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FEUNTLREAANTHIAN

v 1
AUTZAIATINIRRUINIEN (Som  language)  UBBNNIRINNIIWRILA
mmﬂﬂuﬁoLma?'tﬁ'ﬂ‘l'n”lunwﬁnu'ﬁ'n'm'wﬂanuuummﬁﬂuﬁomaﬁm:m?ﬁmm

Wsunsuwlan1m (Compiler) ndadsgnesnuuuunldarunsadnlananumunglddne

AN (Operator) 18 duiidnsausiludeynsalifiunans (Infix notation)

d co v ° ¥ < v d” 1
wazilizUuuyreslesnnsaidnuaule st laussGauinmillalionn

Al S . e A
_J = o# ° v '
8 & nwﬂmun to, if, else,
ptl -. 32991 1.1
'] N / \\ 2

Opez: l//‘..;_ I\\X\\ -
Arithmetic o !!ﬂ A‘l' \\\\\\
L 4\

Bitwise op

Nugunsinalung
b R R IEE PONENE

while, for LLAT case LA

A

Shift operatio %%
Assignment %
Array declaratd ﬁ’ﬂ?@yf
N I V4

7 i
mmé’uﬁﬁquﬂgfjs ol ?')unaq (Global variable) Aauls

Nz (Local variable) fiagfaurlsansisd (Asray variable) Tmﬂvxmuﬂs‘dounmamnn

s B WS G VRIS B AL K duusiounansdacen

1
co A

wﬂnl'i‘lé‘luw,nﬁgk'nuluiﬂmnw d')w"zuﬂﬂam:mu@xqmmnlﬁ'@m‘luﬁmwwnn

U

ﬂ?:ﬂﬂﬂt%ﬂ@@ﬂﬁ%m%ﬁﬂ@m%}aﬁsﬂunmwmﬁuw

n'mJ:‘:nﬂ%mﬁi‘éﬁmlﬁﬁ’oﬂixnﬁnmi‘wﬂ"luma‘ﬂsxmn

b

maatllsunsun1m&ulunismaineusesilynvenesaues
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num = array 4 //global variable an array

// define function "mov" with 3 arguments and one
local var
to mov n from t | other = [
if n == 1]
num: from = num:from - 1
num:t = num:t + 1
]
else [
other = 6 - from - t
mov n-1 from other
mov 1 from t
mov n-1 other t

1

[

anTusunsumag 97 umﬁ 1§ \‘\n ¢ 1 faA8 num teetlusoulls
Wl

ANFLTEHIUNA 4 TR WATN LTI Wlsend Jl \\. e ~:e lunisgnaiedeya
e

o o dy —=
ANALNFBINTFETN 1Y (faiadinis < 4
num:0 = 0 A3

qvuuqﬂmnqmqql e S SR O SpAnanIt G ases— o

Y )
18 nmnuulu?ﬁmi‘ \

- "I
AMUNTA91 mov  IAENITUTENA
ﬁqn-nuqvumiﬂs‘"n'mmw =

i
to fuﬂl H_He p aﬂWWI [] el?local2 =

Tmmv'l'nmmfnﬂo Lﬂumwumiﬂ?mﬂﬁﬁqn'ﬂuu wmﬂ'mﬁq ummnumvnﬂu
nwﬂ@%'ﬁﬁﬂfﬂ@%ﬁi%‘%’ﬂﬂ%ﬁl'}ﬂﬂ s
UsznAshutsianiziiselyl ndeainnissznrAudsiansiiudaaraudoseio g

e uﬁ'ﬁqLﬂufﬂmnmnwﬂ'luﬁqﬁ'iuﬁw]

TullsunsunrmduiiasiinasldiaTaanung ~ .17 Wun1sNINUATRLLIIATE
' v ] v
WsunsuuazFaudsianizinieullsunsy sadulullsunsusaasinaiunHandu mov 1
o Aﬂ' al Aﬁ' 1 4' ( ‘\' o/
WAWATEIMNNEY =~ HiAFaauaa ~ [~ aginalunisuenduiuqnEnaesseuieanaidy

o e o Yy o = -l' d‘ ' o
mov WHLAY UALINAAUNINTU mov UWAINATHLATAINNE n [ (WaLANINAUNINTU mov
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mmdusesiulisunsuuuuGanda (Recursive) fainldarntlsunsusaatinediiy
o o/ 1 o U : o
mi‘mmmﬂummﬂrymuﬂnﬂﬂmwam:tﬁuiﬂmnwmﬂmqmnmqqnLiﬂwnu'luanﬁm:

o %
aalsunsuiFendn

v
lnaausadsulasaiandnanmassntmdusenunldsed

Notation:

* zero or more times
[..] optional

' constant symbol

Grammar:
toplevel -> 'to
fundef -> iden
args -> i

ex 2> '{ ex* '

exl =
'if ex0
'while
var '=

fun ex0*
' ex0 |
'array ex0
'(ex0 ")

bop -> '+
< | o'<

AULINENINYINT
IR TN TN
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TdsunsudmlSeufieusanssaus

luunflazuanssuatiullsunsuda WU U AN U LU LS NI UL E N TR

wanunagana 7 Tsunsulugtuuunimds

2.1 Tdswnsa hanoi

num = array 4

to print x = [x syscall
to nl [10 syscall 2
to sp [32 syscall

.“;;;

to mov n from t2 | othemw="
if n ==1 [ '

num: frgg

num: =

print S0

prin 2

nl /

else [

]

to main | disk
disk = 3
num: 0
num:1
num: 2
num: 3
mov disk 1

..
-
) d
S 1 )
r
!
[j 1

Qo O
H

e FUHININTNEINT
IRINTUUMINYIAE
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N = 20
a = array N
to print x = [x syscall 1]

to inita | 1 = [
for i 0 N-1 [ a:i = N - i ]
]

to show | i = [
for i 0 N-1 [

to swap i j | t
t = a:i
a:i = a:j
a:j =t

to partition p r

X = a:p
i=p-1
j=r+1
flag = 1 i
while flag [
j =3 -
while (a:j)
j =
i=1i+1
while (a:i
if (‘Cﬁii’i
] g
j m

] -

to quicksort

““ﬂﬂﬂﬂﬂﬂﬂiﬂﬂﬂﬂﬁ

cksort P g
quicksort g+l r

QWW\‘Iﬂ‘iﬂJNWIWIEﬂﬂEI

to maln
lnlta
show
quicksort 0 (N - 1)
show

main




2.3 Tusunsa bubble

MAX = 20
data = array MAX

to print x = [x syscall 1]

to init | i = [
for i 0 MAX-1 [
data:i = MAX - i
]

to show | i = [
for i 0 MAX-1 [
print dataw

]

to swép ab | ts=
t = data:a

to sort | i j = [
for i 0 MAX-1
for j

]

AULINENINYINT
ARIAINTAUNM TN
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2.4 Tlsunsy matmal

N = 4

a = array 16
b = array 16
c = array 16

to print x = [x syscall 1)
to space = [32 syscall 2]
to nl = [10 syscall 2]

tomul a b | ni=|

H
o V]

(e]

2 b
+ a

858 3

]

//simulate (i,j) = i
to index i j = (mul 1

to inita | i j =
for i 0 N-1

to initb | i j =
for i 0 N-1

to matmul | i j s
for i 0 N-1
£ :

"d (b: (index k j))
] J i
]

«o ) RUHINENTNYINS
I aSASET TInenay

to main = [inita initb matmul show]

]

main
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2.5 TUsunsu sieve

N = 100
a array (N + 1)

to print x = [x syscall 1]
to space = [32 syscall 2]
to nl = [10 syscall 2]

to show | cnt last i = [

cnt =0
last = 0
for i 2 N
if a:i [

print

while (mul p p)
i=p *p
while j

p=p ';

- ﬂuﬁ5+ﬁﬂwswawns
ammnmummmaﬂ

main




2.6 Tusunsu perm

N = 4

val = array N

id=0 -1

to print x = [x syscall 1]

to space = [32 syscall 2]
to nl = [10 syscall 2]

to writeperm | i = [
for i 0 N-1 [

print val:i

space

]
nl

to visit k | t = [
id = id + 1
val:k = id
if id ==

] A
for t 0 N-1

]

to main | i = [
for i 0 N-1

]

visit 0

main

AUEINENITNYINT
ARIAINTAUNM TN
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2.7 Tsunsy queen

to print x = [x syscall 1]

queen = array Q

to find level | i tl t2 t3
if level == Q [ L
soln = soln
]
else [ -
for i Q.=

& (level < t3) [

] #uﬂqwﬂﬂswwwns

find O
print soln

- ’QWWQﬂ?ﬂJﬂMWVIEHQB

maliln
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nsudalusunsunisdanliitdunwvagiguua

Tsunsuarmduazgnudasideglugluuunimuesiauudiiasdananuds
(Statement) Tmﬂmmﬂmﬁwum:ﬁw%mﬂuwé’nmwmuﬂﬂﬁw‘iul.mﬂ‘fm Waldlunis
Aansiulisunsutian Tnadwualiisdames R2 uay R3 vnutiulu SP uay FP sualsy

&

duradined RO war R1 MlunisAatuaniialy msutlaTusunsulifinisdnassisaaisas

D

. . ‘J a : = o ©
(Register allocation) Wavannisaainesiagluiies anvasaanes R2 uay R3 flavautinm

o z = 4 7 o i U o/
nsulaAafioi A liny angakieeeny 3 dousaiingnaldluade

' : ol g — - '
#5.3.2 laun dounld egme um-hﬂu Memory-mapped /O

d‘ z 4 1
wazdruniununuiog g

..... e

"""" -
I,

ammn o) 11216 2

7 A1 mamﬁm\mﬂqmﬂmLnum'lwuoﬂm']mwaua

ArRITRaMnasTgana C1 RRueAAsaT luuALLLTURN uRuAT ATy
v 1 v 1
rauian [-2°, 2°-1] AafuniminuiuApsifAsnnndreuaisnudesindailuld
] ° 1 i U ] o ' 1 nl
lumgarudndayadaudai uaznanetinuangs LDA iy ddeensldrrasii 3000

° ' 1 ° ° 1 A [l : i ' A ] J 1
avAeninetdn 3000 WldlNlumisaaadnluiaunisiiegluiuiidaed Felufites
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o ! 'A o [ q 1 v
AmualiiAvlfluaanegi 0000n Aagti A1 arGenldArAsiitazauisadouly

v
AELRETNUA LHAIN

LDA RO, O

v
n19g1909sautlsdaunane (Global variable) 146a% (Pointer) lun1sdmnassaudls
:‘; A o/ : o/ -3 1 d' 1 o A n’l’ o
dqunaraviaie  Teaddatresdudsasifufludrasnluntaaaanusnned wasaliles

° [ ¥ a 1 ° g -: v o
Auvitresiayaafalumieauadauiufideyssulsdoaunana i

global 0 = 10
global 1 =

|
N
o

a1ngU¥ A1 lwaiiagh 0@0nwae 0002h (iing ML eataessaulsdaunans

global_0 ua global_1 ﬂw"mu"lfﬂumtmmw 1000h

ta 1010h

N193ANT769LUTD ﬁ‘dounmq nenfausanfise

v ot
o P v

= dﬂ‘l’v °
QENAVITNTENLDYAAUNUS

array 0

ansauanslaseairedoyad uils array_0 Fludasinumis 1020h 7

Wudeyadeusnaasanfised nasai nqsidnfiefautlsdaunansuazfauls
o« L 1 =S 2
A1distarnanana g -
. ] Y]
atinannanaliy @:ﬁ'}?mmﬂaﬁa:'ﬁﬂmwﬁwu

V‘ o o/ o - o » o i - z
TaneaFredayauann Aetiygiaaiiunizdu (Pysh) WAZAS (Pop) ‘f-iuﬂummtuun'wwujﬁu

to v SRR HRANSART

ﬁlﬁi"]\‘m A1 I’l’ﬂ:ﬂI.I.'E]‘L‘ﬁ&l‘l.lﬁ‘llﬂ\iﬂmtuuﬂ”li‘ﬂullﬂm

1 . STW Rn, 0 (R2)
Push Rn to stack <push:Rn> SUBI R2,1
i ADDI R2,1

Pop top of stack to Rn <pop:Rn> LDW Rn, 0 (R2)

o o a o < o ' a o =<
AIANUUNITAU <push:Rn> ﬁﬂﬂ’l?ﬂuﬁ'ﬂuli"ﬂﬂlﬂﬂﬁ‘ Rn m'lﬂ'luuamn LAasNITAY

S = 1 o a '3 ﬂi < a 'S
<pop:Rn> ABNITANANRNUAANNAUNT IS lUTAaImeT rn TaET Ry ABLTRALAES (RO-R3)
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[ . ' ! A °
damnudalunmduniseentéidy 3 Ussnnldundananudeiiduniséuam nns
' ! o] v
Funlsunsutias (Subroutine call) uazdenrrudsnrunm (Control statement) lutiay

asuensulalaeRansaundenudusazeialfidun e suua

A.1 nsulatanandslunisAiuan

nsudadenciudeuuunisAtuan wtanasiansaneeniily 2 douldunnag

nMuAAIRauLs (Assignment) WAZNITAIUIDLANTINAL] (Expression evaluation) 11u

=\

v
FaatiN9mtl

NITMINAANTUIAI B + i LazIe AU LA INATLAY

udusasiuadws iU TagazaeadutLeniu

A.1.1 NIFATUIUATS

&anilsngluinafilsgne RIAWAITN (r-value) UBTAaANTUNNITY

o © a ¥’ .' ; '
Tunrmduiisaanfiunasling f::!‘ LEANINA " ANUIN N doun1TE1aTaAIN19T91

1 os ' J;Ljf” 1‘.
dsznavlysannisdnsfien luddedlanicaous

el 289 unan9 Aanlsendfied uas

waansTlA NN SistindstFanctor EmRng Az a5 U luinde A2

mm’mﬁamlwﬂtﬂ?m R B RRLR q‘nn?mmFP) daususdaunanauay

o s a o o 1 o o a ' L4 < S
Aanlsenfistazdrsdalneliudnnisressiasanldesuneludountini fenwuearmuys

s Sl Bl WL 1713

13799.0.2.0 L 6" ¥
e n i J;Lly
Get loégi var to Rn <local:Rn> LDW Rn, <local-num> (R3)

LDA Rn,<global-addr>

:Rn>
Get global var to Rn <global:Rn LDW Rn, 0 (Rn)

LDA R1l,<array-addr>
<pop:RO0>

ADD R1, RO

LDW <Rn>, R1l, 0

Get array var to Rn
(index is evaluated and |<array:Rn>
stored in the stack)

Y X o ] a ° . a ° | ay
n']?nﬂnﬁﬂ')llﬂ?lﬁquw <local:Rn> ﬁ‘am?u’u'ﬂ’]mLL]J?LQ'N']:YII‘IWI']ll.ﬂusi'/lﬂ'l\ﬂ'm

wAamef R3 lUiluAumia <1ocal-num> (FP + <local-num>) hifulus3aines ra
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Yy KX o < o | d’l
uaznisidnnenulsdaunany <global:Rn> ABNITUIATINYNTA Qﬂﬂ'\lﬂlﬂ'ﬂ‘ﬂﬂﬂ

U
<global-addr> N WAUlUIsA4LA2T Ry
v ] o c co v ° o Jo < & °
daunaidntefaudsenfisthiu <array:ro> feeAuafTfayaanfistuaziinly

< 1 o :‘/ ° d”:‘ Y o ﬂ‘ 1.0 ] b3 [ g (g
Lnuluuamnn@m;uaqqqnuuuﬂﬂﬁmqmvﬂﬁ1ﬂuqnnmnluamwﬂqMﬂunuqu?nmaqmagaﬂqswﬂ

e o «
<array-addr> Weldtardeyansesnisliifiul3lu ro

U
ma‘ﬂ"'mmuaﬁwﬁmmﬁwmf%@mqnm?uﬂmﬁw'aﬂugﬂﬁzyn?tﬁtﬁunmq (Infix)
o/ AQ ]
Winglugddoynsalifundy (Postfix) na 0 uqu']?mwa i tsaNansaunagiilunis

| v
#19eAIme Az alFiundwa \ -/". 97 A2 ULAZAUANNRINUAILAAN AL
My

nMusdirnudiuanluagadena | wazifaeliansanegidunisFaniafdu Wds
' a o o a : | ﬁrv - o 1 ]
AMNNIALARTANT AT IS AduazAunaumnegluuanniaela
avfudayaauannivile , 12276 wmim'mmﬂummtuums

1 é’ o V o/ 1
ﬁﬂﬁaﬁﬂﬂﬁﬁﬂuﬂﬂﬂﬂui unqiuuq'naaﬂqnuumuﬂﬁ

HAAWET AR ILaRN L] 3 ﬂmuaﬂmﬂnmﬂ;ﬂ.uuamn

b

iiuluseeinamagUn A.2 1y i ldad]

iatjlugueaiguud

Token Assembly
i 4RO, <local-num-B> (R3)
M bodng
FSUBT R2,1
» LDA) RO,<global-addr-C>
c Take r-value of global C and push LDW RO, 0 (RO)
to stack - v/ STW _ R0, 0 (R2)
2191211910195 WU RS
Pk ’-.‘.. RA ! 1l a. LD RO} <local-num-D> (R3)
D - stall STW RO, 0 (R2)
¢  SUBI R2,1@/

ol WIANTN AU NWRTIBRTANE

lpp two top of stack to RO and R1, | ADDI R2,1

= then subtract them together and LDW RO, 0 (R2)
push the result to stack SUB RO,R1

STW RO, 0 (R2)
SUBI R2,1
ADDI R2,1

LDW R1,0(R2)
Pop two top of stack to RO and R1, | ADDI R2,1

+ then add them together and push LDW RO, 0 (R2)
the result to stack ADD RO, R1
STW RO, 0 (R2)
SUBI R2,1
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A.1.2 MINIuuUAAT lUNURAawLls

o ° ' v & a c v v ° [ .—A 1 -3 J 1
ummnmmmmNaawmmquuummmuwaawsmq’luuamn‘lﬂtnummqmm

o ] ° o ‘;‘l dl n‘g ' =< ° ' Y e o :ll
saulslumiseaudnrasiudniug Gluiiaznantnissanundnlftusauysveany

a o/ ‘J
TUARNANTINN A.4

e; -l o 1 Y o o
AN A.4 M eaTN AN uaAT Wi usus

Operator Symbol Assembly

<pop:R0>
W RO, <local-num> (R3)

Local assignment <local>

5}'. RO>
Global assignment ‘ RM, <global-addr>

Array assignment

o

QRETEV AT LRI D TTGTIRY . RE 1 (M98 AANANIR R TIRA (index) Tuanfisdnau 14
. \ s o ' o X

dunisAuauArtinariadne e Az fN1TAUIUAI TR T gNLfL

Waluuannituiu dlefingfsg uu (P P1eIE N TazfasAIu B uaRaziiy

<
1

= v
fayauinauriow uddsRana -.f—;f A AL WA

A.2 naiFanlusungals

Y]

a s ; - a o a
ﬂ']?l?ﬂﬂtﬂﬂl el B I."f = ﬂ?mluﬂ’]?"lﬂﬂ'ﬁﬂ'\ﬂ?ﬂﬂ

Tdsunsugieslawn nass nTﬂmmuﬂﬂﬂ (Caller ) NTIANIT mwn'[ﬂmnmﬂﬂﬂ (Callee)

::”;;::j;::ﬂﬁﬂ?nmmﬁmq (Return) Telulsunsy
Q’Wﬂﬂﬁqﬂﬁmwﬁm%ﬂﬁa ﬁwm nsi3an

Tdsunsugien (Caller)  aziFuAumranisdanisfinefidnlluldsunsutes Tay
Amisfiteflsznaudaanisdntedluaulsalasine (value) Fauaaslumised .2
= ' o ' o o o | e o 1
uwaznisAuAtaIniaridu ArlusawlsazgnausuannluaziAfiduaniaiduazaguu
wannaguda aduAmisdinefaauannaunsufiazlddads CALL  ielunnauly

Tsunsusiag
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d‘ d a ]
ANT NN A.5 AEuedINUATRINTTFen TUsuNsNE Ll

Operator Symbol Assembly

( (<r-value:R0><push:R0>) | <callee> )*

S <caller> | 1t csub locations

MOV RO, R3

MOV R3, R2

SUBI R3, <num-local>
STW RO, R3, -1

LDW RO, R2, O

STW RO, R3, 0

ADDI R2, <num-param>
STW R2, R3, =2

Callee <callee>

Return
(without <return
value) .

Return
(with
value)

n13aanTsldsunsugl i@ uaniinduisaeialua Taad

4 o ° a ol
<num-local> WAL <num-parsa RNIENUATRTUIUNITNAD TN 1F 11

Tsunsutiaeiue

d‘ ° g L i "I' P o = 1 = o v a
LNﬂQUﬂqTﬂ4;‘____________________w,““f,ﬁ.ﬂﬂNHQ?WﬂﬂﬂﬁqumﬂQN

o & 3 Ai. y >>>>> Y Y =< a o d:’;
NITAIANITAUNUNLLD A% NAN TINITLTUNNALATHN

4 I'!'
1 wiial
! wlalun 1L s TNL AL as o Nupn9197 A5 m'luns* N

M1 ph W‘%‘W‘ﬁ“‘i | A

A.3 nsudada &wﬁ'« AIUAN

WA S ENMMIMI]&I.ZLQ &l orio0p 4t

<
nu_ ’uﬂﬂﬂﬁfﬂﬁUﬂﬂanuﬂﬂTﬂTuﬂ?NﬂﬂﬁﬂﬂﬂQﬁNﬁhﬂQUﬂNWQﬂﬁNuuu

uumumua"‘luﬂuﬂ'u

N uaaNuRdmiudenaugda itthen-else ulifamisadi .6 Tanisdennsd
<evaluate the condition> azAdtiuNITAUIIANTINAY] urazldiaRTunnsaY (Ada

CMP) Wnsuffauiiiaudiaasdn uasldfdalunguarunuiienselaalidansdiignaes
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AT190 A.6 AEUBRITNLAR MUY AMNARY if-then-else

Operator Symbol Assembly
if

<evaluate the condition>
<if false jump to else>

if do
If-then-else <if-else> <statement>
JMP  end if
else
<statement>
end if
while
w ol <evaluate the condition>
While loop <while-loop>" g<if false jump to end while>

@\ Statement>

‘“ﬁ

<dpitial for loop>

e the condition>
finlish jump to for ex>
S -
-G o>

For loop sment>

Ty increment>
R r3 lc-i
r0 1

ro r3 lc-i
for loop

v . o 1 o J
daulunisudadeninudses or loop ArARTEIN ANATUATIT for

bODQZﬁﬂﬂﬂﬁNﬁh ap LA N7 FATINNTNAIAS .

AULINENINYINT
AN TUNNINGAY




NANUIN
_\ ] ‘./ a o '.J ! =3
NMIAELNEARITHA LLARIEAIFITRINULLLTE IR NARLILILIAALADS

1.1 N15A5UNEAFITNE lUARIEAFITRIUL e sENaRE C1

PUATIBUATAINITRNULRIAFIsW A lUF AT NANRs e aminessuoana C1 14

a Y v nll d' ° o .ol/ Y o dl
ﬂﬁU’]Eﬂ’]LLﬂ’JI‘l«!UVlYI 4 ‘Nﬂ’]ﬂUWQMNﬂLLﬂﬂQ‘lﬂﬂiﬂﬂi"Nﬂ 4.1

AT1991 9.1 N19RTUEIANE: q8AGITRIvLelsTiNaNg C1
lum1919189 Binary Operator 1t dieynanaia TneautaliaglugluuuAds
reamddelszuaa C1 udaslid : st Faunudon OPER lumsa 34

] — —
UsznausaeAnds ADD SUB AN 0
Bytecode Opera pti Native code
LD - e[ » LDW RO, 0 (RO)
AME LDW  R1,1(R2)
a1 _ M ;. 7 STW RO, 0(R1)
& ) _ LDW RO, 2 (SP)
«— SPi2 ADDI R2,2
INC - TS +d iT O+ ADDI RO,1
DEC = s o ' SUBI RO,1
e sC 0
SBL B q@p_;« ROL RO, RO
SHR - TQS %7108 s¢ 0
e ROR RO, RO
A liow  T1,R2(1)
Binary _ OPER" R1,R0
Operator - - a— MOV RO, R1
‘fﬂ SP ; ﬁ ADDI R2,1
| | MEM[SP] <« TOS; STW RO,R2(0),
GET LOCAL ‘# < : g/ RO, LOCAL (R3)
SUBI R2,1
" at *LOCAL] < 'TOS; s RO, LOCAL (R3)
PUT LOCAL TOS «#MEM[SP+1] ;0 LDW @JRO,1(R2)
T 7
Tsﬁw%&l I 3 i M RO
9 TOS <« MEM[SP+1]; LDW RO, 1(R2)
JT OFFSET SP « SP+1; ADDI R2,1
if (TMP==1) CMPI R1,1
PC < PC+OFFSET; J7 OFFSET
TMP <« TOS; MOV  R1,RO
TOS « MEM[SP+1] LDW RO, 1(R2)
JF OFFSET SP <« SP+1; ADDI R2,1
if (TMP!=1) CMPI R1,1
PC < PC+OFFSET; JNZ  OFFSET
JMP OFFSET PC < PC+OFFSET; JMP  OFFSET
FP « 16'hFFFF; MOV  R3,R2
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Bytecode Operand Description Native code
- AHE MEM[SP] « PC; CALL ADS
PC « ADS;
TMP « SP+NLOCAL zggl ii:g;OCAL
MEM[TMP-1] <« FP; STW  R3,-1(R1)
NEWEP NLOCAL FP <« TMP; MOV  R3,R1
TMP « MEM[SP]; LDW R1,0(R2)
MEM[FP] <« TMP; STW  R1,0(R3)
MEM[SP] <« TOS; STW RO, 0(R2)
MOV  RO,R2
TOS ‘(— q DI )
NEWSP NPARAM . ﬁgv gglggARAM
SUBI R2,2
“ FPa MOV  R1,R3
TOS; MOV  R2,R0
RET - LDW  R3,-1(R1)
[§ LDW RO, 0(R2)
RET R1(0)
- FPs MOV  R1,R3
LDW R2,-2(R1)
RETV = E M P LDW  R3,-1(R1)
SUBI R2,1
« MEN RET R1(0)
ADDI R2,1
P LDW R1,0(R2)
Wadiis, 2 1% CMP R1,R0O
LT - if : JNS 3
ﬁy# MOVI RO, 1
JMP 2
- OVI RO,O0
NOP
ADDI R2,1
- TMP <« MEM[SP]; = | LDW R1,0(R2)
g CMP  R1,R0O
T 3
* AU TTRATNY E—s
QI J 2
else TPS « 0; - MOVI g RO, 0
YT AT T YLY. , v I
M Lﬁ%%mm
LIT8 q lit8bit TOS <« lit8bit; MOVI RO, 1lit8bit
SP « SP-1; SUBI R2,1
MEM[SP] <« TOS; STW RO, 0 (R2)
LIT16 litlebit TOS « litl6bit; LDA RO,litlébit
SP « SP-1; SUBI R2,1
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1.2 meafineMAsialuanleAdiramiselszaaana Q-Chip

[l . o A’ { o °
wiqtlsrunana Q-Chip qnwmuwutﬁamml‘iﬂum?muQums‘*nfmu'ﬂm

PFaasuTngvial MuaziBuanIseanuuLaINsaa Ll uAneinusIeAtIANeA [6]

nrafuraAdesialusfasAtdareamineszunana Q-Chip  Aesdailadenas
o/ a ] A ° L3 = «
Aanasagineintglumicslszananaiiaitunldiinuunusisaine s Tos, TMP, SP uay

Y o : o/ o« 1 o a‘ o o :’z o/ H
FP M luAdasialus Tauanafamnnsnedl 9.2 uazanduvanuauanldfannsed ¢.3

%,

A13799 9.2 Audy

al 5989 Q-Chip fiuAdasalus
tachine regi€r€zal'Cl register

S—F g e R

oe¥ Rll

- ™ 15

RS
ANANSNE

N1INUUAAL1 AN P 4f EPATCRE ‘~ 1519 urIANRaswa lusiy

ANTNINULBIARY Q-Chib 3 upanusesldardaluanuuy

7 B % ' ! - 1 -
fnaaiusIames TOS Ayl ERANAAT R14 v wihnidwsiames TOS

v 1
UDNAINWUN1TN uaas lfadealuanuuuassriilae 4

waaes SP uax FPIflugudiidsmsldaaetne siliaelszunana Q-Chip Aifluesinss

daluuauuuasssdl Tamiaenlsey )6 ; LW l9sRawmes R13 luianinsada
gt ' g oy ~ J

nuauuunssaiile {ifgsa " Wil§s3aimes R15 uay R12

N

WNUTAAIAeS SP Wadll WedusAaImes SP visa FP
ﬁmﬂuﬁmé’m%qam;ﬂ‘%mmmR AULA f«'Nﬁqd%ﬁduam'luuamma%ﬁuum

a

HUUATTTU

q ﬁmﬂuﬂgmqmiﬂaﬂafﬁm@tﬂuﬁqwmm?mm
AR IN NN Y

agnaFenlUsunsutiataasmiaalssuaana Q-Chip Bulilsaanuuulfiinga PC
Tiiulumiseaaudnniauen wiavinda PC lWiiuluuannanelumisgdssunanat
uain i TRldamnsasesfunminusessdasialud CALL Rfeeindn PC iy
AUAAN TUNUIEAINAN ﬁqﬁu'lum?ﬂ‘ﬁmﬂﬁﬂz&s‘ﬁa‘lmfﬁwﬁﬁffwammﬂﬂ?:maua Q-

v
Chip Hazaaannilimiogdszusana Q-Chip aunsnidaudn PC aamiataausnls
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A3I9N 4.3 nMsaiunaAdasialusfas Ardsseamiseszansns Q-Chip

:‘I ° d i o ~ o o J 1 i v
lum919tes Binary Operator Viufudndsiidilunsiudeyaaecdia Taadlautlaldeglugluuudnds

[} v o S J o A o ° - :” 1 1
remitilszieg C1 ufdaelfAndanidfiunisminsiasnfiunisiug Saunudas OPER Tumiss da

UsenausqaAnde ADD SUB AND OR uas XOR

Bytecode Operand Description Q-CHIP Assembly code
LD = TOS « MEM[TOS]; LD R14,R14
MOV  R13,R15
TMP « MEM[SP+1]; D Rll:l(R13)
ST — MEM [TMP] « TOS; ggv iii:gt;l3)
SP ADD  R15, #2
- LD R14,R15
INC = 0S+1 ADD R14, #1
DEC = T 1 ; — SUB  R14,#1
SHL — TO§<< - SHL  R14,#1
SHR — \ SHR  R14,#1
+ ADD  R15,#1
Binary M S LD R11,R15
Operator - AT OPER* R11,R14
MOV  R14,R11
] M : ST R14,R15
r MOV  R13,R12
GET LORR T aey o Tb  Ri4,LOCAL (R13)
« SUB  R15,#1
4 = A MOV  R13,R12 .
] i ST R14, LOCAL (R13)
BN LOCAL SP ADD  RI15,#1
LD R14,R15
OV  R11,R14
DD  R15,#1
JT OFF LD R14,R15
if — SUB R12,#1
PC « PC+OFFSET; JMP  OFFSET, EQ
- A M R11,R14
@uﬂ P h% R15, #1
JF F 0S « MEM[SP]; LD  R14,R15
if (TMP#=1) o SUB gR12,#1
Q Wﬁ S 2c] @ PORFPSEY; Q) P||9FP ) GFESET, NEO
JMP JHsSE P ;1 dv L) omb BY OEFSET
carg, 1 ADS MEM[SE] « BC; CALL ADS
PC « ADS;
TMP <« SP+NLOCAL e Rl R
ADD R11, #NLOCAL
MOV  R13,R11
MEM [TMP-1] <« FP; P R12. -1 (R13)
NEWFP NLOCAL FP « TMP; MOV  R12,R11
TMP <« MEM[SP]; LD R11,R15
- MOV  R13,R12
MEM[FP] « TMP; ST Rll:O(R13)
MEM[SP] « TOS; ST R14,R15
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719197 4.3 NseSunamdasialusiauddasesmiseszunana Q-Chip (se)

Bytecode Operand Description Q-CHIP Assembly code
MOV  R11,R15
TOS <« SP+NPARAM; D Rll:#NPARAM
NEWSP NPARAM
P MOV  R15,R12
! SUB  R15,#2
TMP « FP; MOV  R11,R12
SP « TOS; MOV  R15,R14
MOV ~ R13,R11
RET = FP « MEM[TMP-1]; D R12,-1(R13)
LD R14,R15
RET
MOV  R11,R12
MOV  R13,RI11
LD R15,-2 (R13)
RETY B LD  R12,-1(R13)
SUB  R15,#1
RET
ADD  R15, #1
LD R11,R15
SUB R11,R14
JMP $else,GE
LT - MOV  R14,#1
JMP #endif
#else
MOV  R14,#0
#endif
NOP
LD R11,R15
W[l suB R11,R14
I $else, NEQ
MOV  R14, #1
EQ | | JMP #endif
" | #else
MOV  R14,#0
Fq & $endif
uEJ n g R11,R15
LIT8 t8b1t MEM[SP§ « TOS; ,m, LD gR14,R15
e = S LS |LacBO /™ 4 1 @/IMOV £y B2 4, #1it8bit
| .l S P | C)suBbYRLS, #1
LITl6 4§ litl6ébit | MEM[SP] <« TOS; LD R14,R15
TOS « litlébit; MOV R14,#litlebit
SP « SP-1; SUB  R15,#1
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1.3 nMsaduneARaaludses diramulelssuans 8086/88

nseduneAdasialusfInAdITamiastiana 8086/88 [28] AavAnileianis
annisdameinnglumisulsrananaiainun 1 dincuunusasames TOS, TMP, SP uay

FP 289A 359 a lU6 LaAIAIAI97 4.4 UATRIAUTINNALEALLEFIRNTIT 4.5

A199N 9.4 ANANRUSTEUIsAaIRe 18 Q-Chip FuAdaswalus

Stack machine register | Cl register
TO BX

AT DX
S/ /A Sp
M T

- EP

mirelszunana S0BB/BE S SR NaNdaLanN taaTlAndasanisuanna el

193a1mas SP uay BP luniss // N "?‘\‘.. nunlildis3sinas SP uas BP
I9MiaelsTaaann 80864 / \ \ S daraluslavi

AN919T 9.5 n17adlng 9211]5219a0a 8086/88

lum1919184 Binary Operator, 09 Taeiow/alveglugluuyudngs
oamicenlszing C1 ukiatl4g MUl Beunudon OPER lumns 3

o : ’ v i 3
UsenausaaAnde ADD SUB AND @R uasioR -

Bytecode Operand . !Iw ‘ x86 Assembly code
LD - | B4 "Wf BX, [BX]
1 | TMP « MEM[SP+1]; . DX
ST ef:— P& [DX], BX
- | BX
SP P+2;
INC - TOS « TOS+1; INC  BX
DEC - < 70S: L7 D BX
28243 S § =
SHR l!:l - 05 < TOS>>1; S BX
TMP <« @MEM[SP+1]; POP @DX
Binary™) € ) P4 Iriie ! []]] X ) BX
Opera*)ca W"] a q r 185 ek LPmol DX
q SP « SP+1;
MEM[SP] « TOS; PUSH BX
GET DISP TOS « MEM[FP+DISP]; MOV  BX,DISP[BP]
SP « SP-1;
MEM [FP+DISP] <« TOS; MOV ~ DISP[BP],BX
PUT DISP TOS <« MEM[SP+1]; POP  BX
SP « SP + 1;
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19799 4.5 NsasunaAdesialusifaaAderesnaelszunana 8086/88 (sa)

LT

Bytecode Operand Description x86 Assembly code
TMP « TOS; MOV DX, BX
TOS <« MEM[SP+1]; POP  BX
JT OFFSET SP « SP+1;
if (TMP==1) CMP DX, #1
PC « PC+OFFSET; JE OFFSET
TMP « TOS; MOV DX, BX
TOS <« MEM[SP+1] POP  BX
JF OFFSET SP « SP+1;
if (B CMP DX, #1
- T; JNE  OFFSET
JMP OFFSET JMP  OFFSET
CALL ADS ] P ——— CALL ADS
AD
MOV DX, SP
ADD DX, #NLOCAL
-1} ° MOV  BP,-1[DX]
NEWFP NLOC MP; MOV  BP, DX
) MOV DX, [SP]
P M MOV [BP], DX
» ; MOV  [SP],BX
A MOV  BX, SP
: . - ADD  BX, #NPARAM
NEWSP NPARAM - . spjzx
— SUB  SP,#2
TME- piid MOV DX, BP
SP.<= 5 MOV  SP,BX
oM (T | MOV BP, -1[DX]
RET v - OV  BX, [SP]
‘ MOV DX, [DX]
. PUSH DX
ﬁIﬂ RET 1
) DX,BP
SP, -2 [DX]
BP, -1 [DX]
RETV SP, #1

SP « SP+1;

MOV g4 DX, [DX]
k

F L

POP DX, BX

TMP <« MEM[SP];

if (TMP < TOS)

JNL else

MOV BX, #1

TOS « 1; JMP endif
else

else RO « 0; MOV BX, #0
endif

endif

ADD AX,#0 // NOP
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AN3199 9.5 NresLANdealusRa s A& Teaniaeilsanana 8086/88 GR)

Bytecode Operand Description x86 Assembly code
SP « SP+1; POP DX, BX
TMP <« MEM[SP];
JNE else
if (TMP == TOS) MOV BX, #1
EQ = TOS « 1; JMP endif
else
else RO « 0; MOV BX, #0
endif angif
ADD AX,#0 // NOP
LIT8 1it8bit PUSH BX
v MOV BX, #1it8bit
P
LIT16 litié6big T PUSH BX
MOV BX,#litl6bit
| 1
A
. %—
20
A%

AUYINENITNYINS

ARIAIATAUNM TN
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Code-Size Reduction for Embedded Systems using
Bytecode Translation Unit

Phanupan Nanthanavoot
Department of Computer Engineering,
Faculty of Engineering, Chulalongkorn University
Phyathai Road, Pratumwan Bangkok 10331
phanupan.n@cp.eng.chula.ac.th

ABTRACT

This work introduces a technique which appli
stack-based intermediate code, also called as b
to reduce the size of programs in an embedded
hardware interpreter known as the Trans
translates bytecodes into native codes before
Experiments show that a program writte
smaller than one written in native codes b

Keyword: Code-size reduction,

Co
Embedded system, Bytecode. -

1. INTRODPUCTION

Embedded microcontrollers are highl

area for on-chip memory.
* This work introduces a way _io

Prabhas Chongstitvatana
Department of Computer Engineering,
Faculty of Engineering, Chulalongkorn University,
Phyathai Road, Bangkok 10330, Thailand.
prabhas@chula.ac.th

lgorithm in code compression will reduce the program
re than using code compaction.

ciency of the code size reduction technique is
ugh the compression ratio as in equation (1)

Compressed size
Uncompressed size

ression Ratio =
\'

\5\

ﬁh\‘ troduces a way io reduce the program
‘the pproach in [1, 2] which says that a

\ r of the intermediate ccde of a stack-

t will be smaller than a program in the
_ h
exan \ of a popular bytecode is the Class File

1)

e code of a register-based instruction

bytecedes [3] of the Java language.
eason a program in the form of the bytecode is
an one in the form of the machine code is as

Bytecode instruction set has higher semantic
) an register instruction set.

programs in an embedded system usifi2

interpreter and stack-based intermedid

called bytecodes, which will reduce the gram 8
This paper is sectioned into 5 pa Sectlon 2, the

fundamentals of code size reduction and‘:t efficiency

metrics are explained. The

proposed technique. In Secti

measure the compression ratlo

After the research summary in

ore, a bytecode instruction is equal to
y-register machine instructions.
yteﬁe is a stack-based instruction set
which*the location of an operand is implicit
in the stack pointer. On the other hand, the
register machine must be
itly, so bytecode instruction’s

i NIN lﬁ s
Hﬂn re sh \g E‘H; smaller than register instruction’s

ctlon S, the last sectlo‘

size.

details the related wo lement bytecodes in
{n j m u“ % ﬂ) rnative is to build a
2. CODE-SIZE RED N BA chine t t xeclt odes directly. The

Code size reduction is a technique to reduce code
size. There are two popular techniques: code compaction
and code compression.

The first technique, code compression, uses data
compression algorithms on machine codes. On the other
hand, code compaction reduces the program size by using
compiler optimization to rearrange and eliminate
superfluous codes. This allows the compressed program
to be executed immediately without needing
decompression as in the code compression technique.
Decompression will show down the system operation in
code compression. However, using compression

machine of this type is called a stack machine.

The second alternative is to run bytecodes on a
virtual machine. The virtual machine can be hosted on
any architecture. The popular choice is to host a virtual
machine on a register-based machine because of the
availability of high performance register-based processors
in the market. '

The virtual machine uses an interpreter to translate
the bytecode instruction into the register-based
instruction. One of the most time consuming operation in
interpreting a bytecode is the instruction dispatch. The
dispatcher in a high-level language implementation of a



virtual machine is composed of a switch-case construct
for each bytecode instruction. This causes the operation
to be slower than the operation of the native code.

3.2 Design

To improve the speed of execution of bytecodes, a
hardware virtual machine is used. The hardware
interpreter is shown in Figure 1. A register-based
processor core is assumed. The translation unit is the
main contribution of this work. The details of this unit are
discussed next.

Bytecode !
Bytecode |- Al cru

Instruction Memory Virtual Machine

Fig. 1: Virtual machine with translatigi

Bytecode Decoder  Native Code Me

Bytecode| Address

Bytecode

Ma %
Nztive code
of Bytecoce

Operand
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by the difference of the bytecode instruction and the
architecture of the CPU.

Consequently, the bytecode instruction set should not
include too many instructions. This work employs 27
simple bytecode instructions from [4]. A small size CPU,
suitable for an embedded system in [5, 6], is used. The
CPU consists of 4 registers:

e Stack Pointer (SP) which points to the data on

the top of stack,

e Frame Pointer (FP) which manages subroutine

calls,

e Top of Stack (TOS) which caches the topmost
value of the stack in the register, and
Buffer (BUFF) which keeps intermediate values.

translation unit fetches bytecodes from the
i emory and feeds CPU with native codes.
dresses of bytecode are different from the
ive code, the control flow instructions
d calls require special attention. The
geds the native jump instruction to the

all instruction, the CPU performs
ram counter to the stack segment.
ust feed the correct sequence of

2 top values in the stack and keeps
of stack are shown in Figure 3.

Figure 2. They consist of the bytecode decoder, the h
code memory and the operand multiplexer.
operation of bytecode, the native codg men
the sequence of native codes which, a¢

Native code

movi  buff, #constant
stw tos, 0(sp)
mov tos, buff

operation.
The bytecode decoder is a look-up
the address and the number of native}
sequence. It maps a bytecode into the s€quence of native
codes in the native code memory. q =
Some bytecode contains ai ) lite
(Figure 3), an instruction tlﬁiﬁ:g:’;umi
opera

operand into the stack. In tl 8 tion of a virtua

machine, the operand in the byteCode must be passed tqg

the operand field o , t snati i
sequence. The operan wg;{r @Iﬁr n l;? i
will send the operand tc‘he irst instruction of the nativ

code instruction which™ allows the CPU to read the
operand from the bytecode.

For embedded system applications, one major
consideration is the circuit size of the translation unit.
The size of the translation unit depends on the size of the
look-up table in the decoder and the size of the native
code memory in the trans!2tion unit. The size of the look-
up table depends on the amount of entry or the number of
bytecode instructions in the table. For the native code
memory, its size depends on the length of the sequence of
native codes corresponded to a bytecode. This is affected

| ig. 3:
] ﬁc
Register Transfer Level
BARE AR =
ISi sion Xilink.

subi sp, 1

Idw buff, 1(sp)
add buff, tos
mov tos, buff
addi  sp, |

Wmﬁ ﬁb)ﬁo% translation : Literal and Add

The system is developed in the form of RTL
usthg Verilog HDL. It is

4. EXPERIMENT

The purpose of the experiment is to measure the
efficiency of code size reduction. The compression ratio
is_measured using the integer benchmark Stanford
(Hennessy and Nye). The description of each program in
the benchmark is shown in the following Table 1.

The size of the program compiled in the bytecode
compared with a program in the native code. A special
compiler is used to compile high-level programs into
bytecodes. A simple instruction specialization is applied
to the bytecode programs. The frequently used sequences
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of bytecodes in the program are replaced with a special 5. CONCLUSION
instruction to reduce the size. The lists of the special

2 ; : The result in the experiments shows that the
instructions are shown in table2.

compression ratio is ranged from 0.60 to 0.84 with an
average 0.76. It still can be reduced further through

2alile. L Staryrd benchmurk sequence analysis of the common bytecode and

Beachmark Description i substituting those redundant sequences with a special
Bubble Sort 20 numbers by bubble sort algorith Histraction.
Quick Sort 20 numbers by quick sort algorithm Presently, the system has been tested on a simulator.

Find a solution to move 3 disks in

Hanoi : The next step is to develop the system to operate on a real
problem - tower of hanoi chip using the FPGA (Field Programmable Gate Array)

Sieve Find all prime numbers less than 100 technology. The circuit size of the translation unit can be

8-Queen Find all solutions of 8-queen problem assessed.

Matmul Multiply matrix 5x5

Perm Permute 4 digits of 0, 1,2, 3 o ELATED WORK

b [7] and MIPS16 [8] are designed to decrease

e I B D] ize by redesigning instruction set of the

programs into bytecodes. The size of a progr.

: . ; pr and MIPS which are 32-bit RISC
into bytecodes is compared with the progra e pro Gbit indruction sets.  Thews sew
code. A simple instruction specialization i - = shle © wodk combatibly wich e
bytecode programs. The frequently u f

ssor cores. Compression ratios of both
.60 respectively.
ssion for RISC Processor (CCRP) [9]

bytecodes in the program are replaced
instruction to reduce the size. The lists o
instructions are shown in Table2.

~ dint d to compress a program using
b
Table. 2: Special bytecode instructions w ' \ S gompress code'and e memory.
: B eI et e cacht tores an instruction be_fore it is used
into the by .teco - - —t ) ssor unit. The compression ratio of this work
Bytecode instruction Funct - [t,-* ‘%
INC__#local Increment th‘e lgge! vaga o 0] observed the compiler’s method of
D,EC #local Decrer‘nent tiie localiVar u 8 8 n und that some sequences of instructions
Lit0 Push literal 0 to thetopiof stack?.1 = 5s¢ fe dunds herefore those repetitions are replaced
Litl Push literal 1 to tie tgp of o s which used fewer bits. These codeword
Rvall, Rval2, Rval3, | Get iocal variable 1, 2,73%6¢4 4 - 5 in a dictionary. When the processor executes a
Rval4 and push it into the top of stack— --‘,__ the decompressor will retrieve the sequence
JLt  #address Jump if the top Oféw ;e' ionary. The experiments are performed on 3
than the secofid f owerPC, ARM and i386. The
JEq #address Jump if th 1 fosf each processor are 0.61, 0.66 and
the second * - ‘

the@chnique, called “CodePack” [11, 12],
to compress the "pfogram in PowerPC. It applied two
Table. 3: Size's comparison be;‘ween bytecede and native compression concepts: dictionary compression in [10]
code program (in bytes)

e, _ che in [9]. Compression ratio
Program | Bytecode f ml(E E%Bd wever in [13] the reported
size de “Rati per f thi ePack system is that it is slowing

Bubble 128 s ra down the operation by 0.14-0.18 times.
Quick 253 ymy 0 0.8 ed on two concepts
Hanoi 128 m WQSW %ﬂ § ombmatlon BRISC
Sieve 154 & 1 w1g¥ Fu is*i meénte int The result of the
8-Queen 125 ° 168 0.74 experiment showed 0.53-0.69 compression ratio.
Matmul 253 298 0.84 However, the interpreter slowed down the system by 9.6-
Perm 221 356 0.62 154 times compared to the execution of the

uncompressed code.

The programs in native code are written in an These works demonstrate the effectiveness of code-

assembly code. They are directly translated from the size red.uction using var i?“-f’ §chemes of co_de
high-level code. Register allocation is not applied in the ~ compression and compiler optimizations. The down side
translation as there are only 4 registers. The size of the 1S the run-time overhead associated with the interpreter.

program in bytecode and native code are shown in Table The translation unit proposed in this paper should prove
8 to be effective in terms of small run-time overhead. The

compressed ratio achieved by the proposed method is
comparable to the existing methods.
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