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6. U= A0 E fst 2XHQ K&

- MM 29

High-level languages allow a program to be expressed in terms of abstractions
such as data types, structures, procedures, functions, and so on. Since the RISC
approach represants a movement away from instruction sets that attempt to sup-
port thase high-leval concepts directly, we need to be satisfied that the more prinmi-
tive RISC instruction set still offers building blocks that can be assembled to give
the necessary support.

In this chapter we will look at the requirements that a high-leval language
imposes on an architecture and sea how those requirements may be met. We will
usa C as the axample high-level language (though some might debate its qualifica-
tion for this rolef) and the ARM instruction set as the architecture that the language
iz compiled ondo,

In the course of this analysis, |t will become apparent that a RISC architecture
such as that of the ARM has a vanilla flavour and leaves a number of important
decisions opan for the compiler writer to take according to taste. Some of these
decisions will affect the ease with which a program can be bullt up from routines
generated from different source languages. Since this is an important isswe, there is
a defined ARM Procedure Call Standard that compiler writers should use to ensure
the consistency of entry and exit conditions.

Another area that benefits from agreement across compilers is the support for
floating-point operations, which use data types that are not defined in the ARM
hardware instruction sat.
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6.2 GIOIE S EN

- Z==¢ 00l
> ARME2 32 HIE HIOIHE J|I2& 22 Melotll 16 HIE, 8 HIE GIOIEH S
Melg = U5, 32 01 E 0l&8 == otthe] dIXNAHN & SJts
> 235 9= 2o HA0A LHEZRE HAIGH)| floil C Z2HDE AtE0l
S A= 2 HM0A LHEZRE HAIGH)| flol VEcHAE ALE
> 64 HIE = F e dIXNAHE oty A2 HIEE 0|2610 HAtE
— &l==9 [0l
D A= B2 22 HE8EH= S22 2= LIEHHD| 2o AtS
> ARM core= &4 OIOIEHE XIAGHA &I 20 &= HI0IEHE Ikl ¥
dHE 25 248 coprocessorlt AZENHEZ emulate = H 0F &
- = At GIOl &
I ARM 2XRUME

C L} unicode s0l| 2o =&

unsigned HtOI E load/store Y E Sall A&
L L L L L L L L L L L L L L L T R e e Ty r e

> =Xt= 7 BIE ASCII 2
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— ANSI C J|2 GIOIE 2 mtei=l OO0l S EH

Signed and unsigned characters of at least eight bits.

Signed and unsigned short integers of at least 16 bits.

Signed and unsigned integers of at least 16 bits.

Signed and unsigned long integers of at least 32 bits,
Floating-point, double and long double floating-point numbers.
Enumerated types.

Bitfields.

Arrays of several objects of the same type.
Functions which return an object of a given type.
Structures containing a sequence of objects of various types.

Pointers (which are usually machine addresses) to objects of a given type.
Unions which allow objects of different types to occupy the same space at
different times.

> ARM 22 = JI2 34382 Mot XA A2 2 HIoleHaof &
> Enumeratedae 2 &8 HRAQ U2 JIN LD IS &2 844 dEfjE s

> Bitfield& & JiJt otLt2 E+=E 2=
LR R PR LR LT LR PP E L LT PP R PP ECPEELLPELRECLPELECPECECLPECRRELPERLRELD
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- C OO SEHoll CHet ARME X ol X &

> Integer, long integer, unsigned & At HIOIE{E 2Iol signed, unsigned 32
HIE 2t unsigned 8 HIEE X2Iot= BEUHE M3

> ZOIHE ol JI&ES unsigned 32 OIOIE X2l EENH A=

> Shorter integer, signed =Xt HIOIE{E <I6H signed, unsigned 16 HIE 2t
signed 8 HIEE Xclot= BEAH M3

> Array @t structure Xl = 2ol base plus scaled index addressing 2 & 2t
base plus immediate offset addressing 258 N3

> 2348 OOl 2 ARM corellAl XI&otXl ZJ| =0 = 28

K& StE/AHIL e =& AT ERNH emulation FEIO 2o XelS

6.3 2= &8 U0l SEH
— Single precision & 4!

> &=0 LUBIHOI FHEf : R=axb" (282 H &S| <ol b=2)
LR R PR LR LT LR PP E L LT PP R PP ECPEELLPELRECLPELECPECECLPECRRELPERLRELD



IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIf-I’II
> 2 A4 HO0IEE B8 YXSS 9Ioh IEEE 75400 Oloh I =2Xo2

32 H| E single precision @412 T8 (5 HIE (9), Xz (8HIE), &

Sitel (23 HIE)Z 4)

3130 2322 0
S exponent fraction
D120 &2 &+= A=)t 50 S+ A+ LA +127 biasst at= Al

2 A

> 0ll) 1995 single precision A2 M&ESt= &
i) 19958 2&I=2 HEt 1995 =11111001011
i) axb"(1<a<2, b=2) e 3t :1995=1.1111001011 x 210

i) XI==8 +127 bias : 10+127 = 137 (10001001)

3130 2322 -0
|q 10001001 | 11110010110000000000000 I
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> 32 HIE BASE 25 ALE HA: (-1)S x 1.RE K2l x 204127

gXtel= 0, 230 Wet S= 0(1)

=2 A2l = non-zero

(@]
TT
> EretE 2z HEE = Qle Ol 42 A= Hl&8 et gl 28

— Double precision & 4!
D 25 A& HOIEHS BEEZE =0|J| #IcH 64 HIEE AIS
> X2== 11 HE (biase= +1023), S8 Xtcl= 52 HIE Al

31 30 2019 o
S exponent fraction (most significant part)

31 0
fraction (least significant part) '




7
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Single precision Double precision g 9
NS == A2l X == =2 Ael

0 0 0 0 0

0 nonzero 0 nonzero tH| A8t ==
1-254 anything 1-2046 anything +5 =
255 0 2047 0 +2 et

255 nonzero 2047 nonzero NaN(Not a Number)

— Double extended precision &4/

> =S [ =017 ?Ich 80 HIEE AFE, XI== 15 HIE (bias= 16383),
F2 A= 63 HIE, Ertatel HI0IEHS 2 JHIEN 1 ME

3130 1514 0

S 0000000000000000 exponent

3130 0

Jl fraction {(most significant part) I

31 0
fraction (least significant part) I
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— Packed decimal & 4!

> |EEE 754 E==2 0|8+ =5 48 Hlt gl 108+ 25 &8 &

A2 JHolg 2 HE= O0|& =D} Ot BCD 2EZ H&EE
value (packed) = a x b" (1<a<10, b=10)
= (-1)P x decimal x 10((=1)"E x exponent)
31 302928 27 1211 0
E|D|0O exponent (4 BCD digits) dec. (3 most sig. BCD digs.)
<) : 0
decimal (8 middie BCD digits) I
31 0
decimal (8 least significant BCD digits) I
> Extended Packed decimal €42 4 BI0|EE 0|20l Packed decimal
A= =&
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3130202827 : 0

E |D| 00 l exponent (7 BCD digits) I

£ | 0

decimal (8 most significant BCD digits) I

3 4]

I decimal (8 middle BCD digits) I

i 0

1 decimal (B least significant BCD digits) I

- ARM 2= &8 g0 3 28 201222l

|JH1

S A48 HHE W= coprocessor @&z &9
Sl AZEAAHONA X2
PA10 2= A~ 4& coprocessortfl A X2l

=
> 2= A8 BHN A0 ARM2 single, double precision &4l X &

&

ol C 83 A& 2H0IEHeE NS (s A=+8 BENHE oii&ot

emulations Z! I} 9i2)
LA R e O O L L LA LRt
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6.4 ARM floating—point 2+

> 2E A4E XQ0 BRI ARM 85 A48 PR MXOR ATES
A

T o LT o

HULF FPA 2= A48 acceleratorE EH 2 &t

1200 RS A4 E HHE N

solution=

A
> ARM 3 &8 <&

® An interpretation of the coprocessor instruction set when the coprocessor number
is 1 or 2. (The floating-point system uses two logical coprocessor numbers.)

® Eight 80-bit floating-point registers in coprocessors 1 and 2 (the same physical
registers appear in both logical coprocessors).

® A user-visible floating-point status register (FPSR) which controls various oper-
ating options and indicates error conditions.

e Optionally, a floating-point control register (FPCR) which is user-invisible and
should be used only by the support software specific to the hardware accelerator.

> ARM coprocessor 2= 2= A48 emulator 2T E Q0L FPAT102}

FPAXIE 2EC X8 S otEAN/AZERN L8 S0l 25 AIEE
LR R PR LR LT LR PP E L LT PP R PP ECPEELLPELRECLPELECPECECLPECRRELPERLRELD
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— FPA 10 GIOIE S EH
> ARM FPA 10 2= A48 accelerator= single, double, extended double
A2 ATEYAHZO X Jis

A= K&, Packed decimal 412 AZEQ
1E2E E

precision 4=
> Coprocessor A AEHE= 25 extended double precisionOl

A A2 extended double precision= &l g =

> H222F dIXIAE AFOIS HI0IH Ols2 RE T = precision= Al sl

- HJ NE 25 448 ¥

161514 1211 8 7 0
X| FRd (0001 8-bit offset

31 2827 25242322212019

data size (1)
data size (2)

> X, Y HHEEZE 0|25t single, double, extended double, packed decimal

= &, packed decimalll extended packed decimal2 FPSROIA &
(OCLLCERECECR PR E LR LR LR E RO L RO C LR LR R LR LR LR LR LR LR AL RO LR LR LR LR C LR CCE RO E R LR AL ERER T
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-OE W T 25 448 g0

> 2 dIXIABR= 30 B2l M= HE, GIoIe E€A42 2AXX (S

Ls o

a1 2827 26242322212019 161614 1211 8 7 0
X|FRd |0010 8-bit offset

register count (1)
register count (2)

> FRd= dE& = HE8M dIAAEHE LEHUHLDL X, Y HE= 8E2&E = dAlA

— 1

Bl == LIEIY (ZITH 40H), Ol EE = coprocessor number 2E AIS

%
)

- U0l Hel 5 2+8 0

> 2ACHEE Al Q1AM I (T, A, Z&, L&, LI X, Power)

=)
> =8 &4 A3 HA (Jog, exponential, sin, cos, tan, arcsin, arctan)

> JIEF ¥ (M=2, move, ZE i, round)
(LR LR R R R R TR R TR R P RT Lo
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- 2= A8 8430 BT
> 25 A& emulator AZEQ|

0
load/store @& BIE D} OlF =

2
o
N
ke

=2 Az LIES
Instruction Frequency
Load/store 67%
Add 13%
Multiply 10.5%
Compare 3%
Fix and float 2%
Divide 1.5%
Others 3%

> FPA 102 load/store =&0| LHE
~ FPA 10 XX
> Q22 QIE H O A

St A A S ALG

= ARM GI0IH B A, handshake

> load/store &Xl= GIOIHE &M, JEE [ B A4F AlIO

< Hsk
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> 4dt= A X= RAD|, =40, divider, rounding, 873t otEAHZ 74

> FPA 102 LHS =& 24T

data bus
<5 @
pipeline gl Instruction loacd/store
control issuer — unit
¥
—_— _h\
COProcessor -
COprocassor —] register bank
imterface
handshake
? (it arit::;tntlc:
Ldiv ]

> gt SA2 482 480 HE00t ofldE IR 5 &8 SH

r0

A X8 21 &2 handshake Al E J|CH2H 0F &
(OCLLCERECECR PR E LR LR LR E RO L RO C LR LR R LR LR LR LR LR LR AL RO LR LR LR LR C LR CCE RO E R LR AL ERER T
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> Sh=s A4Sl 4 H IOl Zetel &

1. Prepare: align operands.

2. Calculate: add, multiply or divide.

3. Align: normalize the result.

4. Round: apply appropriate rounding to the result.

=S A8 context AR X

> FPA dIXIAB = M&Eot) =&30li0F ot= FIHEQ =2 NA & EfS LIEHS
>

25 28 Y S AIESt= processe ZA 2| 20 FPA dIXNIAEHE
MEGtD =&ote 2+ zl4slole N0l ERF

1) FPAZE turn off AI&), BteF AX=ANOI processIt s A=
StCHE trapO] £MBHD trap DE= FPA & EHE MH&ESID FPAE s& A&

> FPAZ Al=20l= processBHO| FPA A EHE NH&GStD =0t &
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6.5 Expressions
- dAAH AIE

> ARM =& OI0IH Xicl Ed0==2 C ¢ &= At =2 ik kil

> Al AAEN MEE gt =2 BAIRC 2UHE MNEE dIXNAEHS2 =

AOI Ol = trade—-off D &Moot 2 U2 = 0|2 &t trade—-off& & S}
FA HBAEN A2 expression= BIlole s dIAIAEH SX 2

=}
> Thumb S@2 0= 2 =4 SE0UH0I22 LPEO YXNAHE O B ALS

otd0F ot) Ol= Qlolf E 22880 FE) HdS
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- OZ2ANN=E O3 QLIHHEE AMEGHH Xelg

1. As an argument passed through a register.
The value is already in a register, so no further work is necessary.
2. As an argument passed on the stack.

Stack pointer (rl3) relative addressing with an immediate offset known at
compile-time allows the operand to be collected with a single LDR.

3. As a constant in the procedure’s literal pool.

PC-relative addressing, again with an immediate offset known at compile-time,
gives access with a single LDR.

4. As a local variable.

Local variables are allocated space on the stack and are accessed by a stack
pointer relative LDR.

5. As a global variable.

Global (and static) variables are allocated space in the static area and are
accessed by static base relative addressing. The static base is usually in 19 (see
the ‘ARM Procedure Call Standard’ on page 176).
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- WOIEQ Y T
> ZOIEfo| ZJh= EOIED} Jt2I31= HloIE el 3DI0 mat LatXof &
> int *p; p=p+12l AL GIOIEIJt H4S0/22 LOIEE +4 SIH5H0{0F &

> B0} offset@ 2 AF2E® HI0Ie 3|0l et offsetS scale&| 0 0F &

int I = 4;:
p=D+ 1i;
If p is held in 10 and i in r1, the change to p may be compiled as:
ADD r0, r0, rl, LSL #2; scale rl to int

> OI0IEH2 AJ|Jt 2 XI==&0] Otel 3R H&AD A2l Ols HE 2 AIE
> PE QRAEQ AJ|IJF =622 ali]= pointer—plus—offset

*(a+i) SEHQ S (base plus scaled offset HEY A 2 EIt I A = &)

6.6 Conditional statements

> 240 #0 B2 A= Co =H2= if..else?t switch E& S0l £ &
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— if...else &

> ARM BE= 8830 e= X8 Ad0| JIis, 24 )| @30 E AIEo6t= A
= g8y
if (a>b) c=a; else c=b; CMP r0, rl
BLE ELSE
CMP rd, rl MEN xdy Tl
MOVGT 1r2, r0 B ENDLF
MOVI.E r2, 71 ELSE MOV rd, rl
ENDIF . i

ot eiot= A0l E2l8E
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6.7 Loops
— for loops
> ALY B SIS o & AMEots Bt 28
for (i=0; i<10; i++) {ali)
MOV rl, #0 : value to store in ali]
ADR r2, a[0] ; r2 points to al[0]
MOV r0, #0D + i=0
LOOP CMP rQd, #10 + 1<10 7
BGE EXIT s if i »= 10 finish
STR rl, [r2,r0,LSL #2]; ali]l = 0
ADD ro, r0, #1 I
B LOOP
EXIT 5 §
> X4 2)| HE 0 BGEE MetolD US 2 =S B 2240 st RHE
A HYOZ HIRE O 88X TSI} &
> HAE B8dES 2T 02O =Z 0|SolH =2 e=&80 ZEI E
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evaluate expression

loop body

" o
; evaluate expression

evaluate expression
; skip loop if necessary
- leoop body

evaluate expression
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[ ECTECECR LR LR R e LR E PR LR L L LR LR PP R LR PE AR PP EC PR PETECLPERECLPECREELPERE PRy

SIS 2HJ} AEE = 2%

— do...while loops : X A&t

; loop body
; evaluate emressiﬂn

r

6.8 &2 ZZAIM
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S, NESE, T2 AN

e Subroutine: a generic term for a routine that is called by a higher-level routine,
particularly when viewing a program at the assembly language level.

e Function: a subroutine which returns a value through its name. A typical invoca-
tion looks like:

c = max (a, b);

e Procedure: a subroutine which is called to carry out some operation on specified
data item(s). A typical invocation looks like:

printf (“Hello World\n*):

> CE A2 €2l C HHeE =2 TZ2AIQII HEGIH R2E A £S5
> 2t0] EH oK €10 side—effectBtES JIA= & 4= ZZ2AIH 2 SAISH S&

AL
T
Bta QEO| ook MeEls E&0/D DI2t0IE s &40 o

rir

> argument

=4l E = LIEHE

> CAHNH= “call by value’E AtE6tD &I LAE [ argument= EAHE
(OCLLCERECECR PR E LR LR LR E RO L RO C LR LR R LR LR LR LR LR LR AL RO LR LR LR LR C LR CCE RO E R LR AL ERER T
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— APCS (ARM Procedure Call Standard)

> e Z2ANSS 2580 2= ?ofl Z2AIH ALS0ll et #& 2R
> 167 AINAES T2AIM ASHAN SHE SN2 AIEE

Register APCS name APCS role

0 al Argument 1 / integer result / scratch register

1 a2 Argument 2 / scratch register

2 a3 Argument 3 / scratch register

3 ad Argument 4 / scratch register

4 vl Register variable 1

5 v2 Register variable 2

6 v3 Register variable 3

7 v4 Register variable 4

g v5 Register variable 5

9 sb/v6 Static base / register variable &6

10 sl/v7 Stack limit / register variable 7

11 fp Frame pointer

12 ip Scratch reg. / new sb in inter-link-unit calls

13 sp Lower end of current stack frame

14 Ir Link address / scratch register

15 pc Program counter
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> 8MZolfOF o= QlDF 2 BR= 418 el== al-a40ll 8ZotL) LIGX

leaf2 STMFD sp!, {regs, lr} ; save registers

LDMFD sp!, {regs, pcl ; restore and return

\V4
|-
|m

HOll &) =|&E = dl

=
>
i
rr
ual
F>

Jb E[HOF ot ) =4 =20 A&
N

S0 MEEH Irdl A= SAEQ OO0IEHE MEoH)| ?loll AIZEE =

(o
0[0
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6.9 HI2c| AtE

.
- Ta SA4EE

e top of memory

<«— Stack pointer (sp)

<« Stack limit (sl)
<«— Stack low-water mark

top of application

application’s image

4— application load address

The stack

Whenever a (non-trivial) function is called, a
new function frame is created on the stack
containing a backtrace record, local variables,
and so on. When a function returns its stack
space is automatically recovered and will be
reused for the next function call.

The heap

The heap is an area of memory used to satisfy
program requests (malloc()) for more memory
for new data structures. A program which
continues to request memory over a long
period of time should be careful to free up all
sections that are no longer needed, otherwise
the heap will grow until memory runs out.
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£ mel ();

func2 ();

¥ /% end of waln ¥/
funcl () {

. mm

func2 ();

} /* end of Cuncl */

funcz () (
.. i t3, te ¥/
} /* end of func2 */ |
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2l QEE M A8 S22 dIXNAHN MEE X =6 ol &= W
O AtZot= dIXNAH, SH =4, NE HE=S HEGH| flof €&
A== ol & =

D> otlte] T2 AN SSEE MEE XS

— HI0IH alignment
> CtE El2 £ OS]l HI0IH HEHIE sAIN &HEH FHIE H= alignment

S ?lofl paddings =&, 4

sotdH U2 e=d=2 sJtotd padding &

struct 81 {char c; int x; short s;} examplel; struct S2 {char c; short s; int x;} example?;

A

e % padding
—— byt address
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(CCROARLLCCLCCREERRORARCLLCECEERE RO ELLCECERR RO CLLLCCECERR RO CLCCECERERRACLCLCERERR RO LCLECECEEE RO LLLLCECCERE R LCLCEEE R AL LR L CLLCCEEER RO CLLCCCECERERRRCLCLCECREERR RO LK
paddingO0| KHlIHE packed HIOIE R*EE JIKl=

— O=

> ARM C 2= E=

JEE M8 » S
_-packed struct S3 {char c; int x; short s;} example3;
8 78 s
S — -
3 2 | 1 | o byte address
[
6.10 Run—time &&
> C T2 ANSI C 2t0IE2{210t HIRE s stds s
b x[ A8l stand-

C ANAEZ2 JI=H2

> &2 2HICIE
alone run—time 2t0lEc2iclE M (Utxd &5, A Hs M3 &=+5,
AEBH heap 22|, T2 ) A& =2 &845)
o 2lolEelE 28t 2= AJ|= 736 HIOIEZ full ANSI C

rolI

> Olcieh =4

O Xt=

ctOIEeI 2L 2 &3
LR R PR LR LT LR PP E L LT PP R PP ECPEELLPELRECLPELECPECECLPECRRELPERLRELD



