Arm Assembly Language programming

6. Data structures

We have aready encountered some of the waysin which datais passed
between parts of a program: the argument and result passing techniques of
the previous chapter.

In this chapter we concentrate more on the ways in which globa data
structures are stored, and give example routines showing typical data
mani pul ation techniques.

Data may be classed asinternal or external. For our purposes, we will
regard interna data as values stored in registers or ‘'within' the program
itself. External datais stored in memory allocated explicitly by acall to an
operating system memory management routine, or on the stack.

6.1 Writing for ROM

A program's use of internal memory data may have to be restricted to read-
only values. If you arewriting a program which might one day be stored in
aROM, rather than being loaded into RAM, you must bear in mind that
performing an instruction such as

STR RO, | abel

will not have the desired effect if the program is executing in ROM. So, you

must limit internal referencesto look-up tables etc. if you wish your codeto
be ROMmable. For example, the BBC BASIC interpreter only accesses

locations internal to the program when performing tasks such as reading the

tables of keywords or help information.

A related restriction on ROM code s that it should not contain any self-
modifying instructions. Self-modifying code is sometimes used to alter an
instruction just before it is executed, for example to perform some complex
branch operation. Such techniques are regarded as bad practice, and
something to be avoided, even in RAM programs. Obvioudly if you are
tempted to write self-modifying code, you will have to cope with some
pretty obscure bugs if the program is ever ROMmed.

Finally, the need for position-independence is an important consideration
when you write code for ROM. A ROM chip may befitted at any addressin

the ROM address space of the machine, and should still be expected to work.
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Theonly timeit is safe to write to the program areaisin programs which
will dways, aways, be RAM-based, e.g. small utilities to be loaded from
disc. In fact, even RAM-based programs aren't entirely immune from this
problem. The MEMC memory controller chip which is used in many ARM
systems has the ability to make an area of memory 'read-only’. Thisisto
protect the program from over-writing itself, or other programsin a multi-
tasking system. Attempting to write to such aregion will lead to an abort, as
described in Chapter Seven.

It isagood idea, then, to only use RAM which has been allocated explicitly
as workspace by the operating system, and treat the program area as 'read-
only".

6.2 Types of data

Theinterpretation of a sequence of bitsin memory isentirely up to the
programmer. The only assumption the processor makesis that when it
loads aword from the memory addressed by the program counter, the word
iIsavaid ARM instruction.

In this section we discuss the common types of data used in programs, and
how they might be stored.

6.3 Characters

Thisis probably the most common data type, as communication between
programs and people is usually character oriented. A character isasmall
integer whose value is used to stand for a particular symbol. Some
characters are used to represent control information instead of symbols, and
are called control codes.

By far the most common character representation is ASCII - American
Standard Code for Information Interchange. We will only be concerned
with ASCII in this book.

Standard ASCII codes are seven bits - representing 128 different values.
Those in the range 32..126 stand for printable symbols. the letters, digits,
punctuation symbols etc. An exampleis6b (&41), which standsfor the upper-
case letter A. Therest 0..31 and 127 are control codes. These codes don't
represent physical characters, but are used to control output devices. For
example, the code 13 (&0D) is called carriage return, and causes an output
device to move to the start of the current line.

Now, the standard width for abyte is eight bits, so when a byteis used to
store an ASCII character, thereisone spare bit. Previoudly (i.e. inthe days
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of punched tape) this has been used to store a parity bit of the character.
Thisis used to make the number of 1 bitsin the code an even (or odd)
number. Thisiscalled even (or odd) parity. For example, the binary of the
codefor theletter A is1000001. Thishas an even number of one hits, so the
parity bit would be 0. Thusthe code including parity for A is01000001. On
the other hand, the code for C is 1000011, which has an odd number of 1s. To
make this even, we would store C with parity as 11000011. Parity gives a
simple form of checking that characters have been sent without error over
transmission lines.

As output devices have become more sophisticated and able to display more
than the limited 95 characters of pure ASCII, the eighth bit of character
codes has changed in use. Instead of this bit storing parity, it usually denotes
another 128 characters, the codes for which liein the range 128..255. Such
codes are often called 'top-bit-set’ characters, and represent symbols such as
foreign letters, the Greek a phabet, symbol 'box-drawing' characters and
mathematical symbols.

There is a standard (laid down by ISO, the International Standards
Organisation) for top-bit-set codes in the range 160..255. In fact there are
several sets of characters, designed for different uses. It is expected that
many new machines, including ARM -based ones will adopt this standard.

The use of thetop bit of a byte to denote a second set of character codes does
not preclude the use of parity. Characters are ssmply sent over transmission
lines as eight bits plus parity, but only stored in memory as eight bits.

When stored in memory, characters are usually packed four to each ARM
word. Thefirst character ished in the least significant byte of the word, the
second in the next byte, and so on. This scheme makesfor efficient
processing of individual characters usng the LDRB and STRB instructions.

In registers, characters are usually stored in the least significant byte, the
other three bytes being set to zero. Thisisclearly wise as LDRB zeroes bits
8..31 of its destination register, and STRB uses bits 0..7 of the source register
as its data

Common operations on registers are trand ation and type testing. We cover
trand ation below using strings of characters. Type testing involves
discovering if acharacter is a member of agiven set. For example, you
might want to ascertain if acharacter isaletter. In programs which
perform alot of character manipulation, it iscommon to find a set of
functions which return the type of the character in a standard register, e.g.
RO.
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These type-testing functions, or predicates, are usually given names like

| sLower (case) ori sDi gi t, and return aflag indicating whether the
character isamember of that type. We will adopt the convention that the
character isin RO on entry, and on exit all registers are preserved, and the
carry flag iscleared if the character isin the named set, or set if it isn't.
Below are a couple of examples. i sLower andi sDi gi t:

DIM org 100

sp =1

link =14

Witel = &100

NewLi ne = 3

Cflag = &20000000 : REM Mask for carry flag
FOR pass=0 TO 2 STEP 2

P%-=or g

[ opt pass

; Character type-testing predicates.

;On entry, RO contains the character to be tested
;On exit C=0 if character in the set, C=1 otherw se
;Al'l  registers preserved

. i sLower
CMP RO, #ASC'a" ; Check lower limt
BLT predFai l ;Less than so return failure
CMP RO, #ASC'z"+1 ; Check upper limt
MOV pc, link ;Return with appropriate Carry
. predFail
TEQP pc, #Cfl ag ;Set the carry flag
MOV pc, link ;and return
.isDigit
CMP RO, #ASC'O0" ; Check lower limt
BLT predFai | :Lower so fail
CMP RO, #ASC'9" +1 ; Check upper limt
MOV pc, link ;Return with appropriate Carry

; Test for isLower and isDigit
;If RO is digit, O printed; if lower case, a printed

.test Pred

STMFD (sp)!, {link}
BL i sDigit

SWCC Witel +ASC"0"
BL i sLower
SWCC Witel +ASC"a"
SW NewLi ne

LDMFD (sp)!,{pc}

NEXT pass
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REPEAT
| NPUT" Char acter ", c$
A%=ASCc$
CALL testPred

UNTI L FALSE

The program uses two different methods to set the carry flag to the required
state. Thefirst isto use TEQP. Recall from Chapter Three that this can be
used to directly set bits of the status register from the right hand operand.
Thevariable Cf | ag is set to &20000000, which is bit mask for the carry flag
in the status register. Thus the instruction

TEQP pc, #Cfl ag

will set the carry flag and reset the rest of the result flags. The second
method uses the fact that the CMP instruction sets the carry flag when the
<| hs > isgreater than or equal toits <r hs>. So, when testing for lower
case letters, the comparison

CMP RO, #ASC"z" +1

will set the carry flag if RO is greater than or equal to the ASCII code of z
plusl. That is, if ROisgreater than the code for z, the carry will be set, and if
itislessthan or equd to it (and istherefore alower case letter), the carry
will be clear. Thisis exactly the way we want it to be set-up to indicate
whether RO contains a lower case letter or not.

Strings of characters

When a set of charactersis stored contiguously in memory, the sequenceis
usually called a string. There are various representations for strings,
differentiated by how they indicate the number of charactersused. A
common technique is to terminate the string by a pre-defined character. BBC
BASIC uses the carriage return character &0D to mark the end of its $
indirection operator strings. For example, the string " ARMVENI A" would be
stored as the bytes

&41
&52
& 4D
& 45
& 4E
& 49
&41
r &0D

oOrr—ZmMmZ 0>
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An obvious restriction of thistype of string isthat it can't contain the
delimiter character.

The other common techniqueisto store the length of the string immediately
before the characters - the language BCPL adopts this technique. The length
may occupy one or more bytes, depending on how long a string hasto be
represented. By limiting it to a single byte (lengths between 0 and 255
characters) you can retain the byte-aligned property of characters. If, say, a
wholeword is used to store the length, then the whole string must be word
aligned if the length isto be accessed conveniently. Below is an example of
how the string " ARMAMVENT" would be stored using a one-byte length:

| en& 08
A &41
R &52
M &4D
A &41
M &4D
E &45
N &4E
&54

—

Clearly strings stored with their lengths may contain any character.

Common operations on strings are: copying a string from one place to
another, counting the length of a string, performing atranslation on the
characters of a string, finding a sub-string of a string, comparing two
strings, concatenating two strings. We shall cover some of thesein this
section. Two other common operations are converting from the binary to
ASCII representation of a number, and vice versa. These are described in
the next section.

Character translation

Tranglation involves changing some or al of the charactersin astring. A
common tranglation is the conversion of lower case letters to upper case, or
viceversa. Thisisused, for example, to force filenames into upper case.
Another form of trandlation is converting between different character codes,
e.g. ASCII and the less popular EBCDIC.

Overleaf is aroutine which convertsthe string at st r Pt r into upper case.
The string is assumed to be terminated by CR.
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DIM org 100, buff 100
cr = &D
strPtr = 0
sp = 13
link = 14
carryBit = &20000000
FOR pass=0 TO 2 STEP 2
P%=or g
[ opt pass
;toUpper. Converts the letters in the string at strPtr
;to upper case. All other characters are unchanged.
;Al'l  registers preserved
; Rl used as tenporary for characters
t oUpper
STMFD (sp)!,{R1,strPtr,link};Preserve registers
.toUpLp
LDRB RL, [strPtr], #1 ;Get byte and inc ptr
CMP R1, #cr End of string?
LDVEQFD(sp)!,{R1,strPtr,pc} ;Yes, so return
BL I sLower ; Check | ower case
BCS t oUpLp ;lsn'"t, so |oop
SUB R1, R1, #ASC"a" - ASC" A" ; Convert the case
STRB RL, [strPtr, #- 1] ; Save char back
B t oUpLp : Next char
.1 sLower
CMP R1, #ASC'a"
BLT not Lower
CMP R1, #ASC'z"+1
MOV pc, | i nk
. nhot Lower
TEQP pc, #carryBi t
MOV pc, | ink
]
NEXT
REPEAT
| NPUT"String ", $buff
A%=buf f
CALL toUpper
PRI NT" Becones " $buff

UNTIL FALSE

The program uses the fact that the upper and lower case letters have a
constant difference in their codes under the ASCII character set. In
particular, each lower case letter has a code which is 32 higher than its upper
case equivaent. This means that once it has been determined that a
character isindeed aletter, it can be changed to the other case by adding or
subtracting 32. You can also swap the case by using this operation:

EOR RO, RO,

#ASC" a" - ASC" A"

; Swap case
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The EOR instruction inverts the bit in the ASCII code which determinesthe
case of the letter.

Comparing strings

The example routine in this section compares two strings. String
comparison works asfollows. If the strings are the same in length and in
every character, they are equd. If they are the same up to the end of the
shorter string, then that isthe lesser string. If they are the same until a
certain character, the relationship between the strings is the same as that
between the corresponding characters at that position.

st r Cnp below compares the two byte-count stringsat str1 andstr 2, and
returns with the flags set according to the relationship between them. That
IS, the zero flag is set if they are equal, and the carry flagissetif strlis
greater than or equal to st r 2.

DIM org 200, buffl 100, buff2 100

REM strl to char2 should be contiguous registers
strl
str2
l enl
| en2

I i n
WNEF,O

o0 —h
D
>
N

0]
o
I
|
w I

link = 14

FOR pass=0 TO 2 STEP 2

P%=or g

[ opt pass

;strCnp. Conpare the strings at strl and str2. On exit,
;all registers preserved, flags set to the reflect the
;relationship between the strings.

; Regi sters used:

;lenl, len2 - the string lengths. lenl is the shorter one
;flags - a copy of the flags from the length conparison
;index - the current character in the string

;charl, char2 - characters from each string

;NB len2 and flags can be the sanme register

.strCnp

; Save all registers
STMFD (sp)!, {strl-char2,!ink}
L DRB lenl, [strl], #1 ;Get the two |engths
LDRB len2, [str2], #1 ;and nove pointers on
CMP lenl, Ilen2 ;Find the shorter
MOVGT |enl, len2 ;Get shorter in lenl
MOV flags, pc ; Save result
MOV i ndex, #0 ;Init index

.strCnplLp
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CMP i ndex, lenl End of shorter string?
BEQ str CnpEnd :Yes so result on |engths
L DRB charl, [strl, index] ;Get a character from each
LDRB char2, [str2, index]

ADD i ndex, index, #1 ; Next i ndex

CMP charl, char?2 ; Conpare the chars

BEQ strCnplLp ;1 f equal, next char

Return wth result of |ast character conpare
Store flags so BASIC can read them

STR pc, t heFl ags
LDMFD (sp)!,{strl-char?2, pc}

;Shorter string exhausted so return with result of
;the conparison between the |engths
ist r Cmp End
TEQP flags, #0 :Get flags from register

; Store flags so BASIC can read them

STR pc, t heFl ags

LDMFD (sp)!, {strl-char?2, pc}
jtheFIags

EQUD 0

]
NEXT pass
carryBit = &20000000
zeroBit = &40000000
REPEAT
I NPUT' "String 1 ",s1$,"String 2 ",s2$
?buf f 1=LENs1$ : ?buff2=LENs2$
$(buffil1+1l)=s1$
$(buff2+1)=s2%
A%=buf f 1
BY%=buf f 2
CALL strCmp
res = !theFl ags
PRINT "String 1 "

IF res AND carryBit THEN PRINT">= "; ELSE PRINT "< ";

PRINT "String 2"
PRINT "String 1 ";
IF res AND zeroBit THEN PRI NT'"= ": ELSE PRI NT"<>
PRINT "String 2"
UNTI L FALSE

Finding a sub-string

In text-handling applications, we sometimes need to find the occurrence of
one string in another. The BASIC function | NSTR encapsulates this idea.
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The call

I NSTR("STRI NG W TH PATTERN", " PATTERN")

will return the integer 13, as the sub-string "PATTERN" occurs at character
13 of thefirst argument.

The routine listed below performs afunction analogous to | NSTR. |t takes
two arguments - byte-count string pointers- and returns the position at
which the second string occursin thefirst one. Thefirst character of the
string is character 1 (asin BASIC). If the sub-string does not appear in the
main string, O is returned.

For a change, we use the stack to pass the parameters and return the result.
It isup to the caller to reserve space for the result under the arguments, and
to 'tidy up' the stack on return.

DIM org 400,mainString 40, subString 40
strl 0
str2 1
result = 2
3
4

l enl
| en2
charl
char 2
i ndex
work = 8

sp = 13

link = 14

FOR pass=0 TO 2 STEP 2
P%=or g

[ opt pass

5
6
7

;instr. Finds the occurence of str2 in strl. Argunents on
;the stack. On entry and exit, the stack contains:

result word 2
strl word 1
str2 <-- sp wrd O plus 10 pushed words

;strl is the main string, str2 the substring
;All registers are preserved. Result is O for no match

jinstr
; Save work registers
STMFD (sp)!,{str1-work,link}

LDR strl, [sp, #(work-strl1+2+0)*4] ;Get strl pointer
LDR str2, [sp, #(work-strl+2+1)*4] ;and str2 pointer
MOV wor k, strl ; Save for offset calculation
L DRB lenl, [strl], #1 ;Get lengths and inc pointers
LDRB len2, [str2], #1

.inLpl
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lenl, len2 ;Quick test for failure

i nFai | ; Substr | onger than main string
i ndex, #0 ;I ndex into strings

i ndex, len2 ; End of substring?

i nSucc ;Yes, so return with str2

i ndex, lenl

i NnNext ;End of main string so next try

LDRB charl, [strl1, index] ;Conpare characters
LDRB char2, [str2, index]

ADD
CMP
BEQ

. 1 nNext
ADD
SUB
B

.i nFail
MOV

.1 nSucc
SUB
STR

i ndex, index, #1 ;I nc index

charl, char2 ; Are they equal ?

inLp2 ; Yes, so next char

strl, strl, #1 ; Move onto next start in str2
lenl, lenl, #1 ;1t's one shorter now

inLpl

work, strl ; Make SUB below give O

strl, strl, work ;Calc. pos. of sub string

strl,[sp, #(work-str1+2+2)*4] ;Save it in result

; Restore everything and return
LDMFD (sp)!,{str1-work, pc}

;Exanple of calling instr.

:Note t

hat in order that the STM pushes the

;registers in the order expected by instr, the follow ng
;relationship nust exist. str2 < strl < result

.testln
ADR
ADR

str
strl, mainString ; Address of main string
str2,subString ; Address of substring

STMFD (sp)!, {strl,str2,result,link} ;Push strings and

BL instr ;room for the result. Call instr
LDMFD (sp)!, {strl,str2,result} ;Load strings & result
MOV RO, resul t ;Result in r0 for USR function
LDMFD (sp)!,{pc}
]
NEXT
REPEAT
| NPUT"Main string 1 ",sl1$ , "Substring 2 ",s2$%$
?mainString = LEN sl1$
?subString = LEN s2$
$(mai nString+l) = sl1$
$(subString+1l) = s2%
pos = USR testlnstr
PRI NT "I NSTR("""s1$""","""s2%""") =";pos;
PRINT " (";INSTR(s1$,s2%)")"
UNTI L FALSE

The Note in the commentsisto act asareminder of the way in which

multiple

registers are stored. STMaways saves|ower numbered registers in
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memory before higher numbered ones. Thusif the correct ordering on the
stack isto be obtained, register st r 2 must be lower than st r 1, which must
be lower than r esul t. Of course, if this weren't true, correct ordering on
the stack could still be achieved by pushing and pulling the registersone at a
time.

6.4 Integers

The storage and mani pulation of numbers comes high on thelist of things
that computers are good at. For most purposes, integer (as opposed to
floating point or 'real’) numbers suffice, and we shall discuss their
representation and operations on them in this section.

Integers come in varying widths. Asthe ARM isa32-bit machine, and the
group one instructions operate on 32-bit operands, the most convenient size
Is obvioudy 32-bits. When interpreted as signed quantities, 32-bit integers
represent a range of -2,147,483,648 to +2,147,483,647. Unsigned integers give
acorresponding range of 0 to 4,294,967,295.

When stored in memory, integers are usually placed on word boundaries.
This enables them to be loaded and stored in a single operation. Non word-
aligned integer require two LDRs or STRs to move them in and out of the
processor, in addition to some masking operations to ‘join up the bits'.

It is somewhat wasteful of memory to use four bytes to store quantities
which need only one or two bytes. We have aready seen that characters use
single bytesto hold an eight-bit ASCII code, and string lengths of up to 255
characters may be stored in asingle byte. An example of two-byte quantities
ISBASIC line numbers (which may be in the range 0..65279 and so require 16
bits).

LDRB and STRB enable unsigned bytes to to transferred between the ARM
and memory efficiently. There may be occasions, though, when you want to
store asigned number in asingle byte, i.e. -128 to 127, instead of more usual
0..255. Now LDRB performs a zero-extension on the byte, i.e. bits 8..31 of
the destination are set to 0 automatically. This means that when loaded, a
signed byte will have its range changed to 0..255. To sign extend a byte
loaded from memory, preserving its signed range, this sequence may be
used:

L DRB RO, <address> ;Load the byte
MOV RO, RO, LSL #24 ;Move to bits 24..31
MOV RO, RO, ASR #24 ; Move back with sign

It works by shifting the byte to the most significant byte of the register, so
that the sign bit of the byte (bit 7) is at the sign bit of the word (bit 31). The
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arithmetic shift right then moves the byte back again, extending the sign asiit
does so. After this, normal 32-bit ARM instructions may be performed on the
word.

(If you are sceptical about this technique giving the correct signed result,
consider eight-bit and 32-bit two's complement representation of numbers.

If you examine anegative number, zero and a positive number, you will see
that in all cases, bit 7 of the eight-bit version is the same as bits 8..31 of the 32-
bit representation.)

The store operation doesn't need any special attention: STRB will just store
bits0..7 of theword, and bit 7 will be the sgn bit (assuming, of course, that
the signed 32-bit number belng stored isin therange-128..+127 which a
single byte can represent).

Double-byte (16-bit) operands are best accessed using acouple of LDRBs or
STRBs. To load an unsigned 16-bit operand from an byte-aligned address
use:

LDRB RO, <address>
LDRB R1, <address>+1
ORR RO, RO, R1, LSL #8

The calculation of <addr ess>+1 might require an extra instruction, but if
the address of the two-byte value is stored in a base register, pre- or post-
indexing with an immediate offset could be used:

LDRB RO, [addr, #0]
LDRB  R1, [addr, #1]
ORR RO, RO, RI1, LSL #8

Extending the sign of atwo-byte vaueis similar to the method given for
single bytes shown above, but the shiftsare only by 16 bits.

To store a sixteen-bit quantity at an arbitrary byte position also requires
three instructions:

STRB RO, <address>
MOV RO, RO, ROR #8
STRB RO, <address>+1

We use ROR #8 to obtain bits 8..15 in the least significant byte of RO. The
number can then be restored if necessary using:

MOV RO, RO, ROR #24
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Multiplication and division

Operations on integers are many and varied. The group one instructions
cover agood set of them, but an obvious omission is division. Also, although
thereisaMJL instruction, it islimited to results which fitinasingle 32-bit
register. Sometimes a'double precision’ multiply, with a 64-bit result, is
needed.

Below we present a 64-bit multiplication routine and adivision procedure.
First, though, let'slook at the special case of multiplying aregister by a
constant. There are severa simple cases we can spot immediately.
Multiplication by a power of two issimply a matter of shifting the register
left by that number of places. For example, to obtain R0*16, we would use:

MOV RO, RO, ASL #4

as 16=2*. Thiswill work just aswell for a negative number as a positive one,
aslong as the result can be represented in 32-bit two's complement.
Multiplication by 2"-1 or 2"+1 isjust as straightforward:

RSB RO, RO, RO, ASL #n ;RO=RO*(27n-1)
ADD RO, RO, RO, ASL #n ;RO=RO*(27n+1)

So, to multiply RO by 31 (=2°-1) and again by 5 (=2°+1) we would use:

RSB RO, RO, RO, ASL #5
ADD RO, RO, RO, ASL #2

Other numbers can be obtained by factorising the multiplier and performing
severa shift operations. For example, to multiply by 10 we would multiply
by 2 then by 5:

MOV RO, RO, RO, ASL #1
ADD RO, RO, RO, ASL #2

Y ou can usually spot by inspection the optimum sequence of shift instructions
to multiply by asmall constant.

Now we present aroutine which multiplies one register by another and
produces a 64-hit result in two other registers. Theregisters| hs andr hs
are the two source operands and dest and dest +1 are the destination
registers. We also require aregister t np for storing temporary results.

Theroutine works by dividing the task into four separate multiplies. The
biggest numbers that MJL can handle without overflow are two 16-bit
operands. Thusif we split each of our 32-bit registers into two halves, we
have to perform:-
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lhs (low) * rhs (I ow)
lhs (low) * rhs (high)

Il hs (high) * rhs (I ow)

| hs (high) * rhs (high)

These four products then have to be combined in the correct way to produce
the final result. Here is the routine, with thanks to Acorn for permission to
reproduce it.

32 X 32 bit nmultiply.
Source operands in |lhs, rhs
; result in dest, dest+l
; tnmp is a working register

" mul 64

MOV tnmp, lhs, LSR #16 ;Get top 16 bits of 1|hs
MOV dest+1, rhs, LSR #16 ;CGet top 16 bits of rhs

Bl C l hs, I hs,tnp, LSL #16 ;Clear top 16 bits of |hs
BI C rhs,rhs,dest+1, LSL#16;Clear top 16 bits of rhs
MUL dest, Ihs, rhs ;Bits 0-15 and 16-31

MUL rhs, tnp, rhs ;Bits 16-47, part 1

MUL | hs, dest+1, |Ihs ;Bits 16-47, part 2

MUL dest+1, tnp, dest+l ;Bits 32-63

ADDS I hs, rhs, |Ihs ;Add the two bits 16-47

ADDCS dest+1, dest+l, #&10000 ;Add in carry from above
ADDS dest, dest, |lhs, LSL #16 ;Final bottom 32 bits
ADC dest +1, dest +1, 1 hs, LSR#16 ;Final top 32 bits

Theworst times for the four MULs are 8 s-cycles each. Thisleads to an
overa worst-case timing of 40 s-cyclesfor the whole routine, or 5us on an
8MHz ARM.

Thedivision routine we give is a 32-bit by 32-bit signed divide, leaving a 32-
bit result and a 32-bit remainder. It usesan unsigned divison routineto do
most of the work. The algorithm for the unsigned divide works as follows.
The quotient (di v) and remainder (mod) are set to zero, and a count
initialised to 32. Thel hs isshifted until itsfirst 1 bit occupies bit 31, or the
count reaches zero. In the latter case, | hs was zero, so the routine returns
straightaway.

For the remaining iterations, the following occurs. The top bit of | hs is
shifted into the bottom of nod. Thisformsavauefrom which a'tria
subtract' of ther hs isdone. If this subtract would yield a negative result,
nod istoo small, so the next bit of | hs isshifted in and a0 is shifted into the
quotient. Otherwise, the subtraction is performed, and the remainder from
thisleftin nod, and a1l is shifted into the quotient. When the count is
exhausted, the remainder from the division will be left in nod, and the
quotient will beindi v.
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In the signed routine, the sign of the result is the product of the signsof the
operands (i.e. plus for same sign, minus for different) and the sign of the
remainder isthe sign of the left hand side. This ensures that the remainder
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always complies with the formula

a MaD

Theroutine

b = a - b*(a

islisted below:

DIM org 200

lhs = 0

rhs = 1

div = 2

md = 3

divSgn = 4

nodSgn = 5

count = 6

sp = 13

link = 14

FOR pass=0 TO 2 STEP 2

P%=or g

[ opt pass

;sDiv32. 32/32 bit

; Argunents in |hs and

; divSgn, nodSgn - The

;count - bit count for

cdiv - holds | hs /

;nmod - hold | hs nod

.sDiv32
STMFD (sp)!, {lin
EORS di vSgn, | hs,
MOV'S nodSgn, | hs
RSBM lhs, |hs, #
TEQ rhs, #0
RSBM rhs, rhs, #
BL ubDi v32
TEQ di vSgn, #0
RSBM div, div, #
TEQ nmodSgn, #0
RSBM nod, nod, #

DIV b)

signed division/remainder

rhs. Uses the follow ng registers:
signs of the results
mai n | oop
rhs on exit, truncated result
rhs on exit
k}
rhs ;Get sign of div
;and of nod
0 ; Make positive
; Make rhs positive
0
;Do the unsigned div
;Get correct signs
0
;and of nod
0

;This is just so the BASIC program can
;read the results after the call

ADR
STM A
L DMFD

" uDi v32
TEQ
BEQ

count, result

count,
(sp)!.{pc}

rhs, #0
di vErr

{ di v, nod}

' Return

Trap div by zero
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MOV
MOV
MOV
.divLpl
SUBS
MOVEQ
MOVS
BPL
.divLp2
MOVS
ADC
CMP
SUBCS
ADC
SUBS
BNE
.di vErr
MoV

jresult
EQUD O
EQUD O

NEXT pass
@/=&0A0A

Arm Assembly Language programming

nod, #0

div, #0

count, #32

count, count, #1
pc, link

l hs, |hs, ASL #1
divLpl

| hs, lhs, ASL #1
nod, nmod, nod
nmod, rhs

nod, nmod, rhs
div, div, div
count, count, #1
divLp2

pc, link

FOR i %1 TO 6

A%=RND

B%=RND

CALL sDiv32

d%=!resul t

PRI NTA%

PRI NTA%

PRI NT
NEXT 1 %

n=resul t! 4
" BY% " do%
" BW "o

DI V
MOD

remai nder
resul t
up count

lnit
cand
: Set

Get first 1 bit of |hs
into bit 31. Return if O

1 Get next bit into...
:mod for trial subtract
:Can we subtract?

:Yes, so do
;Shift carry
; Next | oop

into result

' Return

(";A% DIV B%)"
("; A% MOD B9 )"

ASCII to binary conversion

Numbers are represented as printable characters for the benefit of us
humans, and stored in binary for efficiency in the computer. Obvioudy
routines are needed to convert between these representations. The two
subroutines listed in this section perform conversion of an ASCII string of
decima digitsto 32-bit signed binary, and vice versa.

The ASCII-to-binary routine takes a pointer to a string and returns the
number represented by the string, with the pointer pointing at the first non-

decimal digit.

DIM org 200

REM Regi ster

bin = 0
sgn =1
ptr = 3
ch =4
sp = 13

assignnment s
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link = 14

cr = &0D

FOR pass=0 TO 2 STEP 2
P%-=or g

[ opt pass

.test AscToBi n

: Test routine for ascToBin

STMFD (sp)!, {Ili nk} ; Save return address
ADR ptr,digits ;Set up pointer to the string
BL ascToBin ; Convert it to binary in RO
LDMFD (sp)!, {PC} ;Return with result

.digits
EQUS "-123456"
EQUB cr

ascToBin. Read a string of ASCIlI digits at ptr,
optionally preceded by a + or - sign. Return the
signed binary nunber corresponding to this in bin.

.ascToBin
STMFD (sp)!,{sgn,ch,link}
MOV bi n, #0 ;Init result
MOV sgn, #0 ;lnit sign to pos.
L DRB ch, [ ptr, #0] ; Get possible + or -
CMP ch, #ASC" +" 1 f 4+, just skip
BEQ ascSkp
CMP ch, #ASC" - " ;1 f -,negate sign and skip
MVNEQ sgn, #0
.ascSkp
ADDEQ ptr, ptr, #1 ;lnc ptr if + or -
.asclLp
L DRB ch, [ ptr, #0] ; Read digit
SUB ch, ch, #ASC" 0" ; Convert to binary
CMP ch, #9 ;Make sure it is a digit
BHI ascEnd ;1 f not,finish
ADD bi n, bin, bin ; Get  bin*10. bin=bin*2
ADD bi n, bi n, bin, ASL #2 ; bi n=bi n*5
ADD bi n, bin, ch ;Add in this digit
ADD ptr,ptr, #1 ; Next character
B asclLp
.ascEnd
TEQ sgn, #0 ;1f there was - sign
RSBM bi n, bi n, #0 ;Negate the result
LDMFD (sp)!,{sgn,ch, pc}
]
NEXT pass
PRI NT "These should print the sanme:"
PRINT $digits ' ;USRtestAscToBin

Notice that we do not use a general purpose multiply to obtain bi n*10. As
thisisbi n*2*5, we can obtain the desired result using just a couple of ADDs.
Aswith many of the routinesin this book, the example above illustrates a
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technique rather than providing afully-fledged solution. It could be
improved in a couple of ways, for exampl e catching the situation where the
number istoo big, or no digitsareread at all.

To convert anumber from binary into a string of ASCII characters, we can
use the common divide and remainder method. At each stage the number is
divided by 10. Theremainder after the division is the next digit to print, and
thisis repeated until the quotient is zero.

Using this method, the digits are obtained from the right, i.e. the least
significant digit is calculated first. Generally we want them in the opposite
order - the most significant digit first. To reverse the order of the digits, they
are pushed on the stack as they are obtained. When conversion is complete,
they are pulled off the stack. Because of the stack's 'last-in, first-out’
property, the last digit pushed (the leftmost one) isthefirst one pulled back.

buf f Si ze=12

DIM org 200, buffer buffSize
REM Regi ster allocations
bi n
ptr
sgn
| hs
r hs
div
nod
count
len =
sp =13
link = 14

cr =&0D

FOR pass=0 TO 2 STEP 2
P%-=or g

[ opt pass

ollounbhwNnERO

; binToAscii - convert 32-bit two's conpl ement
;nunmber into an ASCI| string.

;On entry,ptr holds the address of a buffer
;area in which the ASCII is to be stored.
;bin contains the binary nunber.

;On exit,ptr points to the first digit (or -
;sign) of the ASCII string. bin = 0

. bi nToAsci i
STMFD (sp)!,{ptr,sgn, Il hs,rhs, div, nod, | ink}
MOV | en, #0 ;Init nunber of digits
MOV mod, #ASC" - "
TEQ bi n, #0 ;1 f -ve,record sign and negate

STRM B mod, [ ptr], #1
RSBM bi n, bin, #0
. b2alLp
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MOV | hs, bin ; Gt lhs and rhs for ubDiv32
MOV rhs, #10
BL ubDi v32 ;CGet digit in nmod,rest in div
ADD mod, mod, #ASC" 0" ; Convert digit to ASClI
STMFD (sp)!, {mod} ; Save digit on the stack
ADD len, |l en, #1 ;Inc string length
MOV'S bi n, div ;1 f any nore,get next digit
BNE b2alLp

. b2alLp2
LDMFD (sp)!, {mod} ;Get a digit
STRB mod, [ ptr], #1 ;Store it in the string
SUBS len, |l en, #1 ; Decrenment count
BNE b2alLp2
MOV mod, #cr ;End with a CR

STRB mod, [ ptr], #1
LDMFD (sp)!,{ptr,sgn, I hs,rhs, div, mod, pc}

" uDi v32

STMFD (sp)!,{count,link}
TEQ rhs, #0 ; Trap div by zero
BEQ di VErr
MOV mod, #0 ;I nit reminder
MOV di v, #0 ;and result
MOV count, #32 ; Set  up count
.divLpl
SUBS count, count, #1 Get first 1 bit of |hs
MOVEQ pc, | ink cinto bit 31. Return if O

MOV'S | hs, | hs, ASL #1
BPL divLpl

.divLp2
MOVS | hs, | hs, ASL #1 1 Get next bit into...
ADC mod, mod, nod :mod for trial subtract
CMP mod, r hs :Can we subtract?
SUBCS mod, mod, r hs :Yes, so do
ADC div,div,div ;Shift carry into result
SUBS count, count, #1 ; Next | oop
BNE divLp2

.di vErr

LDMFD (sp)!,{count, pc}

]

NEXT pass

A%=- 12345678

B%=buf f er

CALL binToAsci

PRI NT" These should be the sane:"
PRI NT; A% ' S$buffer

Asthereis no quick way of doing adivide by 10, we usetheuD v32 routine
given earlier, with | hs and r hs set-up appropriately.
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6.5 Floating point

Many real-life quantities cannot be stored accurately in integers. Such
quantities have fractional parts, which are lost in integer representations, or
are simply too great in magnitude to be stored in an integer of 32 (or even 64)
bits.

Floating point representation is used to overcome these limitations of
integers. Floating point, or FP, numbers are expressed in ASCII as, for
example, 1.23, which has a fractional part of 0.23, or 2.345E6, which has a
fractional part and an exponent. The exponent, the number after the E, is
the power of ten by which the other part (2.345 in this example) must be
multiplied to obtain the desired number. The 'other part' is called the
mantissa In this example, the number is 2.345*10° or 2345000.

In binary, floating point numbers are also split into the mantissa and
exponent. There are several possible formats of floating point number. For
exampl e, the size of the mantissa, which determines how many digits may be
stored accurately, and the size of the exponent, determining the range of
magnitudes which may be represented, both vary.

Operations on floating point numbers tend to be quite involved. Even simple
additions require several steps. For thisreason, it is often just as efficient to
write in a high-level language when many FP ca culations are performed,
and the advantage of using assembler is somewhat diminished. Also, most
machines provide alibrary of floating point routines which is available to
assembly language programs, so thereislittle point in duplicating them
here.

We will, however, describe atypica floating point format. In particular, the
way in which BBC BASIC storesits floating point valuesis described.

An FP number in BBC BASIC isrepresented as five bytes. Four bytes are the
mantissa, and these contain the significant digits of the number. The
mantissa has an imaginary binary point just before its most significant bit.
This actslike a decimal point, and digits after the point represents successive
negative powers of 2. For example, the number 0.101 represents 1/2 + 0/4 +
1/8 or 5/8 or 0.625 in decimal.

When stored, FP numbers arein normalised form. This meansthat the digit
iImmediately after the pointisal. A normalised 32-bit mantissa can
therefore represent numbers in the range:

0.10000000000000000000000000000000  to
0.111111111111121121211212111221121211
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in binary which is 0.5 to 0.9999999998 in decimal.

To represent numbers outside this range, a Single byte exponent is used.
This can be viewed as a shift count. It gives acount of how many places the
point should be moved to the right to obtain the desired value. For example,
to represent 1.5 in binary floating point, we would start with the binary
vauell, i.e 1+ 1/2. Innormalised form, thisis.11. To obtaintheorigina
vaue, we must move the point one place to the right. Thus the exponent is 1.

We must be able to represent left movements of the point too, so that
numbers smaller than 0.5 can be represented. Negative exponents represent
left shifts of the point. For example, the binary of 0.25 (i.e. aquarter) is 0.01.
In normalised form thisis0.1. To obtain this, the point is moved one placeto
the left, so the exponent is -1.

Two's complement could be used to represent the exponent as a signed
number, but isis more usual to employ an excess-128 format. In thisformat,
128 is added to the actual exponent. So, if the exponent was zero,
representing no shift of the point from the normalised form, it would be
stored as 128+0, or just 128. A negative exponent, e.g. -2, would be stored as
128-2, or 126.

Using the excess-128 method, we can represent exponents in the range -128
(exponent stored as zero) to +127 (exponent stored as 255). Thusthe
smallest magnitude we can represent is 0.5/(2"%), or 1.46936794E-39. The
largest number 0.9999999998+(2'%"), or 1.701411834E38

So far, we have not mentioned negative mantissas. Obviously we need to
represent negative numbers as well as positive ones. A common ‘trick’, and
one which BBC BASIC uses, isto assume that the most significant bitis 1 (as
numbers are awaysin normalised form) and use that bit position to store
the sign bit: a zero for positive numbers, and 1 for negative numbers.

We can sum up floating point representation by considering the contents of
the five bytes used to store them in memory.

byte0 LSbyte of mantissa

bytel Second LSB of mantissa

byte2 Second MSB of mantissa.

byte3 MSbyte of mantissa. Binary point just to the left of bit 7.
M S bit assumed to be 1, so mantissa sign stored in this bit.

byte4 Exponent, excess-128 form.

Consider the number 1032.45. First, wefind the exponent, i.e. by what
power of two the number must be divided to obtain a result between 0.5 and
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0.9999999. Thisis 11, as 1032.45/ (211):0.504125976. The mantissa, in binary,
is; 0.10000001 00001110 01100110 01100110 or, in hex 81 OE 66 66. So, we
would store the number as

byte0 LSB = & 66
bytel 2rdLSB = & 66
byte2 2nd MSB = &0E
byte3 MSB =&81 AND &7F = &01
byte4 exponent=11+128 = &8B

Thisare thefive bytes you would seeif you executed the following in BASIC.

DIM val 4 :REM Get five bytes
| val =1032. 45 : REM Poke the floating point value
FOR i=0 TO 4 REM Print the five bytes
PRI NT ~val ?i
NEXT i

Having described BBC BASIC's floating point format in some detail, we
now have to confess that it is not the same as that used by the ARM floating
point instructions. It is, however, the easiest to 'play’ with and understand.

The ARM floating point instructions are extensions to the set described in
Chapter Three. They follow the |IEEE standard for floating point. The
implementation of the instructionsisinitialy by software emulation, but
eventualy a much faster hardware unit will be available to execute them.
Thefull ARM FP instruction set and formats are described in Appendix B.

6.6 Structured types

Sometimes, we want to deal with agroup of vauesinstead of just single
items. We have already seen one example of this - strings are groups, or
arrays, of characters. Parameter blocks may also be considered a structured
type. These correspond to recordsin Pascal, or structuresin C.

Array basics

We define an array as a sequence of objects of the same type which may be
accessed individually. Anindex or subscript is used to denote which item in
an array isof interest to us. You have probably come across arraysin
BASIC. The statement:

DI M val ue% 100)

allocates space for 101 integers, which are referred to asval ue% 0) to
val ue% 100) . The number in bracketsis the subscript. In assembler, we
use asimilar technique. In one register, we hold the base address of the
array. Thisisthe addressof thefirst item. In another register istheindex.
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The ARM provides two operations on array items. you can load one into the
processor, or store onein memory from the processor.

Let'slook at a concrete example. Suppose register RO holds the base address
of an array of four-byte integers, and R1 contains the subscript of the one we
want to load. Thisinstruction would be used:

LDR R2, [RO, R1, LSL #2]

Note that as R1 holds the index, or subscript, of the element, we need to
multiply this by four (usingtheLSL #2) to obtain the actual offset. Thisis
then added to the base address in RO, and the word at this address is|oaded
into R2. Thereisno! at the end, so RO is not affected by write-back.

If the array was of byte-sized objects, the corresponding load operation
would be;

LDRB R2, [RO, Ri]

Thistime thereisno scaling of theindex, as each item in the array occupies
only one byte.

If you are accessing an array of objects which are some inconvenient size,
you will need to scale the index into a byte offset before loading the item.
Moreover, further adjustment might be needed to ensure that the load takes
place on word boundaries.

To illustrate the problem of loading odd-s zed objects from arbitrary
alignments, we give aroutine below to load afive byte floating point vaue
into two registers, mant (the mantissa) and exp (exponent). The number is
stored in memory as afour-byte mantissafollowed by a single-byte
exponent. An array of these objects could use two words each, the first word
holding the mantissa and the LSB of the second word storing the mantissa

It would then be asmplejob to load two words from aword-aligned
address, and mask out the unused part of the exponent word.

Using two whole words to store five bytesis wasteful when many e ements
are used (e.g. an array of 5000 numberswould waste 15000 bytes), so we
obvioudy have to store the numbers contiguoudly. Itisquitelikely,
therefore, that the mantissa and exponent will be aligned in away which
makes simple LDR instructions insufficient to load the number into registers.

Consider the value stored starting at address & 4001.

&4000 ¥k k kk kkk kkkkkkx k%
& 4001 LSB of mantissa

147



Arm Assembly Language programming

& 4002 2nd LSB of mantissa
& 4003 2nd MSB of mantissa

&4004 MSB of mantissa
&4005 Exponent

&4006 ¥k kkkkkkkkhkkkkkkxk
&4007 ¥k k kk kxk k% kk kkk kkx k%

Three bytes of the number are held in the three most significant bytes of one
word; the last two bytes are stored at the start of the next word.

The technique we will useisto load the two words which the value
straddles, then shift the registers appropriately so that mant contains the
four bytes of the mantissain the correct order, and the LSB of exp contains
the exponent byte.

On entry to the code, base contains the base address of the array, and of f
holds theindex (in elements rather than bytes).

ADD of f, off, off, LSL #2;offset=5*0offset

ADD base, base, off ; base=base+5*n
AND of f, base, #3 ; Get offset in bytes
Bl C base, base, #3 ;Get lower word address
LDM A base, {mant, exp} ;Load the two words
MOV'S off, off, LSL #3 ;Get offset in bits
MOVNE mant, mant, LSR off ;Shift mantissa right
RSBNE base, off, #32 ; Get shift for exponent
ORRNE nmant, mant, exp,LSL base ;OR in mantissa

. part
MOVNE exp, exp, LSR off ; Get exponent is LSB
AND exp, exp, #&FF ; Zero high bytes of exp

Notice we use LDM A to load the two word. The code assumes that the
register number of mant islower than exp, so that the words are loaded in
the correct order.

Thelast four instructions are all conditional on the byte offset being non-
zero. If itiszero, the value was on aword boundary, and no shiftingis
required.

Arrays of strings

We have already noted that a string is an array of characters. Sometimes,
we want an array of strings, i.e. an array of character arrays. For example,
the BASIC declaration:

DIM nanme$( 10)

148



Arm Assembly Language programming

gives us an array of 11 strings, name$(0) tonanme$(10). How do we
organise such a structure in assembly language? There are two solutions. |f
each of the stringsisto have afixed length, the easiest way is to store the
strings contiguously in memory. Suppose we wanted ten strings of ten
characters each. Thiswould obviously occupy 100 bytes. If the base address
of these bytesis stored in base, and the subscript of the string we want in
sub, then this code would be used to calculate the address of the start of
string sub:

ADD base, base, sub, LSL #3 ; Add sub*8
ADD base, base, sub, LSL #1 ; Add sub*?2

After these instructions, base would point to (old) base+10*sub,i.e the
start character of string number sub.

Storing all the characters of every string can be wasteful if there are many
strings and they can have widely varying lengths. For example, if alot of
the stringsin an array contain no characters for alot of the time, the storage
used for them iswasted. The solution we present isto use an array of string
information blocks instead of the actual characters.

A string information block (SIB) isastructure which describes the address
and length of astring. Unlike the string itself, itisafixed length, so is more
amenable to storing in an array. BASIC uses SIBs to describe its strings.
When you DI Mastring array in BASIC, the only storage allocated isfor the
appropriate number of SIBs. No character storage is allocated until you
start assigning to the strings.

The format of aBASIC SIB is

bytesOto3 address of the string
byte 4 current length of the string

When you DI Man array, all entries have their length bytes set to zero. As
soon as you assign something to the string, BASIC allocates some storage
for it and fillsin the address part. The way inwhich BASIC allocates
storage for stringsisinteresting in its own right, and is described in
section 6.7

Toillustrate how we might use an array of SIBs, the routine below takes a
base address and a subscript, and prints the contents of that string.

DIM org 200
sub = 0
base = 1
len = 2
pl = 3
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p2 = 4

arghPtr = 9 : REM BASIC s pointer to CALL argunents
WiteC = 0

sp = 13

link = 14

FOR pass=0 TO 2 STEP 2

P%=or g

[ opt pass

; Print base$(sub) where base points to the start of
;an array of five-byte block of the format:

; 0..3 pointer to string

;4 length of string (see section 4.7)

;and sub is the subscript 0..n of the desired
;string. The SIB may be at any byte alignnment.

. pStr
: Get address of SIB = base+sub*5
ADD base, base, sub, LSL #2 ; base=base+sub*4
ADD base, base, sub : base=base+sub*1
LDRB | en, [ base, #4] ;Get string len
TEQ | en, #0 ;1 f zero,nothing to do
MOVEQ pc, |link

;Arbitrary alignment |oad of four-byte pointer into
;pl. Address of pointer in base

AND sub, base, #3 ;Get offset in bytes

BI C base, base, #3 ;Get lower word address
LDMFD base, {p1l, p2} ;Load the two words

MOV'S sub, sub, LSL #3 ;Get offset in bits
MOVNE pl, pl, LSR sub ;Shift | ower word

RSBNE sub, sub, #32 ;Get shift for high word
ORRNE pl, pl, p2,LSL sub ;ORR in the high word

; Now print the string. NB len > 0 so we can test at the
;end of the | oop

.pStrLp
L DRB RO, [ p1], #1 ;Load a character into RO
SW WiteC ;Print it
SUBS len, |l en, #1 ; Decrenment the count
BNE pStrLp ;Loop if nore
.endPStr
MOV pc, | ink ; Return

;testPstr. This takes a subscipt in sub (ro0)
;and a BASIC string array CALL paraneter
;and prints the appropriate string

.testPstr
STMFD (sp)!, {link}
LDR base, [ argPtr ] ;Load the address of the
BL pStr ; CALL parm Print the string

LDMFD  (sp)!, {pc}
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]

NEXT pass

DIM a$(10)

FOR i%0 TO 10
a$(i %9 =STR$SRND

NEXT i %

FOR i%0 TO 10
A%=i %
PRI NT"This should say "a$(i%":
CALL testPstr,a$(0)
PRI NT

NEXT i %

Multi-dimensional arrays

A singlelist of itemsis not always sufficient. It may be more natural to store
items as atable of two or even more dimensions. A BASIC array declaration
of two dimensionsis.

DIM t %5, 5)

oo o T 05
o T T T
NPT Pryr e R v

This alocates space for amatrix of 36 integers

We can use such arrays in assembly language by imagining the rowslaid out
end to end in memory. Thusthefirst six words of the array would hold

t9% 0, 0) tot % 0, 5). Thenext six would storet % 1, 0) tot % 1, 5)
and soon. To calculate the addressof t %4 a, b) we usebase+a*| i mtb,
wherel i misthe limit of the second subscript, which is6 in this case.

The routine below takes base, subl and sub2. It calculates the address
of the required e ement, assuming each element is 4 bytes (e.g. an integer)
and that there are 16 elements per row.

ADD subl, sub2, subl, LSL #4 ;subl=sub2+16*subl
ADD base, base, subl, LSL #2 :; base=base+subl*4

Once base hasbeen calculated, the usual instruction could be used to load
theinteger at that address. In the more general case, the number of
elements per row would be stored in aregister, and ageneral multiply used
to multiply subl by thislimit.
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Bit fields

We end this discussion of the basic types of data by reverting to the lowest
level of representation: the bit. We have seen how sequences of bits, usually
in multiples of eight, may be used to represent characters, integers, pointers
and floating point numbers. However, single bits may usefully store
information too.

One binary digit can represent two values 0 or 1. Oftenthisisall we need to
distinguish between two events. A bit used to represent a choice such as yes/
no, true/false, success/failureiscalled aflag. We already know of several
useful flags: the result flags in the status register. TheV flag for example
represents overflow/no overflow.

It iscommon to find in many programs a set of flags which could be grouped
together and stored in asingle byte or word. Consider atext editor. There
might be flags to indicate insert/overtype mode, justify/no justify mode, help
displayed/no help, case sensitive/insensitive searches. Each of these would
be assigned abit in the flag byte. The vaue givento aflagisthat of the bitin
that position. Thus we might define the examples above as.

i nsMode= &01
j uMode = &02
hl pMode= &04
snsMode= &08

There are four main operations on flags. set, clear, invert and test. To set a
flag, the ORR operation is used. For example, to set thei nsMode flag of
register f | ags:

ORR flags, flags, #i nsMode

Clearing aflag is achieved using Bl C, bit clear. To clear both hl pMbde and
snsMbde:

BI C flags, flags, #hlpMode OR snsMde

Toinvert aflag we use the EOR operation. Thisis often called 'toggling a
flag', because applying the operation repeatedly has the effect of switching
the flag between the two values.

To invert thej uMbde flag:

EOR flags, flags, # uMode

Finally, to test the state of aflag, we use TST. This performs an AND
operation, and the result is zero if the flag is cleared, and non-zero if it is set:
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TST flags, #insMde

tests the insert mode flag. If you test more than oneflag in asingle TST, the
result is non-zero if any of the flags are set, and zero if dl of them are
cleared. You can aso use TEQto seeif all of aset of flags are set and the rest
are cleared. For example,

TEQ flags, #insMode OR julMde

setsthe Z flag if i nsMbde andj uMbde are set and hl pMode and
snsMbder arecleared. Otherwise Z is cleared.

As 32 bitsare held in asingleword, arrays of flags can be stored very
efficiently. Toillustrate this, we show Byte magazine's well-known Sieve
of Eratosthenes program. This benchmark is often used to test the speed of a
few simple types of operation, for example when various compilersfor a
language are being compared. The purpose of the program isto find prime
numbers using a technique attributed to the eponymous Greek
mathematician.

The Sieve technique works as follows. Start with an array of flags, one for
each of the integersfrom 2 to the maximum prime to be found. All of the
flags are set to 'true' initially, indicating that any number could be a prime.
Go through the array looking for the next 'true' bit. The number
corresponding to this bit is prime, so output it. Then go through all of the
multiples of this number, setting their bits to 'false' to eliminate them from
the enquiry. Repeat this processtill the end of the array.

Byte's version of the Sieve algorithm is slightly different asit starts from the
supposition that all even numbers (except for two) are non-prime, so they
are not even included. For comparison, we give aBBC BASIC version of the
algorithm first, then the ARM assembler one. The BASIC version is shown
overleaf.

Each flag is stored in a byte, and the storage for the array of si ze%bytesis
obtained using a DI Mstatement. Notice that the program doesn't actually
print the primesit discovers, because the idea of the benchmark isto test the
speed of thingslike array accesses, not printing. The place in the program
where the prime would be printed is shown in a REM

size% = 8190
DIM flags% size%

count% = 0
FOR i% = 0 TO size%

flags%i % = TRUE
NEXT i %
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FOR i% = 0 TO size%
I F flags%i % THEN
prime% = i9%i %3 : REM PRINT prime%
k% = prinme%i %
VHI LE k% <= size%
fl ags%®?k% = FALSE
k% += prinme%

ENDVHI LE
count% += 1
ENDI F
NEXT i %

PRI NT count %

In the ARM assembler version, we are eight times more efficient in the
storage of the flags, and use a single bit for each one. Thus 32 flags can be
stored in each word of memory. The ARM version is shown below:

DIM org 2000
REM Regi ster allocations

count = 0

ptr =1

i = 2

mask = 3

base = 4

prime = 5

k = 6

tmp = 7

size = 8

iter = 9

link = 14

SIZE = 8190
iterations = 10
FOR pass=0 TO 2 STEP 2
P%=or g

[ opt pass

; Sieve of Eratosthenes in ARM assenbl er

; The array of SIZE flags is stored 32 per word from
;address 'theArray'. The zeroth element is stored at bit
;0 of word O,the 32nd elenent at bit 0 of word 1, and so
;on. 'Base' is word-aligned

; Regi sters:

; count hol ds the nunber of prinmes found

; mask used as a bit mask to isolate the required flag
; ptr used as a general pointer/offset into the array
; i used as a counting register

; size holds the value SIZE for conparisons

; base holds the address of the start of the array

: prime hol ds the current prinme nunber

; k holds the current entry being 'crossed out'

; tnp is a tenporary

; iter holds the count of iterations
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.Sieve
MOV iter,#iterations
. mai nLoop
ADR base, t heArray
MVN mask, #0 ; Get &FFFFFFFF, ie all bits set
MOV size,#SI ZE AND &FF;Load size with SIZE in 2 steps
ORR Size,size,#SI ZE AND &FFOO
;Initialise the array to all 'true'. First store the
;conmplete words (SIZE DIV 32 of them, then the partial
;word at the end
MOV i,#SIZE DIV 32 ; Loop counter = nunber of words
MOV ptr, base ; Start address for initing array
.initlLp
STR mask, [ ptr],#4 ;Store a word and update pointer
SUBS i, i, #1 : Next word
BNE initLp
LDR tnmp, [ ptr] ; Get last, inconplete word
MOV mask, mask, LSR #32-SIZE MOD 32 ;Clear top bits
ORR t mp, t mp, mask ;Set the bottom bits
STR tmp, [ ptr] ;Store it back
MOV i, #0 ;Init count for main | oop
MOV count, #0
| p
MOV ptr,i,LSR #5 ;Get word offset for this bit
MOV mask, #1 ; Gt mask for this bit
AND tnmp, i, #31 ;Bit no. =i MOD 32
MOV mask, mask, LSL tnp
LDR tmp, [ base, ptr, LSL #2] ;Get the word
ANDS t mp, t mp, mask ;See if bit is set
BEQ nextLp :No so skip
ADD prime,i, ; Get  prine
ADD prime, prime, #3
ADD k,i,prime Get intial Kk
ADD count, count, #1 ;I ncrement count
.whil e
CMP k,size While k<=size
BGT nextLp
MOV ptr,k, LSR #5 ; Get word for flags[Kk]
MOV mask, #1
AND tmp, k, #31
MOV mask, mask, LSL tnp
LDR tmp, [ base, ptr, LSL #2]
BI C tmp, t mp, mask ;Clear this bit
STR tmp, [ base, ptr,LSL #2] ;Store it back
ADD k, k, pri me ; Do next one
B whi | e
.hextlLp
ADD i, i, #1 ; Next i
CMP i,Size
BLE I p
SUBS iter,iter,#1
BNE mai nLoop
MOV pc, | i nk ; Return after iter iterations.
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.théAr ray

REM Reserve the bytes for the array
P%=P%+SI ZE/ 8

NEXT

REM Tinme 10 iterations, as in Byte

TI ME=0

primes = USR sieve

TY%=TI ME

PRI NT"It took ";T% 100" seconds for ";iterations" |oops."

Notice the sequence which obtai ns the mask and offset for agiven bit in the
array occurstwice. Thefirst step isto find the word offset of the word
which contains the desired element. There are 32 flagsin aword, so the
word containing flagi isi DIV 32 words from the start of the array. The
division by 32 is performed using aright shift by five bits. Next, the position
of thedesired flag within thewordisneeded. Thisissmplyi MOD 32,
whichisobtaned usingi AND 31 intheassembler. A mask, which starts
off at bit O, isshifted by (i MOD 32) placesto theleft to obtain the correct
mask. Finaly, to load the word containing the flag, a scaled indexed load of
the form:

LDR reg, [ base, of fset, LSL #2]

Isused, the LSL #2 scaling the word offset which we calculated into a
(word-aligned) byte address.

The difference in the speed of the BASIC and assembler versionsisquite
dramatic. BASIC takes 6.72 seconds to perform one iteration of the

program. Assembler takes 0.73 secondsto perform ten of them, which makes
it over 90 timesfaster. A version in assembler which more closely mirrors the
BASIC version, with one byte per flag, takes 0.44 seconds for ten iterations.

6.7 Memory allocation

Some of the examples of ARM assembler we have already given rely on
memory being available to store data. For example, strings are generally
referenced using a pointer to the characters in memory, and arrays are
treated in the same way. |In aprogram that manipulates alot of data, some
way of managing memory must be provided. For example, atext editor
needs to be able to allocate space to hold the text that the user types, and the
BASIC interpreter needs to allocate space for program lines, variables etc.

The facilities provided by the operating system for the allocation of memory
vary greatly from machine to machine. The UNIX operating system, for
example, provides some useful 'library’ routines for allocating a given
number of bytes, freeing an area so that it can be re-used later, and
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extending an area already allocated. On the other hand, a ssmple operating
system such asthe environment provided by an ARM co-processor
connected to a BBC Micro might just hand the program alarge chunk of
memory and leave the management of it entirely to the program.

In this section, we illustrate a simple way in which memory allocation may
be implemented, assuming that the program is just handed alarge 'pool’ of
space by the operating system.

Linked lists

In memory alocation, a structure known as the linked list is often found. A
linked list of objects can be regarded as an array where the elements are not
contiguous in memory. Instead, each element contains explicit information
about the address of the next d ement. Thisinformation is known asthe link
fied of theelement. Thelast itemin thelist usually hasaspecia link field
vaue, e.g. zero, to mark it as the end, or may contain alink back to the first
element (thisiscaled acircular linked list).

Linked lists can beillustrated pictorially using boxes and arrows. For
example, consider alinked list of items which contain two words of

head ™ link 1 [ | link 2 | "] !ink 3 [*
data 1 data 2 data 3
data 1 data 2 data 3

information in addition to thelink. A list of them might be drawn like this:
The'head' is a pointer to thefirst element. Thiscould be stored in a memory
location, or in aregister inthe ARM. Thefirst field in each element isthe
link pointer, and thisisfollowed by two datawords. The pointer for the
third element does not point anywhere it marks the end of the list.

There are many operations that can be performed on linked lists, and large
sections of many books on a gorithms and data structures are devoted to
them. However, we are only interested in a couple of simple operations
here: removing an item from the front of the list, and adding a new item to
the front of thelist.

To remove an item from the front, we just need to replace the head pointer
with thelink from thefirst item. When thisis done, thelist lookslikethis:
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head link 1 L —® link 3 ¥

link 2
data 1 data 2 data 3
data 1 data 2 data 3

Notice that item number one is now inaccessible through thelist, so in order
to useit, a pointer to it must be 'remembered' somewhere. Notice also that
If theitem removed was the last one, the head pointer would be given the
end of list value, and would not point at anything. Thisisknown asan
empty list.

Toinsert an item at the front of thelist, two actions are required. First, the
head pointer is copied into the link field of theitem to beinserted. Then, the
head pointer is changed to point at this new item.

With thissimplelevel of understanding of linked lists, we can now describe
how they are used in memory allocation schemes.

String allocation

The allocation scheme presented is very similar to the one BBC BASIC uses
to allocate space for its string variables, and so is suitable for that type of
application. Operations which a string allocator must perform are:

Allocate an area. Given alength in bytes, return a pointer to an areawhere
this number of bytes may be stored.

Free an area. Given alength in bytes, and a pointer, free the area of
memory so that it can be used by another string when required.

Stringsin BBC BASIC may be between 0 and 255 byteslong. The allocator
awaysworksin terms of complete words, so strings may occupy between 0
and 64 words. Recall from the discussion of string information blocks earlier
that the length is stored along with the address of the characters which
make up the string. From thislength byte, the number of words required to
hold the string can be deduced:

words = (len-1) DIV 4 + 1

The area of memory BASIC usesfor its string storage is called the heap. A
word-aligned pointer, which we will call var Top, holds the address of the
next free byte on the heap. The upper limit on the heap is set by the stack,
which grows down from the top of memory.
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A very smple memory alocation scheme using the heap would work as
follows. To allocate n bytes, calculate how many words are needed, then
add thistovar Top. If thisis greater than the stack pointer, SP, give a'No

r oom error. Otherwise, return the old value of var Top as the pointer to
free space, and update var Top by the appropriate number of bytes. To free
space, do nothing.

This scheme isclearly doomed to failurein thelong run, because memory can
never be freed, and so eventually var Top could reach the stack and a'No

r oom error be generated. To solve this, BASIC has away of 'giving back’
storage used by strings. There are 64 linked lists, one for each possible
number of words that a string can occupy. When arequest for n bytesis
made, acheck ismade on the appropriate linked list. If thisis not empty, the
address of thefirst item inthelist isreturned, and thisis removed from the
list. If thelistis empty, the storage istaken from var Top as described
above. Tofreen bytes, the area being freed is ssmply added to the front of
the appropriate linked list.

The algorithms for allocate, free and initialise are shown below in BASIC.

DEF PROCI ni t

EMPTY = O

DIM |ist(64)

FOR i=1 TO 64

l[ist(i) =EMPTY

NEXT i

varTop = <initial value>
ENDPROC

DEF FNal | ocat e(n)
| F n=0 THEN =0
words = (n-1) DIV 4 + 1
| F list(words) <> EMPTY THEN
addr = [|ist(words)
[ist(words) = !list(words)
ELSE
| F varTop + 4*words > SP THEN ERROR 0, "No roont
addr = varTop
var Top += 4*words
ENDI F
= addr

DEF PROCfr ee( n, addr)
| F n=0 THEN ENDPROC
words = (n-1) DIV 4 + 1
laddr = 1list(words)
l'ist(words) = addr
ENDPROC
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The ARM assembler versions of these routinesrely on aregister called

wor kSpace, which always contains the address of the start of afixed
workspace area. In this example, the first word of wor kSpace holds the
current value of var Top, and the next 64 words are the pointers to the free
lists. Another register, heapLi m t, is assumed to always hold the upper
memory limit that the allocater can use. Here are the ARM versions of the
three routines.

heapSi ze = 1000

DIM org 600, heap heapSi ze-1
addr = 0
n =1
offset = 2
words = 3
tnmp = 4
heapLi m t
wor kSpace
sp = 13
link = 14
NULL = O
FOR pass=0 TO 2 STEP 2

P%=or g

[ opt pass

;Init. Intialise the nmenory allocation system

;1t initialises varTop and sets the 64 |inked Iist
;pointers to ' NULL'

I
»

init

STMFD (sp)!, {link}

ADR wor kSpace, ws ;Init workspace pointer

BL get Var Top ;Get varTop in tnp.

STR t mp, [ wor kSpace] ; Save it

MOV t mp, #NULL ;Init the pointers

MOV of fset, #64 ;Word offset into workSpace
.initlLp

STR t mp, [ wor kSpace, of fset, LSL #2]
SUBS of fset, of fset, #1

BNE initLp

LDMFD (sp)!, {PC} ; Return

;Alloc. Allocate n bytes, returning address of
;menmory in addr, or EMPTY if no room
.all oc
SUBS wor ds, n, #1 ;Return immediately for n=0
MOVM addr, #NULL
MOVM  PC, | i nk
MOV wor ds, wor ds, LSR #2 ; Divide by four
ADD wor ds, wor ds, #1 ; Plus one
; Get pointer for this |ist
LDR addr, [ wor kSpace, wor ds, LSL#2]

CMP addr, #NULL ;s it enpty?
LDRNE t mp, [ addr] ; No, so unlink
STRNE t mp, [ wor kSpace, wor ds, LSL#2]

MOVNE PC, | i nk ; And return
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LDR
ADD
CMP
STRLT
MOVGE
MOV
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so allocate from varTop

addr, [ wor kSpace]

t mp, addr, words, LSL #2 ; Check for no room
t mp, heapLi mt

t mp, [ wor kSpace] ; Update vartop and return
addr, #NULL ;Return NULL if no room
PC, I i nk

;free. Take a size (in n) and address (in addr)
;of a string, and link it into the appropriate

free |ist.

.free
SUBS
MOVM
MOV
ADD

wor ds, n, #1 :Return if for n=0
PC, | i nk

wor ds, wor ds, LSR #2 ; Divide by four
wor ds, wor ds, #1 : Plus one

;Get current head pointer for this size

LDR
STR

t mp, [ wor kSpace, wor ds, LSL  #2]
t np, [ addr ] ;Store it in new block

; Update head to point to new block

STR addr, [ wor kSpace, words, LSL #2]

MOV PC, I i nk ; Return
;Set tnp to point to 'heap' area
;and set up upper limt of heap
.getVarTop

ADR t mp, heap

ADD heapLi mt,t np, #heapSi ze

MOV PC, I i nk
jvvs EQUD O :Slot for varTop pointer
REM Reserve space for 64 pointers = 256 bytes
PY%=P%t+ 256
NEXT pass

The way inwhich var Top isinitialised depends on the system. In BASIC,
for example, var Top isinitialised to the value of LOVEMwhenever a

CLEAR-type operation is performed. LOVEMitself is usually set to the top of

the BASIC program, but can be altered using an assignment. These three
routines show that arelatively small amount of code can perform quite
sophisticated memory allocation.

Summary

We have seen that most types of data may be loaded into ARM registers and
processed us ng short sequences of instructions. Simpleitems may be stored
along with the program, but only if the program is executingin RAM. ROM

programs may only access fixed tables of data within the program area.
Other data must be accessed through pointer registers, using memory
allocated by the operating system. Datashould be accessed in apostion
Independent manner.
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