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Procedure Activation Frame: mou otn puvnun;

 Activation Frame: tomkec petapfAntec & dedopeva Awad.
— UTOPEL Kal Tiivakeg, evoexouEVWC LetaPAnTol peyebouc
— Evepyec («lwvtaveg») povo oco n oa n dtadkacio «evepyn»
— EVEPYN KL 000 TEPLUEVEL va eTiloTpEP oV rtatdia TG
— «MeBaivouv» (deallocated) poAic emotpe el n Stadikaoia

* MoV otn UvNUN; — oyt o€ xwpo ava (otat.) Stadkaocia
— «OTOTIKA OPLOL.» HLAd. cUXVA TIEPLOO. ATIO «OUVOLLKAY EVEPYEC
— eav evag ava dtadikaoia, dev umootnpilel avadpoun

* MoV otn pvAun; — Ztnv ZroiBa (“Runtime Stack”)
— HOvovV oL («duvapLka») evepyeg OLASIKAOLEC TILAVOUV XWPO
— untootnpilet Avadpoun (recursion) (dpeon n kot KUKALKN)
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Torukec MetapAntec (& Oplopata) og Kataxwpntec

* JuvnOwc Alyec, kat ocuvnBwc xpnotpomolouvtal cuxva
— MAGLLLE VLA TOTUKEC BaOUWTEC LETABANTEC — OXL VLA TOTL. TIVOLKEC
— OpoLWC Kol Ta oplopata (arguments) tng dtadikaoiag
—n C d&xetat povov Baduwta oplopata — VOLKEC LOVO MECW ptr.

= Ta Belovpe o€ Kataywpntecg: TaxutnTta, ZUVTOULO EVTOA.

* AAQ oL KaToXWPNTEC €lval Eva set, yid OAeC TLC SLadLK. !
— evw N KaBe dladkaoia £xeL TIg SIKEC TNC TOTT. UTPA. & Ooplopata

=> [pEmnelL oe kAOe kKANon/enotp. va owlovue/enavad.
— oto Activation Frame tn¢ ditadikaoiag, otn Ztoifa
—tivoc euBbuvn; Tou KaAouvrta (Caller) i tou Kadouuévou (Callee)?
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>woluo Katoywpntwyv otn 2toifa kot Emavadopa

* JWOolMo (save) Twv ra, x8: 00000000
addi sp, sp, -8
SW ra, 4(sp) grow

(—)
sw x8, 0(sp) J XE :EL
* Emavadopa (restore): shrintt (+4) SP
1w ra, 4(sp) Stack
1w x8, 0(sp)
addi sp, sp, +8  7rrerref

* O stack pointer (sp) mtpemetL vat SelxVveL mAVTA OTO TEAEU-
talo (minimum address) katetA\nupuevo Byte otn otolfa
=> otolfa auéAavel pLv To MPWTO save, UIKPOLVEL UETA TO TEAEUTALO
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Xwplotn Metadpaon: dev E€pw yovea/toudid pou!

* @€Aoupe ol SLadLKOoLEC OE YWPLOTA OpXELDL

= Otav petadpalovpe (Compile) pia dtadikaoia,
dev EEPOUE TN XPNON KATOXWPNTWV TOU YOVEQ UOU
(tnc Stadikaoiac mou pe KaAAeoe), oUTE TN XpPNon
KOTOXWPNTWV TWV EVOEXOUEVWV TTALOLWY HOU
(tTwv SLadkaoLwy TToU eyw evOeXoUEVWC Bal KAAEOW)

= Avaykn 2upBaonc KAnong Atadikaotwv
— €XeL oploTel eviaia, yia odoug touc Compilers tou Pem. RISC-V

— gyyvatat tnv appovikn cuvevwon (linking) apyelwv duadikou
KwOKa (T.Y. BLBALOONKWV) MaAalwVv/VEwV & ava ToV KOOHUO
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«Aapketa Zwnc» (Lifetime) MetaBAntnc/Katoxwpntn

e ATO TNV EKYWPNON VEAC TILAC OE AUTHV/AUTOV
— n omotia Vea TLun dev umtoAoyiletal PACEL TNG TTAAOLAC TOU TLUNAG
arto tnv dla TNV EVIOAN TIOU TOU EKXWPEL TN VEQ TLUN

* MexpLTnV tTeEAeuTaia avayvwaon tnc TN Tou
MPLV TNV ENOMEVN ekxwpnon (aveéaptntng) veag TLUNG
— evtoA&c tou SlaBalouv kot ypadouv tov idLo kataxwpntn (m.x.
addi t0, t0, 1) oUte EekvoUv ovTe TeppatifouV pLd «lwn»

* 2Tn SLapkeLa tnG {wng «tov Xpetalopaote» (TnNV TLUA Tov)
* Otav «vekpoc», dev tov xpelalopaoTe (TLun = okouTtidia)
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2UVINPENTLKN TIPOOEYYLON: TipooTacia mavtayofev

e Xpovocg ekteleonc opLllo-
VTLO, KANOELC KaTakopuda

| feel
responsible
to preserve
my ancestors’
contents in X1

O®

| fear
that my
descendants
may destroy
my contents in X1

N N
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* Mpv BAAw KATL OLKO poU
restore GT,OV KataxwpnFn XL
xi OWlw To TTaAoLA TTEPLEXO-
LLEVA TOU OoTNn otoifa pou,
KoL To ETovodpEPW OTOV
TEAELWOW, TIPLV eTILOTPEYP W

* Mpv kaAEéow maldi, po-
otatelw O,TL £XW OTOV X1i

* Xpelalovtal OAa AUTA;




[epitta damavnpn N TPooTacia mavIayo0ev

* Kol o yoveac pofatol
LATIWC Ol artoyovol Tou
KOTALOTPEYP OUV TO TIEPLE-
XOUEVO TOU Kataxwpntn

e Kall o kaBe amnoyovoc
NMPOOTATEVEL O,TL LAV OL
TPOYOVOL TOU HECO OTOUC
KOTOXWPNTEC TTOU QLUTOC
XPNOLLOTIOLEL

* TEAKQ, KATAANYEL val
yivetat SutAn SouAeLa...

lifetime of a variable in x1

(s ISR ®)

duplication P
of effort

/
<.
)

another variable in xi@
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XaAapr MPooEyyLon: ac mpooséouv oL aAAolL

e EAntilw ol tpoyovol pou
va NToV owdPOVEC

| trust
that my
ancestors
have preserved
their contents in x1

»/Iifetime of a variable in xi\«

.. e EAntilw ol amoyovol pou
va elval urtevBuvol

* Eyw, mavtwg, eipal
XaAOPOC Kol aveUBuvoC...

* H urtepPoAikn

] gtur%ty xaAapotng PAArTel
descendants ) Lot !
will preserve copapa v uyela!

my contents in X1

N N

06a - Awadikaoieg, >toiBa, Xpron & Swotuo/Enavagopa Kataywpntwv - HY-225 © U.Crete




KatooTtpodLKO TO VO TO TEPLUEVW OAQL aTtO TouC AAAOUC

* Eyw Ta MEPLUEVW OAXL
oo Tou¢ AAAOUC

e Kot ot dAAoL Ta mepL-
LEVOUV OAaL QO EEVA
* Apal KOVELC
dev KAVEL TUMoTa,
KoL OAOL XOVOUULE
TOL TLAVTOL...

loss
of data!

another variable in xi
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To cwowo euBuvn tou kahoupevou (Saved registers)

| am
responsible
to preserve
callee— my ancestors’
saved / contents insi

ifetime of avar.inreg. si

caller A

callee

D that my
Q7 descendants
will preserve
my contents insi

callee /X J N
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e JUuBaon “Callee Saved”

* EuBUVN KaAoupEvou
va SlatnpnoeL O,TL Tte-
PLEXOMEVO ELYOV OL KOl-
TAXWPNTEC TTIOU AUTOC
Ba ypnolyomotlnoet

e Otav eyw KoAw, EEpw
OTL oL amoyovol pou Ba
Sdtatnpnoouv ta KA
LLOU TTEPLEXOUEVAL

* Register contents saved

across procedure calls
11



To cwowo guBuvn tou Kahovvta (Femporary reg’s)

e JUuBaon “Caller Saved”

e EuBUVN KaAovvTa va
SLaTNPNOEL O,TL EXOULV
Ol KOTAXWPNTEC OTAV
OUTOC KOAEL TtaltdLa

* Eyw elpat eAeVBepoc
vVa XPNOLUOTIOLNoW
TETOLOUC KATAXWPNTEC

| am

freetouseti
destroying

my ancestors’ data in it

SR

descendants

are glso free * Registers for temporary
my contonten £4 values, not preserved
across procedure calls
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Lifetimes of variables that span 2 or more procedure Calls

call return

if placed within a 1 register

Lifetime: A )
call return call >urn
call return

/@) Lifetime: if placed within an S register | ®\

[\ [\

call return call return

"s" (saved) register 1s preferable: fewer save—restores to stack

13



Lifetimes of variables that contain no procedure Calls

if placed within t registers: if placed within S registers:
three independent lifetimes (variables): three independent lifetimes (variables)
no data need to be preserved from one to the other W|th|n one, same s reglster

/ lifetime 1 lifetime 3 ||fet|me 6\ / Ilfetlme 1 lifetime 3 Ilfetlme 6 ®\

lifetime 2 A
/ leaf procedures
all lifetimes in in the tree
leaf procedures are those with
are childless lifetime 4 lifetime 5 no children lifetime 4, ® @ lifetime 5,
— N

't" registers are preferable for childless lifetimes: no save—restores to stackq4




AUo ocUvoAa Katay. — eva yid GUAAa, AAAO YO LOKPEC WEC

* 20V VO EXW XWPLOEL TO apXELO KATAXWPNTWYV o€ VO
KOUUOTLO, KOL VO XPNOLUOTIOWW TOUG LEV VLA OAEC TLC
gvepyomolnoeLg Stadkaolwv-PUAAwWY, Kol Touc d€ yLa
«EOWTEPLKES» HLadlkaoiec oto SeVOPO KOAECHATWY, KOl
HLOALOTO VLA TIC « LaKpOPBLec» petaPAntec ((wec), dnAadn
OLUTEC TTOU £XOUV TTIOAAQ TTaLOLAL LECA TOUG

e Eav n kaBe dladikaoia mou kaAel matdla KaAEL KATA LECOV
opo 1t.X. 10 madLa, eivol oav To OEVOPO KAAEOUATWYV VAL
elval 10-6wko 6evdpo, omote to 90% Twv KOUPBwWV Tou €ival
dUAAa = no save/restore’s 0to 90% TwV MEPUTTWOEWV!
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RV32E

x0
x1
X2
X3
x4
x5
X6
X7
X8
X9
x10
x11
x12
x13
x14
X15

Zero

ra

return address

Sp

stack pointer)

gp

global pointer)

tp

thread pointer)

t0

caller saved)

tl

PN P P P N

caller saved)

t2

(

caller saved)

s0/ £p (or frame ptr)

sl

(

callee saved)

a0

1st arg/ret.val)

al

2nd arg/rv/tmp)

a2

3rd arg / tmp)

a3

4th arg / tmp

a4

5th arg / tmp

ab

6th arg / tmp

x16
x17
x18
x19
x20
x21
X22
X23
x24
xX25
X26
xX27
xX28
X29
x30
x31

a6

/th arg /tmp

a’l

8th arg /tmp

s2

callee saved

callee saved

callee saved

callee saved

callee saved

callee saved

callee saved

sl0

callee saved

sll

)
)
)
)
)
|
callee saved)
)
)
)
)
)
)
)

callee saved

caller saved)

t4

caller saved

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
3 (
(
S |
6 (

)
caller saved)
caller saved)

IS YupBdoelc Xpnong Kotaxwpntwv

* JUuuBaon KAnonc AltadikooLwyv
— petaé Compilers — 6ev adopa to
hardware, éev tnv entBalel to hardware
* Ta Opiopata idla ortwc Temporaries
— Oplopata otouc a0, al, a2,...
— Emwotpedpopevn tiun otov al (& al ?)
—Oool kataxwpnteg “@” (arguments) dev

araoxoAouvTtal oo oplopata eival
SdlaBeotpol yia xpnon we Temporaries

* O RV32E (embedded) €xeL povov 16 katay.

* O RVC (compressed) cupmElel OCEC EVIOAEC

XpnotlpomnoLlovv povo toug x0...2, x8..15
16
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Nwc peyaAwvouv Heap, Stack: Sbrk, sp

* Stack pointer (sp) 6eixvel mavta tnv
AKpN TNC KATEWANLEVNC TIEPLOXNC
— sp-- ONAwWVEeL eppecwc tpog OS: peyaiwpa
 [La va peyaAwoel o Heap npemeL pnta
va To {NTRoE&L To Ttp. Xprniotn amno OS
—Sbrk (Set Break point) environment call
—a7=9; a0 = mAnBo¢ awtovpEvwy Bytes
— Emiotpedel a0 = pointer to 1%t allocated Byte

e Jtolfa & Heap pey. mpoc avtiBetec kart.
=> OALKN Xpnon xwpou

illegal
(4 MBy)

text

(252 MBy)

data

(256 KBy)

heap

|
YSbrk

callA

TEff.fEEfF
8000.0000

()]
< 2oy

)
X

ffff.ffff

stack

O.S.

<—return

17



long long int fact(

{ if ( n<2

fact: addi
bge
addi
jr

elseF: addi
sd
sd
addi
jal
add

1d
1d
addi
mul

jr
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long long int n )

) { return(l); } else { return( n * fact(n-1) ); } }

to0,
ao,
ao,
ra

SPy
ra,
ao,
ao,
ra,
to0,

ra,
ao,

SPy
ao,

ra

zero, 2
t0, elseF
zero, 1

sp, -16
8(sp)
0(sp)
a0, -1
fact

a0, zero

FHRFHFHRHHFHFHHH

immediate 2 needed for "if(n<2)"

if n<2 false, i.e. if n=2 goto ELSE

THEN: create return-value 1, place in reg. a0
return --this is the end of the "then" clause
PUSH1: allocate 16 Bytes on the stack

PUSH2: save ra into first allocated word
PUSH3: save my argument (n) into second word
create argument (n-1) into a0 for my child
call my child procedure

copy return value from my child into tO

# (because I need to restore my own argument into a0)

8(sp) #
0(sp) #
sp, 16 #

a0, to #
# value

# place
#

POPl: restore ra from stack

POP2: restore a0 from stack

POP3: dealloc the 16 B that I had allocated
multiply my own arg a0==n times the return
from my child that I had copied into t0, and
the result into a0, as my own return value
return
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Translation and Startup

C program
P Many compilers produce
\Compiler/ . .
RN object modules directly
Assembly language program
N
stemblt?
Object: Machine language module Obiject: Library routine (machine language) )
/\,5__
( Linker
— > Static linking
Executable: Machine language program

Chapter 2 — Instructions: Language of the Computer — 59




Producing an Object Module

Assembler (or compiler) translates program into
machine instructions

Provides information for building a complete
program from the pieces
Header: described contents 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 associating with source code

Chapter 2 — Instructions: Language of the Computer — 60



Linking Object Modules

Produces an executable image
Merges segments
Resolve labels (determine their addresses)
Patch location-dependent and external refs

Could leave location dependencies for
fixing by a relocating loader
But with virtual memory, no need to do this

Program can be loaded into absolute location
In virtual memory space

Chapter 2 — Instructions: Language of the Computer — 61



Loading a Program

Load from image file on disk into memory
Read header to determine segment sizes
Create virtual address space

Copy text and initialized data into memory
Or set page table entries so they can be faulted in

Set up arguments on stack
Initialize registers (including sp, fp, gp)

Jump to startup routine
Copies arguments to x10, ... and calls main
When main returns, do exit syscall

Chapter 2 — Instructions: Language of the Computer — 62



Dynamic Linking

Only link/load library procedure when it is
called
Requires procedure code to be relocatable

Avoids image bloat caused by static linking of
all (transitively) referenced libraries

Automatically picks up new library versions

Chapter 2 — Instructions: Language of the Computer — 63




Lazy Linkage

Text Text

- LD

-
.IJ_AE)LR E JALR E

Y

Indirection table Data Data
Ly ) ®
Stub: Loads routine ID, Text
Jump to linker/loader ~ LA D
JAL

Text
Linker/loader code -~ Dynamic linker/loader

Remap DLL routine
Dynamica”y L Data/Text Text
ma ed COde DLL routine > DLL routine

PP wr [0 wr [0
(a) First call to DLL routine (b) Subsequent calls to DLL routine
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