http://refspecs.linuxbase.org/LSB_4.1.0/LSB-Core—generic/LSB-Core—generic/elf-generic.html

% gcc —c byReferenceVSbyValue.c

% file byReferenceVSbyValue.o

byReferenceVSbyValue.o: ELF 64-bit LSB relocatable, x86-64, version 1 (SYSV), not stripped
% readelf -h byReferenceVSbyValue.o

ELF Header:

Magic: 7f 45 4c 46 02 01 01 00 00 00 0O 0O OO0 00 00 0O

Class: ELF64

Data: 2's complement, little endian
Version: 1 (current)

OS/ABI: UNIX - System V

ABI Version: 0

Type: REL (Relocatable file)
Machine: Advanced Micro Devices X86-64
Version: Ox1

Entry point address: 0x0

Start of program headers: 0 (bytes into file)

Start of section headers: 800 (bytes into file)

Flags: 0x0

Size of this header: 64 (bytes)

Size of program headers: 0 (bytes)

Number of program headers: 0

Size of section headers: 64 (bytes)

Number of section headers: 13

Section header string table index: 10


http://refspecs.linuxbase.org/LSB_4.1.0/LSB-Core-generic/LSB-Core-generic/elf-generic.html

Executable and Linkable Format (ELF)

% readelf -S -W byReferenceVSbyValue.o
There are 13 section headers, starting at offset 0x320:

Section Headers:

[Nr] Name Type Address Off Size ES Flg Lk Inf Al
[ 0] NULL 0000000000000000 000000 000000 00 0 0 O
[ 1] .text PROGBITS 0000000000000000 000040 0000d6 00 AX O 0 4
[ 2] .rela.text RELA 0000000000000000 0007e0 0000cO 18 11 1 8
[ 3] .data PROGBITS 0000000000000000 000118 000000 00 WA O 0 4
[ 4] .bss NOBITS 0000000000000000 000118 000000 00 WA O 0 4
[ 5] .rodata PROGBITS 0000000000000000 000118 0000fa 00 A 0 0 8
[ 6] .comment PROGBITS 0000000000000000 000212 00002d 01 MS O 0 1
[ 7] .note.GNU-stack PROGBITS 0000000000000000 00023f 000000 00 0 0 1
[ 8] .eh_frame PROGBITS 0000000000000000 000240 000078 00 A 0 0 8
[ 91 .rela.eh_frame RELA 0000000000000000 0008a0 000048 18 11 8 8
[10] .shstrtab STRTAB 0000000000000000 0002b8 000061 00 0 0 1
[11] .symtab SYMTAB 0000000000000000 000660 000138 18 12 11 8
[12] .strtab STRTAB 0000000000000000 000798 000042 00 0 0 1

Key to Flags:
W (write), A (alloc), X (execute), M (merge), S (strings), 1 (large)
I (info), L (link order), G (group), T (TLS), E (exclude), x (unknown)

O (extra OS processing required) o (OS specific), p (processor specific)



Executable and Linkable Format (ELF)

-g generates debugging information

)

% gcc —c¢ —g byReferenceVSbyValue.c
% readelf -S -W byReferenceVSbyValue.o
There are 21 section headers, starting at offset 0x720:

Section Headers:

[Nr] Name Type Address Off Size ES Flg Lk Inf Al
[ 0] NULL 0000000000000000 000000 000000 00 0 0 0
[ 1] .text PROGBITS 0000000000000000 000040 0000d6 00 AX O 0 4
[ 2] .rela.text RELA 0000000000000000 000e50 0000£f0 18 19 1 8
[ 3] .data PROGBITS 0000000000000000 000118 000000 00 WA O 0 4
[ 4] .bss NOBITS 0000000000000000 000118 000000 00 WA O 0 4
[ 5] .rodata PROGBITS 0000000000000000 000118 0000fa 00 A 0 0 8
[ 6] .debug_info PROGBITS 0000000000000000 000212 000126 00 0 0 1
[ 71 .rela.debug_info RELA 0000000000000000 000£f40 0002b8 18 19 6 8
[ 8] .debug_abbrev PROGBITS 0000000000000000 000338 0000bb 00 0 0 1
[ 9] .debug_aranges PROGBITS 0000000000000000 0003£3 000030 00 0 0 1
[10] .rela.debug_aranges RELA 0000000000000000 0011£f8 000030 18 19 9 8
[11] .debug_line PROGBITS 0000000000000000 000423 00005e 00 0 0 1
[12] .rela.debug_line RELA 0000000000000000 001228 000018 18 19 11 8
[13] .debug_str PROGBITS 0000000000000000 000481 000144 01 MS O 0 1
[14] .comment PROGBITS 0000000000000000 0005c5 00002d 01 MS O 0 1
[15] .note.GNU-stack PROGBITS 0000000000000000 0005£f2 000000 00 0 0 1
[16] .eh_frame PROGBITS 0000000000000000 0005£8 000078 00 A 0 0 8
[17] .rela.eh_frame RELA 0000000000000000 001240 000048 18 19 16 8
[18] .shstrtab STRTAB 0000000000000000 000670 00000 00 0 0 1
[19] .symtab SYMTAB 0000000000000000 000c60 0001b0O 18 20 14 8

[20] .strtab STRTAB 0000000000000000 000el0 00003c 0O

o
o
=



Executable and Linkable Format (ELF)

% gcc —c byReferenceVSbyValue.c

% readelf -s byReferenceVSbyValue.o

Symbol table '.symtab' contains 13 entries:

Num: Value Size Type Bind Vis Ndx Name
0: 0000000000000000 0 NOTYPE LOCAL DEFAULT UND
1: 0000000000000000 0 FILE LOCAL DEFAULT ABS byReferenceVSbyValue.c
2: 0000000000000000 0 SECTION LOCAL DEFAULT 1
3: 0000000000000000 0 SECTION LOCAL DEFAULT 3
4: 0000000000000000 0 SECTION LOCAL DEFAULT 4
5: 0000000000000000 0 SECTION LOCAL DEFAULT 5
6: 0000000000000000 0 SECTION LOCAL DEFAULT 7
7: 0000000000000000 0 SECTION LOCAL DEFAULT 8
8: 0000000000000000 0 SECTION LOCAL DEFAULT 6
9: 0000000000000000 28 FUNC GLOBAL DEFAULT 1 £ by value
10: 000000000000001c 31 FUNC GLOBAL DEFAULT 1 f_by_ reference
11: 000000000000003b 155 FUNC GLOBAL DEFAULT 1 main

12: 0000000000000000 0 NOTYPE GLOBAL DEFAULT UND printf



Executable and Linkable Format (ELF)

In byReferenceVSbyValue_local.c: uUse static to make
functions £_by_value and f_by_reference
invisible globally (to the linker), i.e., local to this binary object file.

static int f_by_value(int arg)

static void f_by_reference(int *arg_address)

[)

% readelf -s byReferenceVSbyValue_local.o

Symbol table '.symtab' contains 13 entries:

Num: Value Size Type Bind Vis Ndx Name
0: 0000000000000000 0 NOTYPE LOCAL DEFAULT UND
1: 0000000000000000 0 FILE LOCAL DEFAULT ABS byReferenceVSbyValue_local.c
2: 0000000000000000 0 SECTION LOCAL DEFAULT 1
3: 0000000000000000 0 SECTION LOCAL DEFAULT 3
4: 0000000000000000 0 SECTION LOCAL DEFAULT 4
5: 0000000000000000 28 FUNC LOCAL DEFAULT 1 f_by_value
6: 000000000000001c 31 FUNC LOCAL DEFAULT 1 f_by_reference
7: 0000000000000000 0 SECTION LOCAL DEFAULT 5
8: 0000000000000000 0 SECTION LOCAL DEFAULT 7
9: 0000000000000000 0 SECTION LOCAL DEFAULT 8
10: 0000000000000000 0 SECTION LOCAL DEFAULT 6
11: 000000000000003b 155 FUNC GLOBAL DEFAULT 1 main
12: 0000000000000000 0 NOTYPE GLOBAL DEFAULT UND printf



Executable and Linkable Format (ELF)

In byReferenceVSbyValue_local_global.c:
additionally, use static to make local function variable calc_res in f_by_reference
global (from the point of view of £_by_reference butlocal to the linker).

static void f_by_reference (int *arg_address) {
static int calc_res;
calc_res = *arg_address+l;
*arg_address = calc_res;

}

Q

% readelf -s byReferenceVSbyValue_local_global.o

Symbol table '.symtab' contains 14 entries:
Num: Value Size Type Bind Vis Ndx Name
0: 0000000000000000 0 NOTYPE LOCAL DEFAULT UND
1: 0000000000000000 0 FILE LOCAL DEFAULT ABS byReferenceVSbyValue.loca
2: 0000000000000000 0 SECTION LOCAL DEFAULT
3: 0000000000000000 0 SECTION LOCAL DEFAULT 3
4: 0000000000000000 0 SECTION LOCAL DEFAULT 4
5: 0000000000000000 28 FUNC LOCAL DEFAULT 1 £ by value
6: 000000000000001c 38 FUNC LOCAL DEFAULT 1 f_by_reference
7: 0000000000000000 4 OBJECT LOCAL DEFAULT 4 calc_res.2254
8: 0000000000000000 0 SECTION LOCAL DEFAULT 5
9: 0000000000000000 0 SECTION LOCAL DEFAULT 7
10: 0000000000000000 0 SECTION LOCAL DEFAULT 8
11: 0000000000000000 0 SECTION LOCAL DEFAULT 6
12: 0000000000000042 156 FUNC GLOBAL DEFAULT 1 main
13: 0000000000000000 0 NOTYPE GLOBAL DEFAULT UND printf



Linking Object Files
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Statically Linking Object Files

Statically link the object file byReferencevVSbyvalue.o

with all necessary libraries (e.g., resolve printf) to make it executable.

% gcc -o byRefenceVSbyValue byReferenceVSbyValue.o
% readelf -h byReferenceVSbyValue

ELF Header:
Magic: 7f 45 4c 46 02 01 01 03 00 00 00 00 00 00 00 00
Class: ELF64
Data: 2's complement, little endian
Version: 1 (current)
0S/ABI: UNIX - GNU
ABI Version: 0
Type: EXEC (Executable file)
Machine: Advanced Micro Devices X86-64
Version: ox1
Entry point address: 0x4003e0
Start of program headers: 64 (bytes into file)
Start of section headers: 3272 (bytes into file)
Flags: 0x0
Size of this header: 64 (bytes)
Size of program headers: 56 (bytes)
Number of program headers: 8
Size of section headers: 64 (bytes)
Number of section headers: 30

Section header string table index: 27



Statically Linking Object Files

Split up byReferenceVSbyValue. c into:
byReferencelVSbyValue functions.h

#include <stdio.h>
extern int f_by value(int arg); declare (signature) vs. definelimplement
extern void f_by_reference(int *arg_address);

byReferencelVSbyValue functions.c

#include "byReferenceVSbyValue_functions.h"

int f_by_value(int arg)
{

int calc_xes = 0;
calc_res = arg+l;
return calc_res;

}

void f_by_reference(int *arg_address)
{

int calc_xes;

calc_res = *arg_address+1;
*arg_address = calc_res;

}



Statically Linking Object Files

byReferencel/SbyValue _main.c

#include "byReferenceVSbyValue_functions.h"

void main()

{

int i;

int return_value;
/* inialize values */

i=10;

return_value = 999;

printf(" before f_by_value():
/* call by value */
return_value = f_by_value(i);
printf(" after f_by_value():
/* re-inialize values */
i=10;

return_value = 999;

printf(" before f_by_reference():

/* call by reference */

f_by_reference(&i);

printf(" after f_by_reference():

return_value)

return_value)

return_value)

return_value)

is

is

(%d,

(%d,

(%d,

(%d,

%d)\n", i, return_value);

%d)\n\n", i, return_value);

%d)\n", i, return_value);

%d)\n", i, return_value);



Statically Linking Object Files

% gcc -c byReferenceVSbyValue_functions.c

% readelf -s -W byReferenceVSbyValue_functions.o

Symbol table '.symtab' contains 1@ entries:

Num:
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 0000000000000000
: 000000000000001c

O 00 NN O 1 A W N R O

Value

Size

Type
NOTYPE
FILE
SECTION
SECTION
SECTION
SECTION
SECTION
SECTION
FUNC
FUNC

Bind

LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL

Vis

DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT

GLOBAL DEFAULT
GLOBAL DEFAULT

Ndx Name
UND
ABS byReferenceVSbyValue_functions.c

O Ul wN

4
1 f_by_value

1 f_by_reference



Statically Linking Object Files

% gcc -c byReferenceVSbyValue_main.c

% readelf -s -W byReferenceVSbyValue_main.o

Symbol table '.symtab' contains 13 entries:

Num:

[ S
N B S

O 00 NN O 1 b W N P O

Value
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000
0000000000000000

: 0000000000000000
: 0000000000000000

Size

S &0 0 0O & 0O 6 o 6

155

S

Type
NOTYPE
FILE
SECTION
SECTION
SECTION
SECTION
SECTION
SECTION
SECTION
FUNC
NOTYPE

@ NOTYPE
@ NOTYPE

Bind
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
LOCAL
GLOBAL
GLOBAL
GLOBAL
GLOBAL

Vis

DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT
DEFAULT

Ndx Name
UND
ABS byReferenceVSbyValue_main.c

0o d4 U b~ W

6
1 main
UND printf
UND f_by_value
UND f_by_reference



Statically Linking Object Files

% gcc -o byReferenceVSbyValue byReferenceVSbyValue_functions.o byReferenceVSbyValue_main.o

% readelf -s -W byReferenceVSbyValue

Symbol table '.dynsym' contains 4 entries:

Num:
0: 0000000000000
1:
2
3

Symbol

Num:

: 0000000000000

: 0000000000400200

49:

52:
53:

63:

Value

0000000000000000

: 0000000000000000
: 0000000000000000

Size
0
0
0
0

Type
NOTYPE
FUNC
FUNC
NOTYPE

Bind
LOCAL
GLOBAL
GLOBAL
WEAK

table '.symtab' contains 68 entries:

Value

00000000004004dc

0000000000000000
000000000040048

0000000000400518

Size
(]
0

28

31

155

Type
NOTYPE
SECTION

FUNC

FUNC
FUNC

FUNC

Bind
LOCAL
LOCAL

GLOBAL

GLOBAL
GLOBAL

GLOBAL

Vis

DEFAULT
DEFAULT
DEFAULT
DEFAULT

Vis
DEFAULT
DEFAULT

DEFAULT

DEFAULT
DEFAULT

DEFAULT

Ndx
UND
UND
UND
UND

Ndx

UND

13

UND
13

13

Name
printf@GLIBC_2.2.5 (2)

_ libc_start_main@GLIBC_2.2.5 (2)

__gmon_start__

Name

f_by_value

printf@@GLIBC_2.2.5

f_by_reference

main



Visibility and Bindings in C

/* bindings.c * $sp— 7Fff fffcyay Stack
#include <stdio.h> l
#include <stdlib.h> /* for malloc() */

int global = -1; /* visible for external linking */

extern int fromOtherCompilationUnit; T

static int global2thisFile; /* not visible to linker, initialized to @ */ Dynamic data

int *f(int argByValue, int *argByReference){ $gp— 1000 8OOOhex Static data

/* similar to local vars: int argByValue, int *argByReference; */ 1000 O(}Oohex
Text

int local = 5; int *array; static int scopelLife = 2;

pC— 0040 0000},

*argByReference = local + argByValue * (*argByReference) +

Reserved
global + global2thisFile + fromOtherCompilationUnit; 0
scopeLife++; printf("%d\n", scopeLife);
array = malloc (1@ * sizeof(int)); /* dynamically allocated */
/* to be relinquished (not cleared) with "free(array);" if not: "memory leak" */ e
for (int index=0; index<1@; index++) {array[index] = index;} rlﬂl'{lza

return array; /* “return &local;"” yields nonsense, compiler warning */
}
void main(){

int *tenIntsRef; fromOtherCompilationUnit = 9;

tenIntsRef = f(global2thisFile, &fromOtherCompilationUnit);

printf("%d\n", tenIntsRef[5]); /* free(tenIntsRef); memory leak! */ PROGRAMMING

tenIntsRef = f(global2thisFile, &fromOtherCompilationUnit); LANGUAGE
printf("%d\n", tenIntsRef[5]); free(tenIntsRef);
}
% gcc -o bindings bindings.c otherCompilationUnit.c BRIAN W KERNIGHAN
% ./bindings DENNIS M.RITCHIE
3

PRENTICE HALL SOFTWARE SERIES

/* otherCompilationUnit.c */

5
int fromOtherCompilationUnit = 5; g




Intermezzo: C++ and symbol tables

//
// overloading.cpp
/1

#include <iostream>

using namespace std;

void print(int i) {
cout << " Here is int " << i << endl;
}
void print(double f) {
cout << " Here is float " << f << endl;

void print(char* str) {

cout << " Here is char* \"" << str << "\"" << endl;

int main() {
print(10);
print(10.10);

% ./overloading
Here is int 10
Here is float 10.1
Here is char* "ten"

print((char *)"ten"); // ISO C++ forbids converting a string constant to char*, so explicitly type-cast



C++ compiler “mangles” names

% g++ -c overloading.cpp

% readelf -s -W overloading.o

Symbol table '.symtab' contains 27 entries:

Num: Value Size Type Bind Vis Ndx Name
0: 0000000000000000 @ NOTYPE LOCAL DEFAULT UND
1: 0000000000000000 @ FILE LOCAL DEFAULT ABS overloading.cpp

13: 0000000000000000 54 FUNC GLOBAL DEFAULT 1 _Z5printi

14: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZSt4cout

15: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZStlsIStllchar_traitsIcEERSt13basic_ostreamIcT_ES5_PKc
16: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZNSolsEi

17: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZSt4endlIcStllchar_traitsIcEERSt13basic_ostreamIT_TO_ES6_
18: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZNSolsEPFRSoS_E

19: 0000000000000036 67 FUNC GLOBAL DEFAULT 1 _Z5printd

20: 0000000000000000 @ NOTYPE GLOBAL DEFAULT UND _ZNSolsEd

21: 0000000000000079 57 FUNC GLOBAL DEFAULT 1 _Z5printPc

22: 00000000000000b2 59 FUNC GLOBAL DEFAULT 1 main

23: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZNSt8ios_base4InitClEv

24: 0000000000000000 NOTYPE GLOBAL HIDDEN UND __dso_handle

25: 0000000000000000 NOTYPE GLOBAL DEFAULT UND _ZNSt8ios_base4InitD1Ev

26: 0000000000000000 NOTYPE GLOBAL DEFAULT UND __cxa_atexit

e & & & o

Names of overloaded functions are made unique for the C-convention linker ... beware ...
mangling is compiler-specific!

Solution: apart from looking into symbol tables, and only when C++ source code is available:
use extern “C” int £ (int)



Linking Object Modules (Editor)

Obiject file

sub:

-

Object file
Instructions main:
jal 277
— @
jal 2727
Relocai call, sub
gigeaTan calls eriact
records

Linker

C library |

print:

Executable file

main:
jal printf

jal sub
printf:

Subz




(static) Linking of Object Modules

Independently compiled/assembled procedures
(no need to re-compile/assemble everything)
Produces an executable image
Merges text/data segments _
Resolves text/data labels ?“edlt”
(determines their addresses)
Patches /ocation-dependent and external refs

Could leave location dependencies for fixing at run-time
by a relocating loader

But with virtual memory, no need to do this,

program can be loaded (faulted) into absolute location

In virtual memory space . | |
not in CSA, but in Operating Systems (Ba2)




Linking Object Modules (Editor)

Object file header
Name Procedure A
Text size 100, ,
Data size 20
Text segment Address Instruction
0 Tw $a0, 0($gp)
4 jalo
Data segment 0 (X)
Relocation information Address Instruction type Dependency
0 Tw X
4 jal B
Symbol table Label Address
X =
B -
Object file header
Name Procedure B
Text size 200, ,
Data size 30,,,
Text segment Address Instruction
0 sw$al, 0($gp)
4 jal o
Data segment 0 (3 8))
Relocation information Address Instruction type Dependency
0 SwW b
4 jal A
Symbol table Label Address
Y -
A s




Linking Object Modules (Editor)

result of static linking:

Executable file header

Text size 300, .,
Data size 50,
Text segment Address Instruction

0040 0000, _,

1w $a0, 8000, ($gp)

0040 0004, _

jal 40 0100,

0040 0100,

sw $al, 8020, ($gp)

0040 0104, Jjal 40 0000,
Data segment Address

1000 0000, , (X)

1000 OOZDhex (Y)




Text Segment

Bkpt| Address Code Basic Source
defaultEntry:| [ | 0x8048000G] 0x24040008/addiu $4, %8, 0xB00B0000 [20; 1i $a@, ©
|| | Ox00400004) Ox0clOoolajjal OxO0400085 21; jal printFrogx
main: ; Ox00400008 Gx0cl00018/jal CxO0400040 246 jal progl # call progl main.asm
[ | | Ox0040000c| GxO0clO0006(jal Cx00400018 27 jal prog2 # call prog2
[] | ex00400010] 8x2402000a/addiu $2, $8, 0x0800080a [29: <3» 1i $v0, 10 cleanProgramexit
[ | | oxop40001d) Ox0000000c|syscall =4= syscall # exit()
rog2: 0x00400015 Gx3c010000(1ul $1, Ox00000000 20 <B= subiu $sp, $sp. 4 # stack {of words) grows downwards A
d || | Gx0040001c| Gx34210004/ori $1,$1, 0x00000004
[ ] | oxopdoe0z0] OxoJaled23(subu $29, $29, 41 push
[ ] | Ox00400024) Grafhfoo00sw $31, GxO0000006 ($29] <0 S $ra, O(fsp) # $sp points to last stack entry v
[] 00400022 Gx3c011001|Tul $1, 0xG00001601 23 Tw $a0d, proghr
[] 0x0040002¢) OxSc240000 1w $4, 0x00000000 ($1 )
[ ] | ox00400036 Gx0clofnlaljal Gx00400062 24 jal printProg prog ramz2.asm
[ | Ox00400034) Ox8fbfo000| Ly $31, Ox00000000 ($29) |27: <13= 1w $ra, Ofsp) & $sp points to last stack entry
[ ] | oxocdooo3e) ox27bdoce4laddiu $29, $29, 0xE00, . . <14> addiu $sp, $sp. 4 # stack (of words) grows downwards POP
L] Ox0040003c) Gx03e00008jr $31 30 ir $ra
progi: DHEEAC004T Bx3c10000 Tul §1, BxO0000000 20: =B> subiu  $sp, $sp. 4 # stack {of words] grows downwards
L Ox00400044 Gx342100040r1 $1, %1, Ox00000004
[] 0x 00400045 Ox03aleB23/subu $28,$29,§1
[ | | 0x0040004c| GrathfOO00sw $31, GxO0000000 (§20] 0= gy $ra, O(fsp) # $sp points to last stack entry
[ 00400050 Gx3c011001|Tui $1, 0x00001001 23 Tw $al, progMr
[] Cx00400054) OxSc240008 v $4, 0x00000005 ($1) programl -asm
[ | 0x00400058) Ox0cli0flaljal Ox00400068 24: jal printProgx
|| | 0x0040005c| Gxafhfoo00 Ty $31, Gx00000000 ($20]) |27 <12~ 1w $ra, Ofspl # $sp points to last stack entry
[ ] | ox00400060 Ox27bd0004/addiu $29, $20, Gx000, | | <14= addiu  $sp. $sp. 4 # stack (of words) grows downwards
L] 00400064 Ox03e000081r $31 30 ir $ra
printProgX: Cx00400065 Ox24890030/addiu $9. $4, 0x 00000030 |18; addiu  $tl, $al, '0' & ascil wvalue of the digit = integer ...
|| | Ox0040006c| Gx3c0l100LTul $1, GxO0001E61 19: sh $tl, prognr
L] 000400070 Oxa02B0017|sh $9, Ox00000017 ($1)
[] 00400074 Gx3c011001|Tul $1, OxG00001601 21 la $al, inProg¥
[] Cx00400073) Gx34240010/0rd $4, $1, 0x0000001L0
|| | Ox0040007c|) Gx24020004addiu $2, $0, 0xOE00G004 |22: 11 v, 4 # print string syscall
[ | 0x00400050) Gx0000000c/syscall 23 syscall
[ Cx00400024) 0% 240280031 |addiu $8, $0, 0x00000021 |28: 11 $to, ‘'1'
[] 00400088 Gx3c011001|Tul $1, 0x00001601 20 sh $t0, nr
] 0x0040008c) Oxad28002b/sh $8, 0x00EEOE2Db ($1)
[] 00400000 Gx3c011001|Tul $1, 0xG00001601 31: la $ad, wvalstr
[] 000400094 Ox2424001bjord $4, $1, 0xA000001H0
[ ] | Ox00400008) Gx24020004/addiu $2, $0, GxO0000004 |32 1i $w@, 4 # print string syscall
[ ] | ox0040009c| OxG0000000c|syscall 33: syscall
|| | 0x004000a0 Gx3c0ll00LTul $1, GxO000LEGE1 35: Tw $30, wl # wl is external {defined in programl.asm. ..
L] 000400034 OxBc24000c|Lw $4, Ox0000000c ($1)
[ ] | Ox004000a8) Gx24020001|addiu $2, $0, Gx000000E1 |36: 1i v, 1 # print integer syscall
[ ] | ox004000ac| OxG0O00000c|syscall 37 syscall
|| | Ox004000bG Gx3c0ll00LTul $1, GxO000LEE1 35: la $ad, nl # end with newline
[] | 0x804800b4] 0x34248031[0ri $4, $1, Bx00B00GIL programInProg.asm
[ | | Ox004000b2 Ox24020004addiu $2, %0, OxO00000004 |40: 11 $wd, 4 # print string sysecall
[ | | oxopdo00be| Ox0O00000c|syscall 41: syscall
] Cx004000c0] Ox24080032/addiu $8. $0, 0x00000032 |46; 1i Fto, ‘2
[] Cx004000cd| Gx3c011001|Tul $1, 0xG0001001 47 sh $t0, nr
[] 0x004000c2) Oxa0228002b|sh $8, Ox0R00002b ($1)
[ ] | Ox004300cc) Gx3c011001|Tul $1, GxE00016001 4G la $ad, wvalstr
[] Cx004000d0) Gx3424001bjord $4, $1, 0x0000001L0
|| | Ox004000d4) Gx24020004addiu $2, $0, 0xO00E0C004 |30 11 v, 4 # print string syscall
L] | 0x004000d3) 8x0000000c/syscall 51: syscall
[ ] | Ox004000de] Ox3c011001|Tul $1, GxE00016001 53: Tw $al, w2 # w2 ig external {(defined in program2.asm. ..
[] Cx004000e0] OxBSc240004/ 1w $4, 0x00O00004 ($1)
|| | Ox004000ed| Gx2402000Laddiu $2, $0, GxOEG0G001 |34 11 $wd, 1 # print integer syscall
[ | Gx004000e2 Gx0000000c/syscall 55: syscall
[ ] | Ox004000ec) Ox3c011001|Tul $1, GxE00016001 57: la %30, nl  # end with newline
[] 00400010 Gx34240031|ord $4, $1, 0x0000003L
[ ] | Ox004006f4) Gx24020004addiu $2, $0, Gx000E0G004 |35: 11 $vwd, 4 # print string syscall
[ ] | 0x004000f2 8x0000000c/syscall 59 syscall
[] Cx004000fc) Gx03e00008ir $31 52 ir $ra




[ Mars Messages | Run /O |

Azsemble: assembling shome/hv/srcfcourses/ComputerSystemsArchitecture/material /Handouts AAssembly /Class 16 Compiler/linking/main.asm,
Jhomeshv fsrefeourses /ComputerSystemsarchitecture /material/Handouts sbssembly /Class 19 Compiler/linking/programz. asm,
Jhomeshyv Ssrefeourses /ComputerSystemsarchitecture /material/Handouts sbssembly /Class 19 Compiler/linkingsprograml.asm,
Jhomeshy /sre/courses/ComputerSystemsarchitecture/material/Handouts sassembly /Class 19 Compilerslinkingsmacras. asm,
[ Jhomeshy /sre/courses/ComputerSystemsarchitecture/material/Handouts Aassembly /Class 19 CompilerslinkingsprintInProg.asm

Assemble: operation completed successfully.

ASCII TABLE

Labels
Decimal Hexadecimal Binary Octal Char Decimal Hexadecimal Binary Octal Char | Decimal Hexadecimal Binary Octal Char
Label & | Address 0 0 0 0 N 28 30 110000 60 0O %6 60 1100000 140
1 1 1 1 [START OF HEADING] 49 31 110001 61 1 97 61 1100001 141 a
2 2 10 2 [START OF TEXT] 50 32 110010 62 2 98 62 1100010 142 b
globa
3 3 11 3 [END OF TEXT] 51 33 110011 63 3 99 63 1100011 143 ¢
B 4 4 100 4 [END OF TRANSMISSION] 52 34 110100 64 4 100 64 1100100 144 d
main GKGGdGGGGB 5 5 101 5 [ENQUIRY] 53 35 110101 65 5 101 65 1100101 145 e
i 6 6 110 6 [ACKNOWLEDGE] 54 36 110110 &6 6 102 66 1100110 146 f
prlntprog}{ DKBD&E‘DDGB 7 7 111 7 [BELL] 55 37 110111 67 7 103 67 1100111 147 g
8 8 1000 10 [BACKSPACE] 56 38 111000 70 8 104 68 1101000 150 h
progl Ex 00400040 9 9 1001 11  [HORIZONTAL TAB] 57 39 111001 71 9 105 69 1101001 151 i
prcg2 G Q0400018 10 A 1010 12 [LINE FEED] 58 3A 111010 72 : 106 6A 1101010 152
11 B 1011 13 [VERTICAL TAB] 59 3B 111011 73 ; 107 68 1101011 153 k
w1 A 10010000 12 c 1100 14 [FORM FEED] 60 3c 111100 74 < 108 6C 1101100 154 |
13 D 1101 15  [CARRIAGE RETURN] 61 3D 111101 75 = 109 6D 1101101 155 m
iy 2 Oy 10010004 14 E 1110 16 [SHFFTOUT] 62 3E 11110 76 > 110 &€ 1101110 156 n
. 15 F 1111 17 [SHIFT IN] 63 3F 111111 77 ? 111 6F 1101111 157 o
main.asm 16 10 10000 20 [DATA LINK ESCAPE] 64 40 1000000 100 @ 112 70 1110000 160 p
17 11 10001 21 [DEVICE CONTROL 1] 65 41 1000001 101 A 113 71 1110001 161 q
i 18 12 10010 22 [DEVICE CONTROL 2] 66 42 1000010 102 B 114 72 1110010 162 r
dEfau“Entw | D}{doGGE‘GG 19 13 10011 23 [DEVICE CONTROL 3] 67 43 1000011 103 C 115 73 1110011 163 s
20 14 10100 24 [DEVICE CONTROL 4] 68 44 1000100 104 D 116 74 1110100 164 t
programz2.asm 21 15 10101 25  [NEGATIVE ACKNOWLEDGE]| 69 45 1000101 105 E 117 75 1110101 165 u
22 16 10110 26 [SYNCHRONOUS IDLE] 70 46 1000110 106  F 118 76 1110110 166 v
proghr | 10010000 23 17 10111 27  [ENG OF TRANS. BLOCK] | 71 47 1000111 107 G 119 77 1110111 167 w
24 18 11000 30 [CANCEL] 72 48 1001000 110 H 120 78 1111000 170 x
programl.asm 25 19 11001 31 [END OF MEDIUM] 73 49 1001001 111 | 121 79 1111001 171y
26 1A 11010 32 [SUBSTITUTE] 74 4A 1001010 112 ) 122 7A 1111010 172 2
prgg[\]r | G101 000s 1B 11011 33 [ESCAPE] 75 48 1001011 113 K 123 78 1111011 173 {
8 1C 11100 34 [FILE SEPARATOR] 76 4c 1001100 114 L 124 ic 1111100 174 |
1 1D 11101 35 [GROUP SEPARATOR] 77 4D 1001101 115 M 125 7D 1111101 175 }
prl ntlnprug' asm 1E 11110 36 [RECORD SEPARATOR] 78 4E 1001110 116 N 126 7E 1111110 176 ~
B 1F 11111 37 [UNIT SEPARATOR] 79 4F 1001111 117 O 127 7F 1111111 177 [DEL}
Inprug}{ D}{l :"31 E"EI]- 20 100000 40 [SPACE] 80 50 1010000 120 P
- 21 100001 41 ! 81 51 1010001 121 Q
nl bx1{e1 0851 22 100010 42 " 82 52 1010010 122 R
; 100011 43 # 83 53 1010011123 S
nr (x 1081 GIGIQb\ 100100 44  § 84 54 1010100 124 T
prggnr CxlEalonlF 100101 % 85 55 1010101 125 U
& 86 56 1010110 126 V
walstr Ox1EA1001L0 ‘ 87 57 1010111127 W
( 88 58 1011000 130 X
) 89 59 1011001 131 Y
Data Segment o [
Address Value (+0} val¥ (+4] \ Walue TLO) Value (+14) Value (+18) “alue (+1c)
01001 0003 Ox0REOEE02 Guffffffff \ OxOEAEEEE1L 0% 00E000T Ox FE206e 45 Ox 00676172 Ox 20000233 OxE5685420
Ox1E01 06020 Ox6c8l 75620 Ox6T 206575 \ QxOETT2086 Ox 20736520 O 00000300 Ex 20000000 O 20000300 0000000
Ox1001 0040 eEqelelelelelelole] [epielelelelelelele) \ O}{GIGGIGGOGO| jexgelelelelelelole] GXOGGOGGGO| jexgelelelclelelole] G}(OGOOGGGO| Ox@@@@@@@@l
Data Segment : \\ |
Address Walue [+0] Walue (+4] wallie (+8) Walue (+¢) walue (+10] Walue (+14) Walue (+18)] Walue (+1c)
10010000 R Y i 0 o0 o W ONE 0NN p n I Mg ooor WO\ e h T
Ox10E10020 1 a v ] e u WO W f 5 i SO v D SOOWD WD D AR IR RN SOV WD D
4 [»
| < | B ||0x10010000 {.data} |v| ¥l Hexadecimal Addresses [v] Hexadecimal Values [v] ASCII




Relocation and PIC

Relocatable Code:
> requires fixing/editing of address references

Position Independent Code (PIC):

> does not require fixing/editing
> use relative addressing only

% gcc -fPIC -c byReference VSbyValue_functions.c



Re-entrant Code

Can be interrupted (see “exceptions”) in the middle
of its execution and then safely called again ("re-
entered") before its previous invocations complete

execution

Requirements:

Should not hold any static (or global)
non-constant data (on stack is OK)

Should not modify its own code
Should not call non-re-entrant routines



Loading a Program

Load program from image file on disk into memory
Read header to determine segment sizes
Create virtual address space
Copy text and initialized data into memory

Set up arguments on stack
Initialize registers (including $sp, S$fp, S$gp)
Jump to startup routine
Copies arguments to $a0, ..and calls main
When main returns, do exit syscall



Intermezzo: passing command-line args

/* argcArgv.c https://gcc.gnu.org/onlinedocs/gcc/Standards.html
* compile with: gcc —-std=c99 -o argcArgv argcArgv.c
* call: “pwd’ /argcArgv -a b -¢c - d e */

#include <stdio.h>

int main (int argc, char **argv) {

printf ("number of arguments, including command name = %d\n", argc);
/* vector style */
for (int arg_nr = 0; arg nr < argc; arg_nr++)

printf ("argument %d = %s\n", arg_nr, argvl[arg_nr]);

/* pointer style */

for (int arg_nr = 0; arg nr < argc; arg_nr++) {
char *arg_str = *argv;
printf ("argument %d = %s\n", arg_nr, arg_str);

argv++;


https://gcc.gnu.org/onlinedocs/gcc/Standards.html

Intermezzo: passing command-line args

[o)

% “pwd' /argcArgv -a b -¢c —— d e
number of arguments, including command name = 7

argument 0 =
/home/hv/src/courses/ComputerSystemsArchitecture/lectures/argcArgv

argument 1 = -a
argument
argument
argument
argument
argument

2

3

4

5

6

argument O
/home/hv/src/courses/ComputerSystemsArchitecture/lectures/argcArgv

1

2

3

4

5

6

argument
argument
argument
argument
argument

argument



Intermezzo: passing command-line args

/* argcArgv.c https://gcc.gnu.org/onlinedocs/gcc/Standards.html
* compile with: gcc —-std=c99 -o argcArgv argcArgv.c
* call: "“pwd’ /argcArgv -a b -¢c -—— d e */
[ﬁ “ 6 m
o 5 -~ e

> ¢ : =
LTTTT 1T [T T T-Talkel NEa

/ ARG STk

a,sz‘J o=


https://gcc.gnu.org/onlinedocs/gcc/Standards.html

Dynamic Linking and Loading

Only link/load library procedure when it is called
aka “lazy” linking

Avoids image bloat caused by static linking
of all (transitively) referenced libraries (but not
necessarily used in all execution paths)

Automatically picks up new (latest) library versions
(no need to re-link)

http://www.iecc.com/linker/linker10.html|

Requires loaded code to be relocatable


http://www.iecc.com/linker/linker10.html

Shared Object (. so) | Dynamic-Link Library (.d11)

o°

gcc —fPIC -c byReferenceVSbyValue_functions.c

o°

gcc —shared -o libbyReferenceVSbyValue_functions.so byReferenceVSbyValue_functions.o

o

readelf -h libbyReferenceVSbyValue_functions.so
ELF Header:

Magic: 7f 45 4c 46 02 01 01 00 OO0 OO OO 00 00 00 00 OO

Type: DYN (Shared object file)



Shared Object (. so) | Dynamic-Link Library (.d11)

% gcc —-c byReferenceVSbyValue_main.c

% gcc —-o byReferenceVSbyValue byReferenceVSbyValue_main.o -L. -
lbyReferenceVSbyValue_functions

% readelf -s byReferenceVSbyValue

Symbol table '.dynsym' contains 14 entries:
Num: Value Size Type Bind Vis Ndx Name
0: 0000000000000000 0 NOTYPE LOCAL DEFAULT UND
1: 0000000000000000 0 NOTYPE WEAK DEFAULT UND _ITM deregisterTMCloneTab
2: 0000000000000000 0 FUNC GLOBAL DEFAULT UND f_ by_value
3: 0000000000000000 0 FUNC GLOBAL DEFAULT UND printf@GLIBC_2.2.5 (2)
4: 0000000000000000 0 FUNC GLOBAL DEFAULT UND f by _reference

% ./byReferenceVSbyValue

./byReferenceVSbyValue: error while loading shared libraries:
libbyReferenceVSbyValue_functions.so: cannot open shared object file: No such file or
directory

% setenv LD_LIBRARY_PATH

% ./byReferenceVSbyValue



Static Linkage (of . o)

Text
jal e
Text
Statically linked object )
- routine ID
Jr @




Lazy Linkage (of .d11/.so)

Indirection table:
Upon first call to routine ID:

holds address of dynamic linker loader
Upon subsequent calls to routine ID:

holds address of dynamically loaded ID

Find (in search path) a d11/so object file
which provides a routine ID;

Dynamic linker/loader loads the found
object file and copies its address

Text
jal .—1
i L1w
jr @
Data
- o—
Text
D)
j (ot

Text

/

/
Dynamic linker/loader
Remap DLL routine

Text
jal | @
Lﬂ W
i L&
Data
o —
> A
//

/
_~ copy address of
y dynamically loaded routine ID

to the indirection table; J | @
Jump to the loaded object file.
Dynamically loaded object \_, Data/Text Text
~ DLL routine +(  DLL routine
i [eF o [eF

a. First call to DLL routine b. Subsequent calls to DLL routine



Calling C from Python

ctypes — A foreign function library for Python

ctypes is a foreign function library for Python. It provides C compatible data types, and allows calling
functions in DLLs or shared libraries. It can be used to wrap these libraries in pure Python.

>>> from ctypes import *
>>> dir ()

["ARRAY', 'ArgumentError', 'Array', 'BigEndianStructure', 'BigEndianUnion', 'CDLL',
'CFUNCTYPE', 'DEFAULT_MODE', 'LibraryLoader', 'LittleEndianStructure',
'LittleEndianUnion', 'POINTER', 'PYFUNCTYPE', 'PyDLL', 'RTLD_GLOBAL', 'RTLD_LOCAL',
'SIZEOF_TIME_T', 'SetPointerType', 'Structure', 'Union', '__annotations_ ',

' _builtins__ ', '__doc__', '__loader__ ', '__name__ ', '_ package__ ', '_ spec_ ',
'addressof', 'alignment', 'byref', 'c_bool', 'c_buffer', 'c_byte', 'c_char’,
'c_char_p', 'c_double', 'c_float', 'c_int', 'c_intlé6', 'c_int32', 'c_inte6e4’',
'c_int8', 'c_long', 'c_longdouble', 'c_longlong', 'c_short', 'c_size_t',
'c_ssize_t', 'c_time_t', 'c_ubyte', 'c_uint', 'c_uintl6', 'c_uint32', 'c_uinte4’',
'c_uint8', 'c_ulong', 'c_ulonglong', 'c_ushort', 'c_void_p', 'c_voidp', 'c_wchar',
'c_wchar_p', 'cast', 'cdll', 'create_string_ buffer', 'create_unicode_buffer',
'get_errno', 'memmove', 'memset', 'pointer', 'py_object', 'pydll', 'pythonapi',
'resize', 'set_errno', 'sizeof', 'string_at', 'wstring_at']

>>> c_char ()

c_char (b'\x00")

>>> libc=CDLL("libc.so.6")
>>> libc.time (None)

1701201608 https://docs.python.org/3/library/ctypes.html


https://docs.python.org/3/library/ctypes.html

Interpreted Languages (e.g., Java)

compile to bytecode once, interpret Virtual Machine bytecode

Java program

Simple portable
instruction set for
the JVM

Class files (Java bytecodes)

Java library routines (machine language)

Java Virtual Machine \

Interprets
bytecodes

(machine
language)




Java Virtual Machine (JVM)

do
atomically calculate PC and fetch opcode at PC;
if (operands) fetch operands;
execute the action for the opcode;

while (there is more to do);

https://docs.oracle.com/javase/specs/jvms/sel2/html/index.html

https://www.informit.com/articles/article.aspx?p=2024315


https://www.informit.com/articles/article.aspx?p=2024315
https://docs.oracle.com/javase/specs/jvms/se12/html/index.html

bytecode (JVM instruction set)

Opcode Opcode
- . P(_ p‘ Other bytes Stack - ot
nemonic # in # in 4 4 escription
. [count]: [operand labels] [before]-[after] P
hex) binary)

aaload 32 0011 0010 arrayref, index - value load onto the stack a reference from an array

aastore 53 0101 0011 arrayref, index, value —» store a reference in an array

aconst_null 01 0000 0001 - null push a null reference onto the stack

aload 19 0001 1001 | 1: index _ e Io_ad a reference onto the stack from a local variable
#index

aload 0 2a 0010 1010 — objectref load a reference onto the stack from local variable 0

aload 1 2b 0010 1011 — objectref load a reference onto the stack from local variable 1

aload 2 2c 0010 1100 — objectref load a reference onto the stack from local variable 2

aload 3 2d 0010 1101 — objectref load a reference onto the stack from local variable 3
create a new array of references of length count and

. . component type identified by the class reference

anewarray bd 1011 1101 | 2: indexbytel, indexbyte2 count — arrayref ) P ) yp y i
index (indexbytel << 8 | indexbyte2) in the
constant pool

areturn b0 1011 0000 objectref - [empty] return a reference from a method

arraylength be 1011 1110 arrayref - length get the length of an array

astore 3a 0011 1010 |1:index objectref —» store a reference into a local variable #index

astore 0 4b 0100 1011 objectref —» store a reference into local variable 0

https://en.wikipedia.org/wiki/List_of_Java_bytecode_instructions

https://www.informit.com/articles/article.aspx?p=2024315&segNum=11



https://en.wikipedia.org/wiki/List_of_Java_bytecode_instructions
https://www.informit.com/articles/article.aspx?p=2024315&seqNum=11

Just In Time compilation (JIT)

compile to bytecode once, interpret Virtual Machine bytecode (or JIT compile)

Simple portable
instruction set for

w the JVM

Class files (Java bytecodes) Java library routines (machine language)

Java program

JustIn Time Java Virtual Machine
compiler
Interprets

Compiled Java methods (machine language) bytecodes

Compiles
bytecodes of
“hot” methods
into native
code for host
machine

Similar to Python
(PyPy is JIT)



C Sort Example (performance analysis)

lllustrates use of assembly instructions for a C
bubble sort function
Swap procedure (leaf)

vold swap(int v[], int k)

{

int temp;

temp = v[k];
vik] = v[k+1l];
vik+l] = temp;

}
v In $a0, k In $al, temp In $tO



The Procedure Swap

swap: sll $t1, $a1, 2 # $t1 =k * 4
add $t1, $a0, $t1 # $t1 = v+(k*4)
# (address of v[k])
lw $tO, 0($t1) # $t0 (temp) = v[k]
lw $t2, 4($t1) # $t2 = v[k+1]
sw $t2, 0($t1) # v[k] = $t2 (v[k+1])
sw $tO, 4($tl) # v[k+1l] = $tO (temp)
jr $ra # return to calling routine




The Sort Procedure in C

Non-leaf (calls swap)
volid sort (int vI[], 1int n)

{

int i, 9;

for (1 = 0; 1 < n; 1 += 1) {
for (3 =1 - 1;
j >= 0 && v[j] > v[] + 11;
J —= 1) |

swap (v, J) ;
}
}

}
v In $a0, k In $al, i In $s0, J In S$sl



The Procedure Body

move $s2, $a0 save $a0@ into $s2 Move
move $s3, $al save $al into $s3 params
move $s0, $zero i=0

Outer loop

forltst: slt $tO, $s0, $s3 $t0 = 0 if $sO = $s3 (i = n)

beq $tO, $zero, exitil

addi $s1, $s0, -1
for2tst: slti $tO, $si1, 0

bne $tO, $zero, exit2

go to exitl if $sO = $s3 (1 = n)
j=1i-1

$t0 = 1 if $s1 < 0 (j < 0)

go to exit2 if $s1 < 0 (j < 0)

sll $t1, $s1, 2 $t1 = j * 4

Inner loop

add $t2, $s2, $t1

lw  $t3, 0(3$t2)

w  $t4, 4($t2)

slt $to, $t4, $t3

beg $t0, $zero, exit2

$t2 = v + (j * 4)

$t3 = v[j]

$t4 = v[j + 1]

$t0 = 0 if $t4 > $t3

go to exit2 if $t4 > $t3

move $a@, $s2 1st param of swap is v (old $a0@) ||Pass
move $al, $si 2nd param of swap is j params
jal swap call swap procedure & call
gddl $s1, $s1, -1 q -=1 | i g
j for2tst jump to test of inner 1loop

exit2: gddl $s0, $s0, 1 i+=1 Outer loop

HOoH O H [ HEHOHEHEHEHEHE HEH HE H(FHFOH|H HE

] forltst jump to test of outer loop




The Full Procedure

sort: addi $sp, $sp, -20 # make room on stack for 5 registers
sw $ra, 16($sp) # save $ra on stack
sw $s3,12($sp) # save $s3 on stack
sw $s2, 8($sp) # save $s2 on stack
sw $s1, 4($sp) # save $s1 on stack
sw $s0, O($sp) # save $s0 on stack
# procedure body
exiti: lw $s0, 0($sp) # restore $s0 from stack
lw $s1, 4($sp) # restore $s1 from stack
lw $s2, 8($sp) # restore $s2 from stack
lw $s3,12(3$sp) # restore $s3 from stack
lw $ra,16(3$sp) # restore $ra from stack
addi $sp, $sp, 20 # restore stack pointer
jr $ra # return to calling routine




Effect of Compiler Optimization

Compiled with gcc for Pentium 4 under Linux

3 T Relative Performance 140000 THInstruction-count
25 120000
2 100000
80000
1.5
60000
1 40000
0.5 20000
0 0
none 01 02 03 none 01 02 03
180000 T-Clock Cycles 2 OCPI
160000
140000 15
120000
100000 1
80000
60000 —
40000 o 0.5
20000 —
(] 0

none 01 02 03 none 01 02 03



Effect of Language and Algorithm
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Lessons Learnt

Instruction count and CPI are not good
performance indicators in isolation

Compliler optimizations are sensitive
to the algorithm

Java/JdIT compiled code is
significantly faster than JVM interpreted

Comparable to optimized C in some cases
Nothing can fix a dumb algorithm!



more performance: Arrays vs. Pointers

Array indexing involves

Multiplying index by element size

Adding to array base address
Pointers correspond directly to memory
addresses

Can avoid indexing complexity

“pointer arithmetic” (T *p; p++)



Example: Clearing an Array

clearl (int array([], int size) { clear2 (int *array, int size) {

int i; int *p;

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

*p 0;

array/|

move $t0, Szero # i = move $tO0,
sll $t1,3t0,2 # Stl ' sll st1, ;2 Stl
add $t2,S%a0,Stl # $t2 = add $t2,$a0,stl St2
# &array[i] &array([size]
sw Szero, 0($t2) # array([i] = 0 sw $Szero, 0 ( )
addi $t0,$t0,1 #1i=1i+1 addi $t0,$t0, 4
slt $t3,$t0,%al # s$t3 = slt $t3,5t0,S$t2 St3 =
# (1 < size)

bne 5$t3, $zero,loopl # if (..) bne $t3, Szero,loop2 # if (..)
# goto loopl # goto loop2




Comparison: Array vs. Pointer

Multiply is “strength reduced” to shift

Array version requires shift to be inside loop
part of index calculation for incremented 1
versus incrementing pointer

Compiler can achieve same effect
as manual use of pointers

“Induction variable elimination”

Better to make program clearer and safer than
to try to optimize. Modern compilers do a better
optimization job than a human anyway.



Other architectures (than MIPS)
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the most popular
embedded core

Galaxy Nexus

uses OMAP 4460 SoC

OMAP (Open Multimedia

Applications Platform) is a series
of image/video processors
Systems on Chip from Texas

Instruments.

Include a general-purpose ARM
architecture processor core
and one or more specialized co-

processors.

Raspberry Pi 2 Model B single-board computer
900MHz quad-core ARM Cortex-A7 CPU

seeco ATET 5 3:26 PM

€ Benchmarks  Results

SYSTEM INFORMATION

Operating System i0s7.0
Model iPhoneé,1
Medel ID iPhoneé, 1
Processor ARM @ 1.29 GHz

1 Processor, 2 Cores

Processor ID ARM
L1 Instruction 64.0 KB
Cache

L1 Data Cache 64.0 KB

Benchmark on 17 Sep 2013 13:28



ARM and MIPS Similarities

Similar basic set of instructions to MIPS

ARM

MIPS

Date announced

1985

1985

Instruction size

32 hits

32 bits

Address space

32-bit flat

32-bit flat

Data alignment

Aligned

Aligned

Data addressing modes

9

3

Registers

15 x 32-bit

31 x 32-bit

Input/output

Memory mapped

Memory mapped




Compare and Branch in ARM

Uses condition codes for result of an
arithmetic/logical instruction

negative, zero, carry, overflow

Compare instructions to set condition codes
without keeping the result (crf. sl1t for MIPS)

Each instruction can be conditional
Top 4 bits of instruction word: condition value
Can avoid branches over single instructions



Instruction Encoding

Register-register

Data transfer

Branch

Jump/Call

ARM

MIPS

ARM

MIPS

ARM

MIPS

ARM

MIPS

31 28 27 20 19 16 15 12 11 4 3 0
| opx* | op® Rs1* ‘ Rd"* Opx® | Rs2' |
31 26 25 21 20 16 15 11 10 6 5 0
op® Rs1® Rs2° Rd® Const® Opx®
31 28 27 20 19 16 15 12 11 0
Opx* op® Rs1* | Rd* ‘ Const'™
31 26 25 21 20 16 15 0
op® Rs1® Rd® Const'®
31 28 27 24 23 0
Opx* op* Const?
31 26 25 21 20 16 15 0
op® Rs1® Opx°/Rs2° Const'®
31 28 27 24 23 0
Opx* op* Const®
31 26 25 0
op® Const®™®

O Opcode [0 Register [ Constant




The Intel x86 ISA

Complex Instruction Set Computer (CISC)

intel.

Intel® 64 and IA-32 Architectures
Software Developer’'s Manual

Volume 2 (2A, 2B, 2C & 2D):
Instruction Set Reference, A-Z

2198 pages !

https://www.intel.com/content/dam/
www/public/us/en/documents/manuals
/64-1a-32-architectures-software-d
eveloper-instruction-set-reference
-manual-325383. pdf

DIVPS—Divide Packed Single-Precision Floating-Point Values ..........oviiiiiii i i i e -
DIVSD—Divide Scalar Double-Precision Floating-Point Value ...
DIVSS—Divide Scalar Single-Precision Floating-Point Values. ............
DPPD — Dot Product of Packed Double Precision Floating-Point Values..
DPPS — Dot Preduct of Packed Single Precision Floating-Point Values. ..
EMMS—Empty MMX Technology State.........coovveeiiiiiiiiinninnns
ENTER—Make Stack Frame for Procedure Parameters. .
EXTRACTPS—Extract Packed Floating-Point Values .. ..
F2XM1—Compute 2X-T......oiiiiiiiiiani e
FABS—Absolute Value.............
FADD/FADDP/FIADD—Add ..........
FBLD—Load Binary Coded Decimal. .
FBSTP—Store BCD Integer and Pop.
FCHS—Change Sign................
FCLEX/FNCLEX—Clear Exceptions............ s ..
FCMOVec—Floating-Point Conditional Move . ... .. ou i e e ian e es -
FCOM/FCOMP/FCOMPP—Compare Floating Point Values . . . . ..o e -
FCOMI/FCOMIP/ FUCOMI/FUCOMIP—Compare Floating Point Values and Set EFLAGS
0 R B
FDECSTP—Decrement Stack-Top Pointer .. . i
FDIV/FDIVPIFIDIV=DIVITE. . . .. oo e e e et e e e -
FDIVR/FDIVRP/FIDIVR—Reverse DIVide. . ... i e e e -
FFREE—Free Floating-Point Register . ... AN
FICOM/FICOMP—Compare Integer ................
FILD—Load Integer .........coviieiniiiiiaaannns
FINCSTP—Increment Stack-Top Pointer. .
FINIT/FNINIT—Initialize Floating-Point Unit........
FIST/FISTP—Store Integer ..........oovveeeeennnt
FISTTP—Store Integer with Truncation . .
FLD—Load Floating Point Value .........coovvi i
FLD1/FLDLZT/FLDLZE/FLDPI/FLDLGZ/FLDLNZ/FLDZ —Load Constant . ..
FLDCW—Load xB7 FPU ControlWord ..................oooiiiie
FLDENY—Load x87 FPU Environment ...
FMUL/FMULP/FIMUL—Multiply ........
FNOP—No Operation ..............
FPATAN—Partial Arctangent.......
FPREM—Partial Remainder.........

FSAVE/FNSAVE—Store xB7 FPU State ...........

FSCALE=Scale ...

FSIN=SINE .. covviiii s .
FSINCOS—S5iNe and COSINME ... v vt et i e a et iaranae s -
PSR T gUare ROOT . ..o e e -
FST/FSTP—Store Floating Point Value............
FSTCW/FNSTCW—Store xB7 FPU Control Word ...
FSTENV/FNSTENV—Store x87 FPU Environment . s ..
FSTSW/FNSTSW—Store xB7 FPU Status Word . ... ..o . e -
FSUB/FSUBP/FISUB—=SUDITACT .. ...t e e e e eaeae s -
FSUBR/FSUBRP/FISUBR—Reverse Subtract.......
[T R 1 )
FUCOM/FUCOMP/FUCOMPP—Unordered Compare Floating Point Values.
FXAM—Examine Floating-Point. . .......covii i e
FXCH—Exchange Register Contents.....................
FXRSTOR—Restore x87 FPU, MMX, XMM, and MXCSR State .
FXSAVE—5Save xB7 FPU, MMX Technology, and SSE State. .. . i
FXTRACT—Extract Exponent and SIgnificand .. .....oooei i e e ia e es -


https://www.intel.com/content/dam/www/public/us/en/documents/manuals/64-ia-32-architectures-software-developer-instruction-set-reference-manual-325383.pdf
https://www.intel.com/content/dam/www/public/us/en/documents/manuals/64-ia-32-architectures-software-developer-instruction-set-reference-manual-325383.pdf
https://www.intel.com/content/dam/www/public/us/en/documents/manuals/64-ia-32-architectures-software-developer-instruction-set-reference-manual-325383.pdf
https://www.intel.com/content/dam/www/public/us/en/documents/manuals/64-ia-32-architectures-software-developer-instruction-set-reference-manual-325383.pdf
https://www.intel.com/content/dam/www/public/us/en/documents/manuals/64-ia-32-architectures-software-developer-instruction-set-reference-manual-325383.pdf

The Intel x86 ISA

Evolution with backward compatibility

8080 (1974): 8-bit microprocessor
Accumulator, plus 3 index-register pairs

8086 (1978): 16-bit extension to 8080
Complex instruction set (CISC)

8087 (1980): floating-point coprocessor
Adds FP instructions and register stack
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https://www.hpmuseum.org/hp41.htm

The Intel x86 ISA

Evolution with backward compatibility

8080 (1974): 8-bit microprocessor
Accumulator, plus 3 index-register pairs

8086 (1978): 16-bit extension to 8080
Complex instruction set (CISC)

8087 (1980): floating-point coprocessor
Adds FP instructions and register stack

80286 (1982): 24-bit addresses, MMU
Segmented memory mapping and protection

80386 (1985): 32-bit extension (now |A-32)

Additional addressing modes and operations
Paged memory mapping as well as segments




The Intel x86 ISA

Further evolution...
1486 (1989): pipelined, on-chip caches and FPU
Compatible competitors: AMD, Cyrix, ...

Pentium (1993): superscalar (ILP), 64-bit datapath

Later versions added MMX (Multi-Media eXtension) RN
Instructions pentium

The infamous FDIV bug

Pentium Pro (1995), Pentium Il (1997)
New microarchitecture (see Colwell, The Pentium

Chronicles)
Pentium Il (1999)
Added SSE (Streaming SIMD —aka “vector’— J EE UPNENT{UENSI

Extensions) and associated reglsters

Pentium 4 (2001)

New microarchitecture
Added SSE2 instructions

ROBERT P. GOLWELL




Flynn's Taxonomy (1966)

SISD Instruction Pool SIMD Instruction Pool
Michel J. FIynn
> PU |+
=) S N
o S > PU |+
A~ A Vv r
= .| pU | P ecto
= <
8 0 > PU —
sequential
»PU |+
MISD Instruction Pool MIMD Instruction Pool
parallel
Ay ol
< |— PU |+ — | PU |+ =
= =
redundancy S PY —PY
for fault tolerance —|puld Llpyl-

(arguably still SISD)



The Intel x86 ISA

and further...

EM64T — Extended Memory 64 Technology (2004)
AMDG64 adopted by Intel (with refinements)
Added SSE3 instructions

Intel Core (2006)

Added SSEA4 instructions, virtual machine support

Advanced Vector Extension (2008)
Longer SSE registers, more instructions

If Intel didn’t extend with compatibility, its
competitors would!

technical elegance # market success



Basic x86 Registers

Name Use
31 0

Function Return Value EaAx GPRO
Counter Ecx GPR 1
EDX GPR 2
EBX GPR 3
Stack Pointer esp GPR 4
Base (old SP) EBP GPR 5
ESI GPR 6
EDI GPR 7

Code segment pointer

Stack segment pointer (top of stack)
Data segment pointer 0

Data segment pointer 1

Data segment pointer 2

Data segment pointer 3

EIP Instruction pointer (PC)

EFLAGS Condition codes




Basic x86 Addressing Modes

Two operands per instruction

Source/dest operand Second source operand

Register Register

Register Immediate

Register Memory

Memory Register

Memory Immediate

Memory addressing modes
Address In register

Address = R, .. + displacement
Address =R, +2%@ xR (scale=0,1, 2, or 3)
Address = R, + 2@ x R+ displacement



x86 Instruction Encoding

a. JE EIP + displacement

Variable length encoding

Postfix bytes
specify addressing mode

Prefix bytes
modify operation

Operand length, repetition,
locking, ...

4 4 8
gt |Condi| pispiacemen t
tion
b. CALL
8 32
CALL Offset
c.MOV  EBX, [EDI + 45]
6 11 8 8
r/m .
MOV |d|w Postbyte Displacemen t
d. PUSH ESI
5 3
PUSH | Reg
e. ADD EAX, #6765
4 3 1 32
ADD |Reg|w Immediate
f. TEST EDX, #42
7 1 8 32
TEST w Postbyte Immediate




Implementing 1A-32

Complex instruction set makes
Implementation difficult

Hardware translates instructions to simpler
micro-operations

Simple instructions: 1 -1
Complex instructions: 1 — many

Micro-engine similar to RISC (used for pipelining)

Market share makes this economically viable
Comparable performance to RISC

Compilers avoid complex instructions



Fallaclies

Powerful (complex) instructions = higher performance
(+) Fewer instructions required
(+) Made for humans (readable)

(-) But complex instructions are hard to implement
May slow down all instructions, including simple ones

Compilers are good at making fast code
from simple instructions

Use assembly code for high performance

(-) More lines of code = more errors and less
productivity

(-) But modern compilers are better at dealing with
modern processors



Fallaclies

Number of Instructions

Backward compatibility =
accrete more (legacy) instructions

1000

900
4

o0 X86 instruction set 4
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Pitfalls

Sequential words are not at sequential
addresses

Increment by 4, not by 1!
Keeping a pointer to an automatic

(local to procedure) variable after procedure
returns

e.g., passing pointer back via an argument
- pointer becomes invalid when stack popped



Concluding Remarks

Design principles

Smaller is faster

Simplicity favors regularity

Make the common case fast

Good design demands good compromises
Layers of software/hardware

compiler, assembler, hardware

MIPS: typical example of RISC ISAs
compare to x86, and to its micro-architecture
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