LC3 OS basics

LC3 System Start-Up Assumptions
We will write an OS for the LC3.
What would a real LC3 do at start up?

--- PC points to BIOS (Basic 10 System).
--- POST: Test and initialize hardware.
--- BOOT: Read disk block 0 (512B);

--- BOOT: Store boot block at x3000;

--- BOOT: JMP x3000.

2. Booter execution
--- Read OS disk blocks, load at x0200,
--- JMP x0200

3. OS execution (JMP)
--- OS code begins execution at x0200.

Our Simulation Equivalent:

Mewm
J’nsk TE\(/Tr} vT

nz(ul Tvr

0200

2
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resd boal.bin

-- readmemb( "0s.bin" )
-- PC <==x0200

InT QS

OS code intialization

(interrupts are disabled: PSR.Priority == 7)

-- set Supervisor's GDP (R4) SP (R6) BP (R4)
Note: can't use subroutines until SP is set up.

--setup VT

Note: can't use traps until VT is set up.

Initialize service routines, e.g.,
JSR kbint_init BEGIN

-- turn on INTs, PSR.priority <== 3'b000

-- jump to OS command loop (also, service INTs)

while( 1) {
display_prompt();

command = get_response();

switch (command) {

case "r": do_run(); break;

case "q": do_quit(); break;
case "h": do_help(); break;

}
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;---- OS initialization, Set up GDP, SP, BP

LEA R4, Data PTR

LDR R4, R4, #0

LDR R6, R4, #(offset to Stack_PTR)
ADD R5, R6, #0

Data_PTR: .FILL Data_Table



Disable INTs globally:

--- PSR.priority <== x7 Pribr.l-b,
Enable INTs globally: PSR
--- PSR.priority <== x0
111
Can be done in software
--- see, RTI tricks
.. uSeq
Priority Controller
Encoder B
TIRO_
LRO-9.] 000 J A>B INT S{INT
Control-bus . 001 Code S| A
IRQs from .
devices 111
IRO_7 |

--- 1/0O device i sets IRQ_i = 1.

--- Highest priority goes to comparator.

--- If ( Code > PSR.priority)

INT <==

uSeq branches from state 18 to 49
uSeq saves state,

jumps via VT

INTY

Vecloe
> —

handler jumps back via RTI execution.

Prior \‘l’j

. Sfc]és‘ 4’9" 57
Prior\“‘f«a Push Q_?_C_‘_]:'——_‘ PC
Push Q PSR ~—1
[~ PSR swap stacks
Ré push PSR
push PC
0 Prlbffl'y vector
N P i
fivy|ege
Overall effect: 'Mewm J
VT
--- Save program's state, 70 To 1Cé+CQ\" ‘X
Jump to service routine
INT service
--- Service the INT request - RT
Note:
_--JRest%re Erogram's S.tate C> Pro} kernel = Supervisor
ump back to instruction ksp =SSP




Ini"’ 'Hrc SeriCC KOV-‘_W\C

KB_setup : ;---- init the KB interrupt handler

LDR RO, R4, #(KB_VT) ;-- RO <=
LDR R1, R4, #(KB_int)

set up VT for kb

STR R1, RO, #0 ;-- Mem[R0] <== R1
JMP R7 ;== return from KB_setup
KB_int: j-=-=-me-eeeeeee-e- KB interrupt handler ----
push__ ( R7) ;--- save registers
;== handle KB interrupt: get char, ...
pop__( R7) ;---restore registers
RTI

--------- Enable KB interrupts (turn on bit 14)

LDR RO, R4, # KBSR)

LDR R3, RO, #0

LDR R2, R4, #(ENmask)
f,

;-- RO <== pointer to KBSR.
;-- R3 <== content of KBSR.
:-- R4 <== enable mask.
;- R2 <== OR( R3, R4)

= pointer to VT slot.
;- R1 <== pointer to KB handler

gaeh howice, fa e ovm ot coutine,

address  Mem

VT

/m
Rl 0200
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—————-

Ccée
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W am address .

STR R2, RO, #(KBSR) :-- KBSR <== R2 7[,“,,\.; 4 f.o0t
sy Gyubl Teble)
D Table:
mata_ able Wem
KBSR: .FILL xFEOO ;-- address of KBSR
ENmask: .FILL x4000 ;- bit 14 is 1 emab)
LDR RO, R4, #(KBSR) €
LDRR3, RO, #0 CJ
MAK LDR R2, R4, #(ENmask) Wi 0d€
| T/o mis | Edd |
b«'.\'c\\ FEP® |KBSK
KesR [747. - 7 - 0100 0000 [ENwmask
15 1y 1¢) Rs ?? R
h | o o @
@ R3 gets KBSR's data:
N RO <==Mem[ KBSR]
Ready | | WT-enshle RZ [ovd A8 <==MemlRO]
R4 gets bit-14 mask:
—q7 PSR R4 <== Mem[ ENmask ]
TROC¥] s
—] 4 3 \§ | T Turn on bit 14:
— ) 1/ - R3 <==R3 OR R4
= 7\9 > TN <
19 R3 data overwites KBSR data




Pre-processing OR(R'/ Kl J R3 ) im LC 3 I SA

1

R| « x+at= 9@3 yia‘

&Z - />< NOT R2, R2 eslore

— arqs ¢
R3 « \(f) NOT R3, R3 ;5‘

Rl - 7>Z§(,)' AND R1, R2, R3

Rl - _,>ZY(')_ NOT R1, R1

Sl'mp\e. subst u’TuTi on SP:YJ

De W\orjah’s
| &l

NOT R2, R2

NOT R3, R3

STrm 3!

ijng'/

ORTG X020 SPELL - R4ELL
.END
.ORIG x0200
\ — >, ADD R6, SP__, #-1
.END
cat foo.asm | sed -e ' s/SP__/R6/' > foo_pre.asm
cat foo.asm | sed -e ' s/SP__/R6/g ' > foo_pre.asm .ORIG x0200
ADD R6, R6, #-1
\/ .END
a.V 5 v ACV\.‘.S cat foo.asm | sed -f sed_defs > foo_pre.asm
.ORIG x0200 KS/SP—/ R6/g
push__(R4)
.END \

cat foo.asm | m4 > foo_pre.asm

back %uo e

define( push__"',
add R6, R6, -1
str $1, R6, 0')dnl

T\ \ .ORIG x0200

add R6, R6, -1
str R4, R6, O
.END




Pre-processing for data offsets

in global data table

LDR RO, R4, #1

LDR R1, R4, #4

Data_Table:

.FILL x0000 ;-- VAR foo
.FILL xFEOO ;- PTR KBSR
.FILL x5678 ;- PTR bar__
.FILL xX9ABC ;-- PTR fubar__
.FILL x8000 ;-- VAL Mask15

.FILL x4000

JSR, TRAP?

}/\

(
;-- VAL Mask14__ (

what ace These ¢
thll a,o WL{ mcer 'h?

Zé’/»u/\ ZI; rfa)? 3'

LDR RO, GDP_,
LDR R1, GDP__,

#KBSR__ )
#Mask15_ )

s/GDP__/R4/g
s/foo__/0/g
s/KBSR__/1/g
s/bar__/2/g

s/fubar__/3/g

s/Mask15__ /4/g
s/Mask14__ /5/g

«— sed comw\m.lv 10\|€
OR
Wl commend fif

define( GDP__",
define( foo__"',

MY 0/065 SUAS7LI'7l;&h I[Dr ANGA_

JSR__(KB_setup__, RO, L1)

/

"R4')dnl
“0")dnl

Data_Table:
.FILL x0000 ;- VAR foo__
.FILL x5678 - VAL bar___

.FILL KB_setup

;-- PTR KB_setup__ (2)

'Fm.a\sw\

cat m foo.asm | m4 > foo_pre.asm

TRAP_ (x25__, RO, L2)

Data_Table:
.FILL x0000 ;-- VAR foo
.FILL x0025 ;-- VAL x25

(0)
(1)

LDR RO, R4, #2
JSR_(2,R0,L1) —>| LEAR7 L1
JMP RO
L1:
(0)
(1) foo,.pre. asm
define( GDP__', R4")dnl
define( foo__', 0')dnl
define( bar_"', 1')dnl
define( KB_setup__', 2')dnl
define( JSR__"',
LDR $2, GDP__, #$1
LEA R7, $3
JMP $2
$3:")dnl
defipecazy s e (oo e
LDR $2, GDP__, #$1 tgigg’ﬁzo’ #0
LDR $2, $2, #0 ’
LEA R7, $3 JMP RO
IMP §$2 L2:
$3:")dnT




Environment

Simulated device controllers

could communicate with host system's physical devices

through host OS's file system and disk. Execute a second process, "kb.c".

stdin, stdout are
buffered in host OS.

stdout buffer not
flushed for individual

char output until eoln.

Delays seeing output
from LCS3.

Have to send "/n" w/
each char? Does not
look good. Oh well.

Processor £ re&c]mem MEM
BUS God
interface \
disp_ctl kb_ctl
$surife \f UN Bool sre&clmm
/o T. o 7 —
b\! F‘Fel’ 0s.bin kbData.txt

stdout

stdin

~o il we emld, Av\jloot)ué’s fkﬁed?

kb_ctl (faking keyboard input):

---- INTs occur with fixed delays.
---- char data comes from array of ASCII codes:

[ x21,x22,x23, ...,1 == [; # $§ ..]

--- readmemb() initializes array at boot.

L¢3 OS sTrUd'urCJ Low

MEM

TRAP

Prograwy

service toutive

wtere vt hawdler

HW

OS consists of layers. Lowest are 3-part device drivers.

Kb..\f\qw”er e 3,:1' date,

KbService —t  hamdke re%des"\' |

. KB
Kb..m\‘\—-—? Sct vp IVT Vdrlver

PROGRAM
TRAPs Vayr

(1) init, set IVT addresses, etc. (2) interrupt handler responds to HW device, buffers data (3) service
routine handles requests from higher-level software (OS or user) to send data to program's memory area.



.ORIG x0200
GDP_init__(DATA)
GO_TO_ENTRY__( CODE )

DATA: ‘
.FILL x3000 define( STACK_addr__", 0")dnl
.FILL x0021 define( PUTC_vect__ "1")dnl
.FILL PUTC_init define( PUTC_init__", "2")dnl
.FILL PUTC_srvc define( PUTC_srvc__"', 3")dnl

CODE:
LDR SP
LDR BP

ISR__(
ISR__(

TRAP__( PUTC_srvc

GDP
GDP

PUTC_init
GETC_init

RO,
RO,

PUTC_init:

JMP R7

PUTC_srvc:

JMP R7

Virardhisl OS \

Iwit

#STACK_
#STACK_

L1)
L2)

RO, L3)

A 73
j
3

hanJle,r :
service:

DATA SEGMENT

CODE SEGMENT

setT up STACK

Set vp IvT
use a Sservice

luan on INT;
Go To Main LooP

Lo

w-level:
basic abstract interface
-- read, write

Mid-level

built on low-level
abstract structures

-- pages, disk blocks
-- buffers, connections
-- data structures

-- queuing

Higher-level

-- files, documents

-- pipes, streams

-- objects, remote/local
-- RPC, RMI

-- policies, scheduling

r USER
105 API
\ bs
!
Sexvices

~
derved” || driven
device | |donic




load MY defs aud process W/ mY

cat m4-defs foo.asm | m4 > foo_pre.asm / Ml{ JQJ(’{

changecom( ;")

define( GO_TO_ENTRY__', ;-— GO_TO_ENTRY__( CODE )
LEA R7, $1_PTR ;- LEA R7, CODE_PTR ;-— R7 points.
LDR R7, R7, #0 P-- LDR R7, R7, #0 ;-— R7 gets addr.
;-- JMP R7 ;—— go to CODE.

JMP R7
$1_PTR: .FILL $1')dnl :--  CODE_PTR: .FILL CODE ;-- data.
define( GDP__', R4')dn]l ;-- GDP_ == R4
define( BP_"' , R5')dnl ;-- BP__ == R5
define( sp_"' , R6')dnl ;-- SP__ == R6
define( GDP_init__"', ~ ;-— GDP_init__( Table )
LEA GDP__, $1_PTR ;- LEA GDP__, Table_PTR ;-—- GDP points.
LDR GDP__, GDP__, #0 ;- LDR GDP__, GDP__, #0 ;-—- GDP gets addr.
BR 1init_GDP_done J-— BR 1init_GDP_done ;-— jump over,
$1_PTR: .FILL $1 ;- Table_PTR: .FILL Table ;-- data,
init_GDP_done: ')dnl P-- init_GDP_done: P -- to here.
define( JSrR__"', ;--— JSR__( func__, RO, L1 )
LDR $2, GDP__, #$1 ;-- LDR RO, GDP__, #func_  ;-- RO gets addr
LEA R7, $3 ;-- LEA R7, L1 :-- linkage
JMP §$2 ;--— JMP RO i-- call
$3:')dnl i--  L1: :—- return here
define( TRAP__', ~ ;-— TRAP__(vect__, RO, L2)
LDR $2, GDP__, #$1 ;- LDR RO, GDP__, #vect__ ;-- RO aimed at VvT
LDR $2, $2, #0 ;-- LDR RO, RO, #0 ;-- RO gets addr
LEA R7, $3 ;- LEA R7, L2 ;-- linkage
JMP $2 ;- JMP RO ;-- call
$3:')dnl L2: :—- return here

;5 md-test.asm
1
;; test our m4-commands as a preprocessor.

.ORIG x0200

GDP_init__(DATA)

GO_TO_ENTRY__( CODE ) 4}

00, &sh

PEILL x3000 define(’ dd 0an  glarTs here

.FILL X efine( STACK_addr__", "0")dn

.FILL x0021 define( PUTC_vect__', "1")dnl slax S

.FILL PUTC_init define( PUTC_init__"', “2')dnl
CODE:

LDR SP__, GDP__, #STACK_addr__

LDR BP__, GDP__, #STACK_addr__

JSR__( KB_setup__, RO, L2) Aside: stripping out blank space after pre-

TRAP__(x25_ , RO, L1) processing

cat m4-def

KB_setup:

JMP R7



d5S :>er5 M O)k‘ar Ae\!e| p me{\'} e st of two parts:

Called (JSR) by OS init.

Return via "RET", "JMP R7".

D ——— --- PUTC srvc
;—— putc.asm, a module Called via TRAP
§ Returns via RET.
,' 33+ttt
;—— .CODE 'z%mﬂ
T e , TVT
PUTC_init: xQ021: -
ldr r0, GDP__, #PUTC_vect ;—— r0 <== slot addr
ldr rl, GDP__, #PUTC_srvc ;—— rl <== svc addr oS init:
str rl, r0, #0 ;—— IVT[r0] <== svc addr N
ret —Jsr
;;;—— PUTC_srvc() - trap x21: RO == char PUTC_init: /
e rel —
PUTC_srvec: ;————————————— e ———— —_—
putc POLL: ;—— do PUTC_srve:
ce ;== status <== DSR ret
i
BRzp putc_POLL ;—— until (status == READY)
et ;—— DDR <== char (print char) user
[~—
TRAP
T T T T T T T T T T T T T T T T T T T T T T T T T T T T e e RA <
;;,—— .DATA
; —_—_— hde
DSR: .FILL xFEO4 ;-- display status )
DDR: .FILL xFEO0O6 ;-- display data M w To ()5

DSR_READY MASK: .FILL x8000 ;—— DSR[15]=1"7 .
— M Sow)Ce m/ 52

wouldwl it be nice l'p - vis. Lok Mﬁy

Mew

TESTING W\Aeremscd' 01 0S CGAC L

. ? ____N________ 9 _ ___

;—— putc_driver.asm

________________ pured

;—— set GDP 40200
;—— Set stack. SGTSTMK
;—— arg <== MY_CHAR TRAP XZ|
;—— trap( arg ) Halt
done: PuTC. .dSm
;—— R4 <== STOP_CLOCK
;—— MCR <== R4 (halts LC3)
;;—— .DATA ————————————— e ———
STOP_CLOCK: .FILL x8000 ;-- MCR[15]=1 SJWCL
MCR: .FILL xFFFE ;-- mach. ctl reg
MY CHAR: .FILL x0041 ;-- ASCII 'A'




Ryild 4 Run

PU+C<"€S m
1. edit ORIG %0200
Pu-h_.érwer 711 ) co— { Aer(l‘
PITC.ASM |— 3 putc
VEND
P v 0Cess “ -,L nas éeﬁ\ Scj
re-¢p ) G$Sein e, anver/ a’p} LT ond MY deﬁ (g)
% make os.bin OS=putcd \
cat m4-defs puicd.asm | m4 > putcd pre.asm cat putcd.asm | Ic3pre >

putcd_pre.asm

Ic3as putcd_pre.asm G
cat putcd_pre. | obj2bin | sed’'id' > putcd_pre.bh

cp putcd_pre.bin ../run/putcd.bin

if u;inj fcnngim, s'hrr ‘\ere

@ Ron (e ‘A/ Show oM Sc/&m?

ad . / rum top_test_os.v
wp a.oit Teouk /ron el
Frusk [scct 63
e A a.out
putcd.bin
putcd_pre.bin $ redsmen
= 1;&6\"%

con:o/e Screen: | A




P\SIAC Quﬂk QAA*O(‘?

make as ASM=putc

PUTC .ASM |—

L3 pre, /0036.5

Py c-Ariver. GSM

First Try:
Edit .asm source code. Concatenate .obj files.
Need symbol table to adjust addresses.

pu'}c_Pre, oL j /-\

make link
1ST=putc_driver
2ND=putc

_—>

\ pv C..AN'VC(_S-T-PTQ.O&").
make addST ¢
SRC=putc .
DST=putc_driver 7 P"+CJ' °b_)
c3pre .
[C 3 25 po‘}c.énm.s"'.pte.o\}j
Pu c-Jriver..E\' ASMm 3
n P C.|N~°LJ
Pl driver. asm link editing
; J putc_driver_end: ==
;—— putc_driver.asm PU ¢ size_of( putc_driver )
N .ORIG x0200 PUTC_DKIVER x0004 == N
LDR R1, GDP, #driver_end__ . oftset fo pulc_init
LDR R2. GDP. #putc_init._ ) Jum?f relative to start of putc
_ni_ Te
ﬁgFE)RRFfz R2, R2 '\t_\m'\' putc_driver_end + x0004 ==
CuN T; P address of
.FILL 0 ;—— putc_init ‘me 'l' _Jr've tl‘ ¢
'FILL driver_end Dok putcanveCeng: EDITING: Copy the value of
driver end:
.END 7, P0+C 000"'
// putc.asm Symbol table N X
// Scope level 0: ‘s, ) +
// Symbol Name Page Address ¢ puTeamil: from symbol table to
//
1/ cof’ FILL O
// putc_init_END
// putc_svc
// putc_POLL 860
// end_putc_POLL 000F ) .
// putc_END 0012 ---- lables need to be identified C 2 as
// PUTC_TVT_LOC 0018 ) | ini .
/B o018 external putc_init sSumes
% §§§_READ,{_MASK 8812 ---- handle data references similarly
// END 001cC

---- next step: edit .obj files instead of .asm
need each .obj to include its symbol table
need table to identify where to edit



Advantages of linking
1. Code kept separate, independent
2. Test module once, reuse as tested component

3. Compile/Assemble separately, smaller builds (Make, avoid re-compile/re-assemble

Link methods
1. by hand: include all source code into one unit, then hand edit to fix.
2. linker: write an .obj linker
3. C compiler: it includes a linker (and a pre-processor)
Write LC3 assembly (main.asm, foo.asm)
---- Use Icc C conventions
---- rename to match Icc (main.lcc, foo.lcc)

---- let Icc do the linking for you:

Icc main.lcc foo.lcc

.OBJ linking Advantages: /(C -C fO’O.C = /oo' /C'c
--- separate module development: name independence ~—
--- partial builds w/ linking (what Make is really for) fo@inu

--- easy to link C w/ assembly ;

--- stack discipline: reentrant code, multiple threads

(see trunk/src/lcc_annotate) //CC /o’(),( = g ?/5;:44

4.0bj



NA 2nd layer service
Q S) ,Js wjfll uses 1st layer abstraction.

) print a string to display.
wen S
sex T T
4 s-\-g\y\)(y ;—— puts.asm
; .CODE
PUTS — Cll\a,r HE =====================
i:) ;;;—— puts_init
PuTC A T T T T T T T T T T T T T T T T T T T T T T T
\
\.\W) s . 3ttt
. \ ;77— puts— trap x22:
A\SP‘Ua ; ;;—— Display string, RO == address
puts_BEGIN: | ————————— e —
% push__ ( R7 ) Sal R?
-Tééi’ Same 45 ?U c mov___ ( R1, RO ) ;—— Rl <== char_ptr
ILDR RO, R1, O ; —— char <== *char_ptr
Link _ _ _
\*1A(N6f‘ while nonNUL: ;—— begin_while
=£========== BRz end_puts_while ;— until ( char == NUL )
pdg TRAP x21 ;- call putc
ADD R1, R1, 1 ;= char ptr++
Pdt: IDR RO, R1, O ;== char <== *char_ptr
BR while nonNUL ;=

end_puts_while: ;—— end_while

pop_ ( R7 )
JMP R7 ;—— RET

Y[e%l‘gcl Cealls Sowing R/

ADD RS, RS, -1

o ) ST o

trap__(x21) TRAP x21 LDR R); R6, 0
pop__ (R7) ' n

ADD R6, R6, 1

In general, may need to save ALL registers.
===> CALLEE SAVE (called code save registers)
===> CALLER SAVE (code that makes the call saves its own registers



’pofsi Ue, macras

--inc__(R1) --dec__(R1)
--set_ (R2, #const5__ )
-- mov__ (R3S, rRO0)

-- push__(R5) -- pop__(R5)

--sub__ (R1,R2,R3) --or_ (R1,R2,R3)

--jsr__(#mySub_ ) --trap__ (x13)

--getc__ -- putc__

--halt__ - puts__

- intsOff intsOn___
aka,

psevJo -in s'frvc'h'ons

Q)(o\/iées Mecl'mmsm ’por
negted wl\é/recursim

QR wacros howe

\\

7 on]ale mbersco(e

Qavxéi)(\'é\l\ CQBQS ave 55\’
A, e»cpec*eal

Qr%\)m\r& (e‘a\s+e6 are
undharnged | ody Sectindhan
d!\&N\ eS

ASW (0de
W/ wWgcres | @
o

R cade
(no W\Mros)

\N/4

/s o)

ADD r6, r6, -1
STRr7,r6,0

LDR r7, r4, #5
JSR r7
LDR 17, 16, 0 push r7 M s
ADD r6, r6, 1 Jsr £ }
o0 healed
popr7 calls

example translation

mov_ (R3,R5)  ADDR3, R5, 0

zero__(R2) AND R2, R2,0
inc__(R7) ADD R7, R7, 1
push__(R5) dec_ (SP_)
STRR5,SP__,0
pop__(R5) LDRR5,SP_,0
inc__(SP_)

mov__(R5, R5) ;;-- sets NZP CCs

sub__ (R1, R2, R3) not_ (R3)
inc_ (R3)
ADD R1, R2, R3
dec_ (R3)
not_ ( R3) ;;-- R2, R8 unchanged,
mov__(r1,r1) ;;-- sets NZP CCs



0OS desigyx

args

ref VILI’,
Calls

h fﬁ‘lm- ) e,veQ

erviees

Establish Uniform Conventions
Program interface to OS

--- Where are args, return values, return addresses?
--- Stack usage: push all to stack?
--- RO points to data struct, R7 has return address?

--- General abstract device interface:
--- read, write, append, ...
--- Mode changes, OS module independence
--- user/supervisor swap, messages to modules

— ean scneen =

M O(Wf/aﬁ w/ spaces

— /lo:» W)mg?

— wheli  sonaen W’Z

~ e cwsn = _ add pos[ﬁ{m conden T puck

= rewé&e extire screen/ need (ouﬁe(‘
- delne \/JAWQ screen D’LJ'eZt;J h)emm(a;
— dedone N cwmnend wimdon”!

— Processes/owners -{ — 'meCAM;Sm; f:ﬂ swlfcﬁf/nj, ulen Unp#

— sJo— \,Smc\ OWS

GMPMU
6re ()hl(‘ I/O Pi)ke'\ 0 chsrlay P S
f enndim
R haoor | porae zﬂlis
16-bit word refers to one pixel, K o [ pres LC3 Wem
Each pixel has three intensities R, G, B: ;3155
ORRRRR BBBBB VIDEO
— —~— . e RAM
. . 03 L
5 bil 5-bit 14 S /
ChotFe xC 000
Red Blue o
\ (ﬂ e xFDFF
Logt pire|)



011111 00000 000001

00000

0O 0 inc. Red

00000

000000 00000 000000
3 E 0 0

000000 11111

.FILL x7FFF ;---- White

.FILL x0000 ;---- Black

.FILL x7C00 ;---- Red

.FILL xO3EO ;---- Green

.FILL x001F ;---- Blue

.FILLx0 0 1 0 0 0_ 01000 ;- Gray

— wacros ?

.FILL xC000 ;;------ VRAM___
.FILL x0080 ;;------ VRAM row _inc__

LDR RO, GDP__, #VRAM___
LDR R1, GDP__, #VRAM row _inc__
LDR R2, GDP__, Green___

;,========== Draw diagonal green line

Loop:
inc( RO ) ;;---—- move to next pixel (right)
ADD RO, RO, R1 ;;---- move down one row
STR R2, GDP__, #0 ;;---- write green pixel

> 0 ine. Green

447 /{./. c — 'oixc(R¢>

LDR R1, GDP, #Red___

LDR R2, GDP, #Green___

ADD R1, R1, R2

STR R1, RO, #0 ;---- RO points to pixel

Frovide Triaps for
—fou-ﬂet/c/ /Jr}mﬂ[il/es
- /l{'ytw’@ve/ ops éj c/ea‘r>

- OAJ'CC s
-—NinJowsj

—  psevdo-movse ?

- Se/«‘kbn ?



]h‘l'erruél'—c]riven I/0 \

O< j@ym w/ 3 pwd's

Interrupts any executing code,
-- might not be requester,
-- another trap or interrupt handler?

— U r“cguf\rf,

— Service c4ec/<s
s‘[’ad'\uj WAl

— hawdler del ers,

J;m es ﬂLa:f Wi,

Wa kes vp serVice

Must restart interrupted instruction
-- w/o state changing its state

-- Both handler and user transistion to-from coma state when interrupt occurs.

-- Is either totally or partially aware of state change of other?

-- If state is completely restored, how do handler and service communicate?

TVT

VT



Keyboard interrupt handler In Hordworr:
| push (PSR, PC), wep st«Ls/ PSR»Pritfrl"’ =Y
save state, turn off interrupts In Dendlon: sawe 85 as ree hd

--- get data from keyboard, put in buffer §h Ahtl: & resd {JM'M

KBDR coaunaca
KBSR[[CJe o)

--- change status 1 .t wold Anow M%M Joa date

-~ handshake kb_ctl (enable kb interrupts) ) ;/;;_% nf{thfm: Hom
it 2hauld )

} Yo humdlin : restore regs
- RTIl (pop PC, PSR, swap stacks, changg :mugcei&ﬁ’ taned om via

--- handshake kb_ctl: "got data, all done"

--- restore state, turn on interrupts

Pop (PsR)
t t y es
sz(mls on po/n/m/ PsR [15] Vi, POP( Q)
Keyboard service Requester
Forever()
i none ) --- format request
--- check queue for requests sloe set number of chars
eep set local buffer location
--- check status (jome % 03)
--- send request
--- if status == ready trap to service
copy data to requester --- on return ”"U#}OIC
update buffer use data in local buffer  pq, es'\'or S
return from call Z
lone Se am:l’
--- else reg. - pareie
e% "\ /\ r‘ﬂ% o "\T'h (eaxsll
wait: sleep (jump to OS) Lb b or
S‘IC SVC [\
Processes”
INT hm'\cl\e( cD\&V\ges ,?absvc / S 5"'5}8 ) l\s
OS res+ac+s j{bSVC cine Kb reZ’ STATE
e S WL

PSR | buf




Qur ¢ Req stuctuce

vSey

35‘2, -
Use Rﬁ

ghu&w\ E‘L%M

/m qetc_Bean

/—w\__ké-l—
buf
reaéa

Jebsve

'g:l'r st

f\;t.\m jﬂAf""'F (ZN)
tokeost: chon = bof [fid] ; M** (1)

S
X | st

éuf how e»a/oiﬂ F&dég < Yo’

el
ho: a)AJJ(SjeeF ?>

/kb wj— buf 1’107L %///?
i - bf <

— rCAJ;t &—&

— W %e, 4 regues"}or)

/

© py/Y8
b fed (s )
‘e Buffer Details.
2’ --- What to do when empty?
/2 N --- How to avoid overflow?
D lest if( first == last) ...
N-1
— Managing shared variables.
int handler, 1 and
: buﬂ: bt = chhar v: .FILL x0001
J v, RO <==

(state saved, registers saved, switch)
2-Reads v, RO <==
(state saved, registers saved, switch)

Pointers walk around buffer, inserting at "first", removing at "last" vV <== RO+1

bt

hb X

(state saved, registers saved, switch)
2-Writes v <== RO+1

What's in v? "first"? "last"?

and kb _int are
cooperating, concurrent,
asynchronous sequential processes:

--- Sharing a resource "buf";
--- Controlling access via "ready";
--- w/ Waiting (sleeping).
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Two (jemej\ﬁ& s']kruc'*vres
— /rokS !

- Q,J So]e possess'lm O/]V S/;MeJ Source
— othet wids wili fock noleased

gobc it hardlon
it (o ock) wait (JfLock)
chon< L.ﬁ{e‘ou_"( ) /PAtUV\ ( Cﬂm)
wnfock () Lok wnock (uf Lock)
— Wes sa,jes;

- wat Ja message, Lond ’”UP((‘}
— e Mesya)},o,/ wo‘\»JL jfﬂ /&JJ»&

It handlon —=] pufm/ o “| —s

<— [ * deve 7 e—

%d:_c_ —> f\‘%h“oujfo 17
] [“Ao‘\ne“, \)l/']

N
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Redurn I8 OS

What to do when user program
finishes?

--- Act like a function exited and

\ :
. return to the place in the OS where
v oowh — C OS? comnand 0S the jump occurred?
N

--- Restart OS at a fixed location?

. USER

el bun g opelh?

NO /

B <t t oS
1 How, whet mechanicn ?

%HIH
/

- 7. Whoe, and do whef P
POSSs\b sl j’\es / |
Lommand e
1 — wa  rel _ ' Jg
. - reTwwn, 44,
e At R7 Xz{m }/mf — 90’\1; USQL_J 5u1)rou me
£ Usorn. Needs winn - TN
Lota 1;2 Mmt+ ~ Or, npver ré}urhsj
dine R7. On push retuwn

Usn exiTs
address, Uaen musd /P«@GW) OSQSA :);L(S oiw'gkw
thin RET - BUT mde chamge? See (3). J P
7 - ue RTI
° % Aufpen - o’AQ) Mh&) & mjﬂ hfo s'I'MlQ w/ O&Aﬂvxm& P¢, PSR

. 4% UWUL) W‘(M CAMmpR, P/U}VL[”ZL OXCQJO‘VJ (Re-c"\fmg N (rJ/ /MJQ (Amf{)
3' - rpj\wuv\_j;_os_,_,
°D€gdne aww%~T@P Wmmw
whers, £ Jorp t o 05, Lo abso Jme,ﬂmM%
Buf, et chamge made back Js kel mody ?

Pﬂlhé 3 fide : e dﬂeﬂ aramlc ex copling . Sw'd(% m:Jer :a’cfc//;\; /n%m\



ﬁ(/V)j/L To do‘.
— St rufun, mecheniom

._SJ M;We,,j}/wmn)ﬂwf vans e]LC.

'*Sej/}qoo& 78 uLN
~5eju10 UMJLJM/L

NOTE:

We will only run kernel-mode
programs. No need to

--- set user stack

--- change mode

when jumping to a kernel-mode

program. But, we will load

kernel programs to the user

memory area.

1 ]L ) Insert a preamble, preamble jumps to main.
- j/mlo © MQM User code does RET back to preamble.

Preamble code jumps back to OS.

Switching between code "entities" (concurrent execution)

interrupt/exception
--- saves state of currently executing code
--- transfers execution to other code

RTI
--- restores state
--- transfers execution back

Waiting/Sleeping needs same mechanism.

Switch Context

--- Use a hardware (timer) interrupt (involuntary switch)
--- Use illegal opcode (voluntary switch)
interrupt/exception handler does:

--- save current code's state (save registers, stack)

--- select next context (scheduler)

--- restore state of code to switch to (fill registers, stack)
--- push saved PSR

--- push saved PC

--- RTI (restores PSR, PC)

NEED:

--- List of currently "in" execution entities (processes/threads)

--- for each item in list, a data structure:
--- PSR, PC, RO, R1, ..., R7, (+ why it is waiting)
--- Scheduler: select next thread to execute from list

0s men

“Threals INT handler
RTXT
Coée

Ddla,

PC [ 7R | Regs
9€ PC| PsR |Reds
handler
SWAPS STACK,
STACK >
{ Pec
T pusi 7\ | LSE

RTI Pof




LinKjng , Link /Losd objecls

%> cat f.c

#include <stdio.h>
#tdefine MAX_NUMS 10

int main()
{

int index;

int numbers[]MAX_NUMS];

printf("Enter %d numbers.\n", MAX_NUMS);

Usually, linking not done on .asm files,
===> link .obj file ("link objects").

Link objects (may be collected in "library" files.)

Unix: cc-c f.c ===> f.0
LC3: Icc -c f.c ===> f.obj
Linking

Unix: cc f.o g.o bar.o
LC3:

Static Linking:

Library header provides
pointers to sections of
code.

Sections extracted and
copied to form one file.

Loader:

Headers stripped (.out
headers), executable code
copied to memory, along
w/ preamble.

References (addresses)
fixed

---- at link time

---- at load time

Icc f.obj g.obj bar.obj

===> f.out
===> f.obj

load
Jaed

machine
code

JSRR RO

Ipostamble
FILL ?

/]

==> f.c uses operating system's services.

==> HALT and OUT.

==> NOT in f.c's C code!

—=> printf()? IS THAT C TOO?

==> printf.asm is linked in.

cd bin/lcc-1.3/Ic3lib/

Is
getchar.asm  printf.asm
putchar.asm scanf.asm
stdio.asm stdio.h
load object

Foit

pee

7

LDR RO
JSRR RO

Jink

FILL 2

Q_._O

.

files on disk

°

L’S‘j'néd/
Z"a',ble

I

Mem

pc—]




|bf)l\am'|t. Load

fvﬁ*ﬁnt
Mem
LDR R P
PCET JSRR R i
’TKA‘E’ x22
9
Imp R7
Jump
Table
Contrast:

Dynamic linking (.DLL)
--- call is via a jump table

--- jump table filled in as
needed at runtime

--- 1ST jump goes to loader
--- executable loaded

--- next time, jumps go to
loaded executable, P

--- Pay time for first access
--- after that, same as static.

dynamic Loader

PC—

LDR Rp P
JSRR R

P

dynamic Loader

PC—

LDR Rp P
JSRR R$

=~ P

How much memory space wasted by g?
What if f never makes jump to p, completely wasted.
Can we do better?

Compctlet) {"OF
dynamic load

Dita,
Jump
T, s
able TRAP x2 2
Pt s
Imp R7
TKAS x22
g miar |,
Imp R7

baftm,
Jump
Table



C C.thev\'l'(ans, «QC% —?cc S+v|€

2 OS JVM,P

A.45m ~

:J:fi\e fvvFo

Text sej \m\;\'

:j dato Sejmeﬁ'l'

'

a. ‘DJ

. Preanble 1~ 0S retorn
mMan
EnTeR
Standardized CALL and LEAVE protocol
c.‘."!' r 1. ENTER: set up stack
LEAVE 2. do stuff
ret 3. LEAVE: unwind stack
91 : Main setup just like a function call
ENTER OS provides arguments in same way
as function call.
‘ LEAVE
l rc'l'

. . 0bje <t
Object structure (.0 or .obj) Header
0. Header(s)

Pointers, offsets, types Preawb le
Mdin
1. Preamble inserted
Handles OS conventions 3
2. Text Segment(s)
machine instructions Data
3. Data Segment(s)
pointers to functions g ¢
constants' data :
global variables : :
variables' initial values mtr%gd?rz ();)) ;{
}
int main() {
inty, z;
z=1;
y =9(2);
return(y);
}




.Orig x3000 int g( int x, int w ) {

INIT_CODE H PREAMBLE int y, z;
LD R6, STACK_POINTER y = x+5+w;
LD R5, STACK_POINTER z = y+2;
LD R4, GLOBAL_DATA_POINTER return(z);
LD R7, GLOBAL_MAIN_POINTER }
jsrr R7
HALT int main (void) {
GLOBAL_DATA_POINTER .FILL GLOBAL DATA START int a, b, c;
GLOBAL_MAIN_POINTER .FILL main ;;-— pointer wvar. a=1;
STACK_POINTER .FILL xF000 b = 2;
c = a+b;

H TEXT SEGMENT return( g(b, c) );

( main's and g()'s text) ... }

i ; DATA SEGMENT

GLOBAL DATA_ START: Me w\
g .FILL 1ec3_g ;;—-— Pointer variable to g() .o ®
L1 _f .FILL 1lc3_L1_f X 3000
L4 f .FILL 1lc3 L4 _f PREAMBLE
L3_f .FILL #2 ;:—— CONST 2 3 TEXT
L5 f .FILL #1 ;:—— CONST 1 R7 = —-
L2_f .FILL #5 ;;—— CONST 5 6bP/RS
.END | Dats DATA
STACK
BF/Rs
o xF009
SP/Ré
main

;i m—————— BEGIN ENTER —--—————-
ADD R6, R6, #-1 ;;-— allocate ret val space

ADD R6, R6, #-1 ;;-—— SP—-— SP ap
STR R7, R6, #0 ;;—— push ret addr -3 ~1 .
) b}
ADD R6, R6, #-1 ;;-— SP—— RP Jf cads | mam's
STR R5, R6, #0  ;;-- push BP cusy > [ BF RS STack
ADD R5, R6, #-1 ;;-— set new BP < RT Lram
A pusH & e
HH allocate locals
ADD R6, R6, #-3 "( X fodo
;j——————— END ENTER ——————————

. m (L
ldr R7, R5, #0 ;-—- R7 <== Db AO

ldr R3, R5, #-1 ;—— R3 <== a

add R3, R3, R7 ;—— R3 <== a+b

str R3, R5, #-2 ;—— ¢ <== R3 SP—>

ldr R3, R5, #-2 ;—— —_
ADD R6, R6, #-1 ;—— sp— ]2464.05 ,
STR R3, R6, #0 ;-- push c pp — Qs Mam
ADD R6, R6, #-1 ;—-— sp—- Y] Vet

STR R7, R6, #0 ;-- push b |« RT

ADD RO, R4, #0 ;-- RO <== address of g() pointer

LDR RO, RO, #0 ;-- RO <== address of g() X fodo

jsrr RO ;—— call g()

On MM/SPMZL) [’imgq_



ADD
ADD
STR
ADD
STR
ADD

LDR
STR
LDR
LDR

RET

-g
;j——————— BEGIN ENTER —-—————-
R6, R6, #-1 ;;-- allocate ret val space
R6, R6, #-1 ;;-- SP——
R7, R6, #0 ;;—— push ret addr
R6, R6, #-1 ;;-— SP—-
R5, R6, #0 ;;—— push BP
R5, R6, #-1 ;;—-— set new BP
;i ————— allocate locals
R6, R6, #-2
;o ———— END ENTER —————————-—
;——————— BEGIN-LEAVE ————————
R6, 5 ;;-— SP to
R7, R6 ;;—— ret val to
R7, i ret addr
RS, ;;—— restore BP
jj——————— END-LEAVE ———————-
LDR R7, ;—— Pop
ADD R6, R6, #1 ;—— SP++

On éfwvv\ pop reYaJH
(or pop vocd nw\M

R7

Matn

L YALY

Wam

sP—s| Z EocaaOS
66—
BP
ReY adc
}L“,osw
5
e
X fo0o0
z ]roap.s
J
3 O
Re
/_
R?
SP—
: }L“Dﬂ
pr— 5
] X7
X fodo
R7
SP—> ]Lca‘oﬁw
gp— 5
] < K1
X fodo




l/uhoj' is & ‘fumih'm\é name? mem

_ COX SEG
: mam:
Mff ~ pof*\:]'e( m‘mMQ gx Qom+\on in ’meYS)Of ) - call foo
;o B Zlores an a9 fess ) 13_foor Lo o
wid fao (i) {3
DATA SEG
\gw Cornn  PGSS Jf as a«awww& Foo: |[ gez_doo
‘ pass by value? (value on stack) STACK SEG
deG’MEI—}WY\a ( 'ifoo ) / pass by reference? (address of var on stack)
a ﬁmaﬂ f’“md@b
How do . wae £ 7 s \ e bl

\’M\éusu JCCQM&W\ VO'lB AOJM&LM&( \/0'1:0( (* )coo) \/OiA ){“»ﬂi

Thed cam be de-referenced,” amd t‘l«* e
b welue o an address

Now we CAM W\A%‘wlt le
<*.p°°>( 31‘

cmnp‘;j(, -hMc_
For ~the. Wnpi}efz, the yome i, In "W‘J Symbe| Table
ko the DATA 567'“0&|'. he u}im\t ECANC runt'me
T
GDp —> DATA TABLE
3
LDRR7,GDP__, #3 <— gdr the p°'m+€r V&M L X 12 3%
JSRR R7 < une i \t’LQ)UU Acr‘efcn(’g‘ {
R7 [x1234

!

pc le'3'+




Neael & .0 (}JA ij
by gec.

o vod fud gl Fone

W haand bewr MJJ ;,JL

assem“& oo ATT /“3;&“

AQS'I'\'V\J"I\GY\ m ":'39‘} -

o con i o T

%> gc

¢ -S fo.c

%> more f.s

file  "f.c"
def _ main; scl 2; type 32;
.endef
.section .rdata,"dr" ASCIL x OA = Lf
LCO:
.ascii "Enter %d numbers.\12\0"
text \ S0
.globl _main Ascn x00 = UL
def _main; scl 2 type 32;
.endef
_main: cave Bp : P"14 3P

pushl %ebp — s
movl %esp, %ebp _— 7ew BES sP—=>BF
subl $104, %esp
andl $-16, %esp
movl $0, %eax —

/Mméc sphcc : S - /oY
(,l("gn‘. XO*‘PSPD:JJ

T more preamble






