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LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

6. g O E Flet 2x&Hel A&
- ®A R

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 thasa high-laeval concapts diractly, we need to be satisfied that the more primi-
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. Wa will
usa C as the example high-level language (though some might debate its qualifica=-
tion for this rolel) and the ARM instruction set as the architecture that the language
iz compiled onto,

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 open for the compiler writer to take according to taste. Some of these
dacizsions 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 Standand 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 set
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I ey
6.2 GIOIE &

- 4 O0lE

> ARME

= XMclotd 16 HIE, 8 HIE UIOIEH =
== oftLte eIXIAHN 2 =0ts
Scil11E AtEot)

2 HHIE IOIHE JI2&2

, 32 HlE ol&e &

W

Z-ll_l
o
9
4
50
00

= HAlotJ| ol C

> 23 8l =2 JAA QHEZSRE H
3 Az =2 HM0MH LHEZRE HAIoH)| 2o V E2EHIE AME
> 64 HE = F N2 dXNAHE 0/86t] A HEE 01860 HAE
- &==¢ G0IH
D A= 22 T2 HEEH=E S22 $= LIEHWD] RIoH AHS
> ARM core= &= OIOIEHE XIAGHA &I 20 &4 HI0IeHE JHkle ¥
AHe=E 25 248 coprocessorlt AZEHEZ emulate = H 0F &
- = At OIOI&
S0 ARM RE0A=

> 2Xt= 7 HIE ASCII ZE L unicode S0l 2ol &
unsigned BIO| E load/store @2 HE Soll A& &
IR i e g



IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIﬁII

— ANSI C JI2 U0l 2F =l HI0oIE SEH

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 moccupythe same space at

> ARM ZItei= Jl=2 s S Nelotl =4 JJ|E 2 HolgHE g
P2 gts AL IS A2 g dHiz2 48

> Bitfield& £ It StLte 8 3=
(LR LR LR E L LT E LR LR LR LR E LR LR LR LT L L E LR E R LR LR LT
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LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

- C ol &eoll tHet ARMS] =& o1 X &

> Integer, long integer, unsigned = At OIOIEH & <o signed, unsigned 32
HIE 2 unsigned 8 HIEE Xcdlotl= @EHE M3

> ZOIHE ol JIESQ unsigned 32 OIOIE X2l BE N AtS

> Shorter integer, signed = At HIOIEHE <o signed, unsigned 16 HIE 2t
signed 8 HIEE Xclot= EE N M3

> Array @t structure Xl& = ®loll base plus scaled index addressing £ &= 2t
base plus immediate offset addressing 252 N3

> f=s48 UOIEHHE 2 ARM coretil A A& otAl Il 20 5 28

K& SHERAHIL o™ =&t AT EQIN emulation S E0 2o Xel=

6.3 2= A& HIO0IE HEH
— Single precision & 4!

> A0 PO FHE : R=ax b (2& =2 H&otI| ?Ioi b=2)
(LR LR LR E L LT E LR LR LR LR E LR LR LR LT L L E LR E R LR LR LT
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> F5 2+=8 UOIHE H&2 ZXd= ?loll IEEE 75401 2ol JIE282=

— /) —

32 HIE single precision &Al02 T& (83 HIE (S), NI+ (8HIE), 8

y TT

SXel (23 HE)z =A)

3130 2322 0
S exponent fraction
D120 &2 5= A=)t S0 S A= el +127 biaset gi= Al

=N =
> 0ll) 1995 single precision 8422 H&St= R
i) 19952 2&l+=2 & 11995 = 11111001011
i) axbn(1<a<?2, b=2) HEHZ H A3 :1995=1.1111001011 x 210

i) Xl +127 bias : 10+127 =137 (10001001)

3130 2322 - 0

|ﬂ'| 10001001 | 11110010110000000000000 I
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> 32 HE §RSE 28 28 A 1 (-1)Sx 1./l x 2K=-127)
0: K=2% REXCIE BF
+oo ¢ K42 E O3t (255), K&Xtele 0, 2500 et S= 0(1)
NaN (Not a Number) : XI=== ZICiat (255), # S Atel= non-zero

> drslel gl 28 E += Ble Ol &2 &= Hl 8 A gt 28

ﬁ
I
rr
ﬂ
N
£y
)
&)
o
>
0

— Double precision & 4!
D> 2= A8 OIS =& E =0/)] #lol 64 HEE AtE

> XI#== 11 HIE (bias= +1023), & Atel= 52 HIE AIE

3130 2019 0

S exponent fraction (most significant part)

31 0
fraction (least significant part) '
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Single precision Double precision g 9
N s = Atel N s = Atel

0 0 0 0 0

0 nonzero 0 nonzero +tH| 8 H#5teEl =
1-254 anything 1-2046 anything 125 AL £
255 0 2047 0 +S et

255 nonzero 2047 nonzero NaN(Not a Number)

— Double extended precision &4
D> HSTE [ =0]|)] 26l 80 HIEE AIE, XI&== 15 HIE (bias= 16383),
s Atel= 63 HlE, EtatE HOIEHE B JBIEM 1 HE

3130 1614 0

S 0000000000000000 exponent

3130 0

J fraction {most significant part) I

a 0
fraction {least significant part) I




— Packed decimal & 4!

> |EEE 754 H==2 0|8+ 25 428 H8 ) S8 108+ F5 &8 &

AlZ HOl8, 2t HIEE 084D} 0t BCD ZEE HEE
value (packed) = a x b" (1<a<10, b=10)
= (-1)0 x decimal x 10(=1)"E x exponent)
31302928 27 1211 0
E|D|0 0O exponent (4 BCD digits) dec. (3 most sig. BCD digs.)
]| - 0
decimal (8 middie BCD digits) I
a1 0
decimal (8 least significant BCD digits) I

> Extended Packed decimal E4/2 4 HIO|EE 0|20t Packed decimal

09L

FR}

o
Jou
03



3130292827 0

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

1 0

decimal (8 most significant BCD digits) I

A 0

i decimal (8 middle BCD digits) '

a1 0

| decimal (8 least significant BCD digits) I

- ARM 5 &8 S0 F5 28 02

> ARM 25 A& HF = coprocessor 383 HZ H2l&

> 2= &8 B H= undefined 32 EEE Soll 2ZEAHUH A X
CIXI8t LEE2 FPAI0 = 248 coprocessorfil A el &

> 23 A8 30 AW ARME single, double precision @4 X &

ol= C 23 48 2l0IE2eIE M3 (RS 28 B0 E diAotLl

emulationg Z LI} 9ie)
HHITTH Ui Ty
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6.4 ARM floating—point 2
£ 28 XN&E0| E2206tH ARM 5 28 L= M8z ATES|
o~

EAN/OGIEANA 2

-

1=

HLF FPA 2= A& accelerator2 ELHZ &t
solution2 AIZ0oltd = &8 SEiE XNFE

A
> ARM 5 &8 2L

@ 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 22 = £ 28 emulator 2 ZERHLEF FPA102}

FPAXIE 2ZE2 X8 S2 otERAN/AZERAN X8 S0l 25 AHES
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- FPA 10 GIOI&] S EH

> ARM FPA 10 & &=

1T

& accelerator= single, double, extended double
precision 2412 XI&, Packed decimal 8412 ATEQAHZC A& IIs
> Coprocessor dlXIAEH = 25 extended double precision0l2) 2 W

A2 extended double precision=z AlgH =
> HZ222 HAAEH AFOIS HIOIE Ol=s2

_I-IXH X‘Io _Cll_% AAI—l <ED:IO.l

RAEE| = precisionz Al S

31 2827 25242322212019 161514 1211
X|{FRd | 0001

8 7 0

data size (1)
data size (2)

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

= 72, packed decimalll extended packed decimal2 FPSRUIAN 22
L EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE T T
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LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

-Us Al NE 25 A28 E(

> 2 dIAAE= 3 e U2l =0 ME, CIoIE A2 2R ¥EE

81 2827 2624282221201 161614 1211 8 7

register count (1)
register count (2)

> FRdE &<

tN

l= XA HXNAEHE LIEFHLHD X, Y HIE=E 8EE = XA
HOl =5 LIEIY (ZITH 400), Ol ¥ = coprocessor number 2E AIE

ot = HE =2 coprocessor number 12 AIE &

- UI0IH Ml s 2+=8 4]

[> 2HCESH At AN Y (M WA S4A Ll L4 XI, Power)
> =8 &4 A3 HH (Jog, exponential, sin, cos, tan, arcsin, arctan)

> JIEF ¥d (=22, move, Z 3L, round)
TR R T i i i i i s Ty mm
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- B85 _/l\_J\I-I D#(:E):IO.I U|_|E

> 2 ALE emulator AT EQHE A6 =2 )2

1o
Nz
02
o
[
=

load/store @8 BIEJI OlF =2 A2 2 LIEHH

Instruction
Load/store
Add
Multiply

Compare

Fix and float
Divide
Others

> FPA 102 |oad/store SZ0| LIS dt= HADF SA0 S&GEE2 AN =
- FPA 10 =X
> 2222 CIEHHOIA= ARM OI0IE HA, handshake &l =&

[

> load/store ZXl= IOIHE &M, MES | B 28 A2 HEl

4 T o Oﬁ—
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> st B X= RAD|, 540, divider, rounding, @ 13 olE/IHZE 24

> FPA 102 I8 &4 248k

A X[CF 21 M&E 2 handshake 412 & JIUHOF &
(LR LR LR E L LT E LR LR LR LR E LR LR LR LT L L E LR E R LR LR LT
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> &t A4S 4 B POl etel A

1. Prepare: align operands.

2. Calculate: add, multiply or divide.

3. Align: normalize the result.

4. Round: apply appropriate rounding to the result.

= A8 context A X

D =GO G F=IINQ TR AN MBS LIEHL

= A8 HHAS MESH= processe R EJ| 201 FPA Al XIAEE

etCtH trapOl Z2iot) trap 2= FPA & EHE N &Eot) FPAE S&AIZ

> FPAE AlZ0l= processBhO| FPA A EHE M&StD =S 0otAH &



16
LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

6.5 Expressions
- 4 X AE AIE

> ARM E=+& OI0IH X2l BE0H=S=2 C < &= Aak =2 HaH K

D AIXNAEHM MEE e =2 AIZC Z20E HNEE HRNAH =

AFOI Ol = trade—off It EXotEXZ AUt 4= 0|28t trade—offE &3}

ot dlAIAE &A1

1
>
02
0
=2
og
1z
0
)
>
i®)
3
w
@,
)
>
flo

0
M
Ql
rlr

> Thumb B8 0= 2 =24 BENHO0IE2Z2 LEHHOI HXAHE O A ALS

ol4OF ot 0|2 Clol &€ S28X0 TEI MM
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- ODZAME SO QHMES A5t HelE

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.

. 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.
. As a local variable.

Local variables are allocated space on the stack and are accessed by a stack
pointer relative LDR.
. 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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- ZOIH2 HE HS
> ZOIHO SJt= EQIHIt Jtel2l= GIoIe 2 =2J101 et et ™ok &
> int *p; p=p+12 < HIOIEJt E+=E0|E2=2 EQIH= +4 SItotOF &
> B0t offset2@ 2 AFES &S GI0IE 3II0 et offsetE scale&l {OF &

int I = 4:
p=p+1ij;

If p is held in 10 and i in rl, the change to p may be compiled as:
ADD r0, r0, rl, LSL #2; scale rl to int

> G0l D101 2 XI+=s0| Ot 22 410 X2l 0ls BE= ME

> #eol A

10
in
0
N
uin
|O

| AJ|JF SLolB2 2 ali]= pointer—plus—offset

*(a+i) SEHQ S (base plus scaled offset HEH A SEI} JIE = E)

6.6 Conditional statements

> X240| &0l BL AT = Col 2&HO= if..else? switch =& S0| E£ &
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— if...else &

> ARM 2=

02
0y
Q
i
P
ry
i
W
02t
o
N
ol

20 0=

ol
10
Jal
0o

if (a>b) c=a; else c=b;

CMP r0, rl
MOVGT r2; rh
WIE 1""3 '3 'I"'].

> E2 HBLRE JIA = switch &S if..else &S BIE26IH REECIH 2

> ARAX HE2 Jtsset g0l et =2 =45 Egote X HOISE ALS

ot elot= A0l g2l8E
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6.7 Loops

— for loops

> MUt B2 HAE ¢ & U= Y20 ABoHE B 2F

rl, #0 value to store in alil
r2, al0] ; r2 points to a[(]

rd, #0 i=0

rd, #10 i<10 ?

EXIT if i »= 10 finish
rl, [r2,r0,LSL #2]; al[i] = 0

rd, r0, #1 : i4+

LOOFP

> 24 2J| B2 BGEE Mol Us 2SS B =200 g =2H =R
adl B0z 828 0 25 20 S

> HAE 8= F2 0¥ 2=z 0lsotH U= 2252 2= S
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— while loops
>

evaluate expression

loop body

loop body
evaluate expression

evaluate expression
skip loop if necessary
lcop body

evaluate expression
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|
o
©
=
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)
o
O
O
w
[val
-
o
[on
‘
I

; loop body
; evaluate EKPIEEEiDn

r

clE 0 2EE00F S

| >
M
Il
4
0
rir
N
o
gl
A
in
HU
i
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%, NEZE, TR AR

UOII

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”®):

> UE AU &2l C A= &=

> 2t0] EH oKl 1] side—effectlts JIXl= &

o

ot T2 AIMIE HetoltH =5EAl 23

Ls o

= DZAINS RAE S&

rou

\Y4
o
Q
-
3
)
=
r
(_)'l_l

Al
T
S RN 2o dE = ES0]D

tetdle = =0l 2lof

> CHMH= ‘call by value’E AtEot &I LA ZE [ argument= S AHE
TR R T i i i i i s Ty mm



24
LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

— APCS (ARM Procedure Call Standard)

>0l TRAIHSO 5SX0 2SS 2ok T2AIH ALR0 et 72 2
==

s
> 1600 dIXIAEHE ZEZ2AH AFE0HM S8t

:

Argument 1 / integer result / scratch register
Argument 2 / scratch register

Argument 3 / scratch register

Argument 4 / scratch register

Register variable 1

Register variable 2

Register variable 3

Register variable 4

Register variable 5

Static base / register variable 6

Stack limit / register variable 7

Frame pointer

Scratch reg. / new sb in inter-link-unit calls
Lower end of current stack frame

Link address / scratch register

Program counter

Reg
0
1
2
3
4
5
6
T
B
9

o
=]

2R =
A L

i
th




26
LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

> 8MZoliOF ot= QD 2 BR= 4042 2l== al-a40l Mot LIOHX

= e AN HEE

> Ztttet Z2it= al dIXNAEHE Soll 825D S&et 2= als Sol &

= 022 =20 2ol HE22E Sol s
Al
L

sp!, {regs, lr} ; save registers

sp!, {regs, pc} 1 restore and return

$0
0[0
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6.9 HIZ22l AFE

"~

0K

o odl

=
T — =

- top of memory

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.

«— stack pointer (sp)

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

The heap

The heap is an area of memory used to satisfy

program requests (malloc()) for more memory
top of application for new data structures. A program which
continues to request memory over a long
application’s image period of time should be careful to free up all
sections that are no longer needed, otherwise
4 application load address the heap will grow until memory runs out.




IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIﬁI7III

> heap2 F=AJF SIIots U&fo 2 &G0 stackS A A 6l= Y&

o2 4T, ARME BLISl 220 T3l 1 - 4G HI0|EQ| =2 B2t oY

— A EH & Xt
e

main () |

.‘F*
funcl {();
(O ] j*
func2 ();

i /* t
} /* end of main */
funcl () {

2 /*
func2 ();
] }{* :
} /% end of funcl */

func2 () {
.. /#
} /* end of func2 */
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D> 2 gt EE M A8 S22 dIANAHU 825X et 21+, &= U

=3 4, N B

Ol AtEote dlXlAR,
> otutel Z2AIHIt &2

e AMEE NS s S0l & &

— HI0lE& alignment
> CHE EEiel £ JHel IOoIe EEHIF S A0

?/oll padding= &

SMAEH AHINY A= alignment

ﬂllﬂJ

OI:E DI-_)I\_EI

E51% M 22 5842 ZI151D padding 2
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LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU
E =PI N k=

I H= 2= padding0l M= packed GIOIE

> ARM C Z1 = 2=
gshort s;} example3;

--packed struct S3 {(char c; int x;

6.10 Run—-time &t &
>CX eH=2 ANSI C 2101EH2 I HIs&E= &
C AIAEIZ2 JIEH0 C &2 A== fst x40 stand-
AN Mot M2 &S,

3 (Lixd

alone run—-time 2t0|Ed{2lE Xl
heap &t2|, T )& Al &
ol 2tolEelE

|EZ full ANSI C

A,
flet ZE A= 736 IO

ron

> Ol st =l
o o

ctOlEH2I 20 e &S
(LR LR LR E L LT E LR LR LR LR E LR LR LR LT L L E LR E R LR LR LT



