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Kootkac Mnyoavnc

" Koowkog oe
VYNAOD
EMITEOOV
vAwooa ( C)

" Ilpoypappo og
assembly
YAOGGO

" Koowkog oe
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unyovng

wvoid swap(int a,int b)

{

tmp = ay
a = b;
b = tmp;

} 7* end swap() */

o .
( compiler )

e

—

MoV rz,ri
MoV ro,rl
MOV rl, r2
MOV oz, rld

assembler

o
S
v

Oxelad2000
Jxeladoodl
Oxelaldlodz

Oxeladfide
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MeTappoomn 6€ OVAOIKO

= Assembler
v Metatpénetl TnVv assembly o€ object code Yo ké0e module (source file)
v" Symbol table for undefined/extern references

= Linker
v Whyvet Tic BiPAodnKES TOL TPOYPAUILATOC Y10 VO BpEL pouTIVES
BiPA10ONKN S TOL ¥PNGILOTOIOVVTOL ATTO TO TPOYPOLLLLLOL
v Em\et eEmtepikéc avopopéc

® Loader
v DopTtAOVEL TO EKTEAEGLLO GTNV LVHALN
v Copies instructions and data from executable to memory
v" Copy arguments to the program into stack

v Jumps to a start-up routine which copies program arguments from
stack to registers and calls programs main routine
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IIep1oyEc evOC TPOYPAUUATOC

= Otav &va TpOYpPALLLE POPTMOVETAL GTNV UVILN OPYOVOVETOL LEGH GE 3
TEPLOYEC TNG UVIUNG TOv ovoudlovTot :
=  Segments
v" Text segment, stack segment, and heap segment

= Text segment (sometimes also called the code segment) is where the
compiled code of the program itself resides

= Stack segment
v Memory is allocated for automatic variables within functions
v’ Particularly useful when subroutines are invoked
v" The variables and data associated with nested routines are stored on the stack
v" Used and re-used during a program’s execution

" Heap segment
v" Provides more stable storage of data for a program
v" Heap-allocated memory remains in existence for the duration of a program
v" Typically holds global and static variables

—
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Lleproyeg pvynung evog mpoypappoTog

Stack segment User stack Increasing
(created at runtime) * memory

L

Run-time heap

Heap segment - |
P Scst (created at runtime by malloc)

Read/write data

Text segment |
Read-only code and data
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Alwaooon 1o ARM
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MéyeBog Asdouévov kot Eviodmv tov
ARM

O ARM sivar 32-bit RISC architecture

Otav wddpue pe faon tov ARM: -- OPIXMOI --

v" Byte means 8 bits
v" Halfword means 16 bits (two bytes)
v Word means 32 bits (four bytes)

IToAAol emeEepyaoctéc ARM vAomo100V 000 GET EVIOAMV
v" 32-bit ARM Instruction Set
v" 16-bit Thumb Instruction Set

Mmropei va yiver configured va BAEmeL T1g AéEe1g mov etvan amoOnkevpuéveg oty
uvnun eite og Big-endian gite wg Little-endian format

Quiz

V" TTov/Twti 0o propovsay va ypnoytoromodv ot evroréc 16-bit Thumb evtoAéc?
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Big <> Little Endian

" Ilwg amoOnkeveton n AéEN 0x12345678 oty pviun ?

0x103 78 3 0x103 12
&
0x102 56 3 0x102 34
=i
=
0x101 34 & 0x101 56
k=
=
0x100 12 0x100 78
Big Endian Little Endian
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ARM Programmer’s Model

= Tietvorn To povtéLo Tov TPOYPOUUATIOTY] ?

®= O ARM éyet entd Paocikd modes Asttovpylog :
v" User : normal program execution mode (unprivileged mode)
v FIQ : used for handling a fast interrupt (privileged mode)

v IRQ : used for handling a low priority (normal) interrupt (privileged
mode)

v Supervisor : entered on reset and when a Software Interrupt
instruction is executed (privileged mode)

v" Abort : used for handling memory access violations (privileged
mode)

v" Undefined : used for handling undefined instructions (privileged
mode)

v' System : a privileged mode that uses the same registers as the user
mode (privileged mode)
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Ot katoympnteg Ttov ARM

O ARM é&yer ouvolka 37 registers ko OAot €lvon 32-bits
v" 30 general purpose registers
v" 1 dedicated program counter (pc)
v 1 dedicated current program status register (cpsr)
v 5 dedicated saved program status registers (spsr)

X onmotoonmote mode, Lovo Eva vwocLvoro Twv 37 registers givail oportol
v" The hidden registers are called banked registers

v" To tpéyov mode tov enctepyaoth opilel morot KoTaympnTég etvat
TPOGTEAAGLUOL

Kd&Be mode pumopet va mpocmeldoet:
v" A particular set of r0-r12 registers
v A particular r13 (the stack pointer, sp) and r14 (the link register, Ir)
v" The program counter, r15 (pc)
v" The current program status register, cpsr

Ta IIpovouovya modes (ektO¢ System) pmopovv va. £xovv tpocPacn ce
v" A particular saved program status register (spsr)
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Ot katayopntéc Ttov ARM (user mode)

Currently Visible Registers

User Mode

Banked Register

FIQ IRQ SVC Undef Abort

r13 (sp) r13 (sp) r13 (sp)
r14 (Ir) r14 (I 14 (Ir) r14 (Ir)

EEEE TS EESEE T
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O kataywpntec oo ARM (FIQ mode)

Visible Registers

FIQ Mode

Banked Register

User IRQ SVC Undef Abort

r14 (Ir) rl4 (Ir r14 (Ir) 114 (Ir)

[ NI
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Banked katoympntéc

= Banking of registers onpaivet

v "Evag GUYKEKPLUEVOS KaToX®pN TG eEapTdTat Oxl LoOvo amd Tov apdud Tov
(r0, r1, 12 ... r15), adAd eniong kot amd 10 mode Tov EnEEEPYAOTN

= O11iuég movu gival amoOnkevuévec otovg banked katoywpntéc
otatnpovvtal Otav aAldlovpe mode.

= Example — assume that the processor is executing in user mode
v In user mode, assume that the processor writes 0 in r0 and 8 in r8

v Processor changes to FIQ mode
0 In FIQ mode, the value of 10 is

0 If processor overwrites both r0 and 8 with 1 in FIQ mode and changes back to user
mode

v" The new value stored in r0 (in user mode) is
v" The new value stored in r8 (in user mode) is

Tpitn, 15 Moptioslo6YPYM 15



Opyavmon Tov Katoyopntowv tovo ARM

Syetem B Lser FlCe Supernvisor Abort IRG Undefined
HE R i R R HO
A A1 A1 A1 A1 A1
¥ Rz Rz Rz Rz Az
A3 R3 A3 R3 R3 A3
Rd Fid R4 R Fid R4
RS RS RS RS RS AS
A& R R& RE RE A&
A7 A7 A7 A7 A7 AT
Ra L RAa-fig Ra R Aa Ra
A3 LH-El-TIq R R R A3
R0 LH'IL'I—TIq 10 ol [0 R0 10
R11 kFl.l'l-frq R11 R11 R11 a11
Ri12 LFHE—fiq R12 R1zZ R12 R12
R13 Lm:-:-f.q LH13—5U1: LH‘IJ—&Lﬂ R13-irg R13-und
R14 B, R14-fig P R 14-sve B, F14-abt R14-irg Al14-und

R1S (PC) R15 (PC) R15 (FC) R15 (PC) R15 (PC) R1S (PC)
CPSRHR CPSR CPSR CPSR CPSR | CPSRH

Epgn figy Epgn R Epgn abt . SRS irg Epgn wmnd

k: Danked rédiuster
SPER = State Proaram Status ARegister
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ECoupéoelc

= OweCpéoelc otov ARM avapEpovial GE OTOLUONTOTE
GLVONKN TOL UTOPEL VO CTAUATI|GEL TNV KOVOVIKT)
KOAOVO10KY) EKTEAEGT) TOV EVIOADV EVOC TTPOYPALUATOC

Exception Mode Description
Ocecurs when the processor’s reset button 15 asserted This exception 15
Reset S - cnly expected to cocur for sagnaling power up or for resetting the
£se UPETvISoT processor. A soft reset can be aclueved by branching to reset vector
(00000000
Undefined Undef Oeceurs if neither the processor, ner any of the coprocessors, recogmze
Instruction the currently executing mstruction
Software Thus 15 a user-defined synchronous mtermupt. It allows a program nimming
I - Supervisor inthe Usermode to request privileged operations (for example an
ntermupt ETOS function) that nm in Supervisor mode
Occurs when a processor attempts to execufe an instruction that was not
Prefetch Abort Abort fetched, because the address was illegal
Data Abort Abort Occurs when a data transfer instruction attempts to load or store data at
= an 1llegal address
IR, IR Oceurs when the processor’s external interrupt request pin 15 asserted
Q Q and the I bit in the cpsr 15 clear
FIQ FIQ Cwccurs when the processor's extenal fast mtermupt request pin 1s assert-

ed and the I bit m the cpsr 1= clear

Tpitn, 15 Moptioslo6YPYM 17




Xeptonog E€aipecemy

= Xepromc ECapésewv (Exception Handler)
v' Most exceptions have an associated software exception handler that
executes when that particular exception occurs
= Where is this exception handler located?

= [livaxoac Atavooudtov (Vector table)

v" Reserved area of 32 bytes at the end of the memory map (starting at
address 0x0)

v" One word of space for each exception type
v" Contains a Branch or Load PC instruction for the exception handler

= Exception modes and registers
v" Handling exceptions changes program from user to non-user mode

v" BEach exception handler has access to its own set of registers
0 Its own rl3 (stack pointer)
0 Its own r14 (link register)
0 Its own spsr (Saved Program Status Register)

v" Exception handlers must save (restore) other register on entry (exit)

Tpit, 15 MaptioBi eGPy 18



Xepouog ECapecemv

= Ortav ocvuPet pua e€aipeon, 10te 0 ARM:

v Copies cpsr into spsr_ <mode> i

v’ Sets appropriate cpsr bits i
" AMayn oe ARM state =
= AAlayn og exception mode .
010 Data Abort
" Amevepyomoinon tov interrupts 707 | Prefetch Abort
. 0x08 Software Interrupt
v’ Stores the return address in Ir <mode> B T r——
v’ Sets pc to vector address 0x0¢ Reset

Vector Table

= [ va emotpéyel , o exception handler mpémnet va:
v Restore cpsr from spsr <mode>
v Restore pc from Ir <mode>

Tpitn, 15 Moptioslo6YPYM 19



T ocvpPaiver 6tav o1 Exceptions
cvuouvv Tavtoypova ?

Vector address Exception type

Exception mode

Priority (1=high, 6=low)

i

Bxi Reset Supervisor (SVC] 1
Bud Undefined Instruction Underl t
Bxd software Interrupt (5WI) Supervisor (SVC) b
axC Prefetch Abort Aborl 3
Bl Drata Abort Abort 2
oxl4 Reserved Not applicable Nat applicable
Bx18 [nterrupt (1)) [nterrupt (TR} 4
@x1C Fast Interrupt (F1Q) Fast Interrupt (F1Q) 3
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Metpng npoypapHITOS

= Orav o emelepynotng ekterel kwowka 6e ARM state:
v 'O)ec o1 evtorég &yovv mAdTog 32 bits
v O\ec ot evioAég mpémet va etvar word aligned

v T owtd 10 Adyo 1 Tiun Tov pe omodnkedetar ota bits [31:2] with bits
[1:0] undefined (as instruction cannot be half-word or byte aligned)

= Ortav o emelepynotng ekteel KmOoka o€ Thumb state:
v O\ec o1 eviolég xovv mAdtog 16 bits
v" O\ec ot eviorég mpémet va etvar halfword aligned

v TV owtd 10 Adyo 1 Tiun Tov pe amodnkevetat ota bits [31:1] with bit
[0] undefined (as instruction cannot be byte aligned)

Tpitn, 15 Moptioslo6YPYM 21



Current Program Status Register

* O Current Program Status Register (cpsr) eival £vag eEE10IKEVUEVOS KATOYMPNTNG O
0Tto10C;:
v" Holds information about the most recently performed ALU operation
v" Controls the enabling and disabling of interrupts (both IRQ and FIQ)
v Sets the processor operating mode
v" Sets the processor state
11 25 17 4 13 lé 15 8 7
INZ['_:‘;'-:;- I Undefli n e d I
| f I s I b 4 I o

=
e
=

mode

]
Hy
H

cpsr can be divided into four fields, with each field being 8-bit wide
v Flags field: contains the condition flags
v Status field: reserved for future use
v" Extension field: reserved for future use
v" Control field: contains the processor mode, state and interrupt mask bits
All fields of the cpsr can be read/written in privileged modes

Only the flag field of cpsr can be written in User mode, all fields can be read in
User mode

Notation: we will use cpsr_f to refer to the flag fields of cpsr, cpsr_c to refer to
control fields of cpsr, cpsr_cf to refer to both the flag and control fields of the cpsr

, 15 Maptioblogreyn 22

—
i)
I—q‘



Current Program Status Register (cuv...)

11 25 17 4 13 16 18 8 T & & 4 ]

Condition code flags

" Interrupt Disable bits.
v" N = Negative result from ALU v" 1=1: Disables the IRQ.
v’ Z.= Zero result from ALU v" F = 1: Disables the FIQ.
v" C = ALU operation Carried out = T Bit
v 'V = ALU operation oVerflowed v Architecture xT only
= Sticky Overflow flag - Q flag v" T =0: Processor in ARM state
v . v" T =1: Processor in Thumb state
Architecture STE/J only .
"  Mode bits

v" Indicates if saturation has

\/ .
occurred Specify the processor mode

YnevOopuon : 0tav couPei pio e€aipeon 10t€ 0 Cpsr
AVTLYPAPETOL GTO AVTIGTOLYO Spsr <mode>

Tpitn, 15 Moptioslo6YPYM 23




Elwcaywyn otnv Assembly yAwcoa tov
ARM

= Baocwd onueio tov ARM Instruction Set
= — apyrrektovikn “Load/Store”

= — 32-bit instructions (except when the processor is in
Thumb state)

= —32-bit and 8-bit data types

= — 32-bit addresses

= — Load and store multiple instructions

= — No nstruction to move a 32-bit constant to a register
(Why?)

= — Conditional execution of all instructions

= — Co-processor instructions (we will not use these)

| Tpim, 15 MaptidBlogreY 24



Katnyopieg twv evtoAwv tov ARM

= ARM instructions can be broadly classified as

v Data Processing Instructions: eneEepyosio dedopévav
LEGO OTOVC registers

v Branch Instructions: oAloyn TG pong T@V EVIOADV N
KAN|OTN LTOPOVTIVOG.

v Load-Store Instructions: peta@opd dedopévov petaco
registers Ko Wviung

v’ Software Interrupt Instruction: mpoxaiei pia drorconn
interrupt

v Program Status Instructions: Siéacpa/ypéyipd tov
KOTOYOPNTOV KATAGTACTG TOV EMECEPYAOTN

| Tpitn, 15 Mopriob'8ereYT 25



Avatopia pioc evtoAnc ARM Data
Processing

<Operation>SC0RA= {S}  Rd Rn ShifterOperand?

Operation — Specifies the instruction to be performed
Almost all ARM instructions can be conditionally executed

Cond — specify the optional conditional flags which have to be set under
which to execute the instruction

S bit — Signifies that the instruction updates the conditional flags
Rd — Specifies the destination register
Rn — Specifies the first source operand register

ShifterOperand2 — Specifies the second source operand
v" Could be a register, immediate value, or a shifted register/immediate value

Some data processing instructions may not specify the destination
register or the source register

Tpitn, 15 Moptioslo6TPY 26




EvtoA&Eg emeCepyaciac AEOOUEVDV

" Amotelovvtol oo :

— Arnthmetic: ADD ADC SUB SBC RSB RSC
— Logical: AND COER EOR BIC
— Comparisons: CME CMH TST TEQ
— Data movement: MOV MVN
" TapooElyuOTA
- ADD 0D, rl, 2 %rd 4% rl+4rz
- aAns rO, rl, r2 %r0 % rl+r2 and update cpsr’'s necv bits
- ADC 0, rl, 2 %rd % rl+4rZ+4C C i3 the carry bit of cpar
— 8UB rZ2, r3, #1 %r2 %4 r3-1
- 8BC rZ2, r3, r0 %r2 % r3-ro+c-1
— RSB rl, r2, r3 %rl %4 rz2-r3
— MOV rl, #0x8f %rl1 & 0xB8f
— MVN rl, #0x8f %rl %4 OxfEffff70 (rl := not Ox8f)
- CMP ro, rl %compute rd-rl and aet cpar’s necv bits

= Ot evtolég ovykpiong B¢tovv flags povo - they do not specify Rd
= H uetaxivnon deoouévav ogv kabopilel tov Rn
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Extéleon vo cuvOnkn

= A useful feature of ARM 1s that almost all instructions can be
conditionally executed

v Instruction executed only if appropriate N, Z, C or V bits in the cpsr are set

= Conditions under which the instruction should be executed are postfixed
into the instruction using one of the mnemonics (shown on next slide)

v If the instruction contains no mnemonic, the instruction is always executed

= « Examples

— ADDEQ r0, rl, r2 cxr0 % rl+rZonlyif Zbitin cpsx 1s set

- ADDEQS x0, rl, =rZ2 cx0 & rl+rZonlyif Z bitin cpsxr 1s set and update
:the N, Z, C, Vhats of cpsr

- RDD x0, rl, rZ2 . r0 & rl+rZ regardless of cpsr bits
— ADDMTI r0, rl, r2 : r0 % rl+rZ2onlyif N bitin cpsris set

| Tpitn, 15 Maptiob'SeTeYN 28



Mvnpuovika cuvOnkav

' Tpimn, 15 Maptios'SereTn

Suffix/Mnemonic | Description Flags tested
EQ Equal =1

HE Mot equal £=0

CS/HS Unsigned higher or same C=1

CC/LO Linsigned lower C=0

MT Minus N=1

PL Positive or Zero N=0

Vs Owverflow V=1

vC No overflow V=0

HI Unsigned higher C=1&Z=0
LS Linsigned lower or same C=0or 7=1
GE Greater or equal N=V

LT | ess than N!=V

GT Greater than £=0 & N=V
LE Less than or equal =1 or N=IW
AT. Always

29




Extéleon vto cuvOnkn

= Use of conditional execution improves code density and performance
by reducing the number of forward branch instructions

without conditional with conditional

C code
insiructions insiructions
if (x '= 0) CMP r3,#0 CHME r3, §0
a=hkb+c BEQ skip ADDHE r0,rl,xr2
ADD rd,rl,r2
skip

= By default, data processing instructions do not affect the condition code flags
but the flags can be optionally set by using “S”
v CMP does not need “S”
Loop

SUBS rl,rl,#1

BNE loop
= N, Z, C, V bits of cpsr do not get updated by an instruction unless the S bit is set

| Tpitn, 15 Moptiob'@6YP1M



[Tapaoetynoto Extédeonc vmo
cvvONnKn

= Use a sequence of several conditional instructions
if (a==0) x=1;
CMP 10,#0
MOVEQ r1#1

= Set the flags, then use various condition codes
if (a==0) x=0;
if (a>0) x=1;
CMP 10,#0

MOVEQ r1,#0
MOVGT rl #1

= Use conditional compare instructions
if (a==4 || a==10) x=0;
CMP 10,#4
CMPNE r0,#10
MOVEQ r1,#0

Tpitn, 15 Moptioslo6YPYM 31



Barrel Shifter

ARM processors include a barrel shifter that
can be used to shift the second operand

Shifting can only be applied to the second
operand

Shift value can be specified by either an
immediate constant or as a register

Instruction do not take any longer to
complete

v unless the shift is specified by a register
Operand 2 can be
v" Register
0 Shift value can be either be:

— 5 bit unsigned integer
— Specified in bottom byte of another register

v Immediate constant:

0 8 bit constant rotated through an even number
of positions

Tpitn, 15 Moptioslo6YPYM
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Earmeal
Shifter
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Result




Eion oAlcOnonc

" Logical Shift Left (LSL) by n bits (multiply
by 2n)

— |

" Logical Shift Right (LSR) by n bits
(unsigned divide by 2n)

| Tpitn, 15 Maptio8lgeTeYN 33



Eion oAMoOnonc— 11

= Arithmetic Shift Right (ASR) by n bits (signed divide
by 2n)
v'If the original most significant bit 1s 1 (for —ve numbers)

1 —{]
v'If the original most significant bit is 0 (for +ve numbers)

= Rotate Right (ROR) by n bits |
R e
= Rotate Right Extend (RRX)

I4
1/ NATANNT "r\l

4 4 M~ M I 4 E
Tpitn, 15 Maptiov21 P
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Xpnon tov Barrel Shifter

= Omnowdnmote evtoln data processing pumopet va ypnoiponomoel tov barrel shifter
vo, emeEepyaotel Tov devtePO TeEAeoTN (shifter operand)

= Shifter operand could be
v" 1. An 8-bit immediate constant rotated right by 0, 2, 4, 6, ...30
In this case the shifter operand is of the form #constant{,#rotation-amount}

Examples:
o MOV r0, #32; r0 « 32
o MOV 10, #32, #2; r0 < 1

o MOV rl, #0xFF, #4; rl — 0xFF000000

v" A register shifted (LSL, LSR, ASR or ROR) by a constant (from 0 to 31) where the
amount of shift is specified by an immediate value

In this case the shifter operand is of the form register {, shift shift-amount}
Examples:

o SUBr0,rl, 2, LSL#2;10 —~ r1-4*r2

o RSB0, rl, r2, ASR#2; 10 « r2/4—rl

All multiplications by a constant which is a power of two +/- 1 can be efficiently
implemented using the barrel shifter

Examples:
o r0=rl *8 MOV 10, r1, LSL #3
o r0=rl*9
0 =rl+(r1*8) ADD r0, r1, r1, LSL#3
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Xpnon tov Barrel Shifter

v’ 3. A register shifted (LSL, LSR, ASR or ROR) by a
constant where the amount of shift 1s specified by
another register

In this case the shifter operand is of the form register {,
shift register}

Examples:
o0 ADD 10, r1, r2 ROR r5;
o SUB 3, 12, r1, LSL r0;

v 4. A register rotate right extended

In this case the shifter operand 1s of the form register,
RRX

Examples:
0 MOV 13, 2, RRX;

T Tpim, 15 MoprtioBleereyn 36



Kmwotwkomoinon evroAwv Data
Processing

* Binary encoding of instruction

v Example
o0 ADD 10, rl, r2; 10 < rl+r2

21l 30 28 27 26 25 24 23 Z2 21 20 1518 17 3 2 I
a1 - -\-I ~ — | = - -~ - - - - - e SOl I N N - - - - - - -
(NN N | O oo oo oo o rorotoaforo] 1
[l el -i = =, L k —r = J - s = = —r e e | b 4 e -’
T

0 ADS r0, r1, #256; 10 — rl1+r2 and set cpsr’s nzcv bits

1{1l1lolalalalala oo -~ - S [ I I R ) I I I I D R I R
LI g ] L LOl0 0 1] | R IR IR RN AR AR N
J UL J UL

d1J2s]ojo]xlezfolg[x[elojolslefo]ols
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2 0VOoyM

= ARM architecture
v" Banked registers
v" Exception handling
v" Current program status register

" ARM instruction set

v Data processing instructions
v Conditional Execution of all instructions
v" Barrel Shifter

= Next lecture
v" Branch instructions
v" Load/Store instructions
v Program Status instructions
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