Arm Assembly Language programming

2. Inside the ARM

In the previous chapter, we started by considering instructions executed by a
mythical processor with mnemonicslike ON and OFF. Then wewent on to
describe some of the features of an actual processor - the ARM. This
chapter looksin much more detail at the ARM, including the programmer's
model and itsinstruction types. We'll start by listing some important
attributes of the CPU:

Word size

The ARM'sword length is4 bytes. That is, it'sa32-bit micro and is most at
home when dealing with units of data of that length. However, the ability
to processindividual bytes efficiently isimportant - as character information
Is byte oriented - so the ARM has provision for dealing with these smaller
units too.

Memory

When addressing memory, ARM uses a 26-bit address value. Thisallows for
2°® or 64M bytes of memory to be accessed. Although individua bytes may be
transferred between the processor and memory, ARM is really word-based.
All word-s zed transfers must have the operands in memory residing on
word-boundaries. This means the instruction addresses have to be multiples
of four.

/O

Input and output devices are memory mapped. Thereisno concept of a
separate | /0 address space. Peripheral chips are read and written asif they
were areas of memory. This meansthat in practical ARM systems, the
memory map is divided into three areas. RAM, ROM, and input/output
devices (probably in decreasing order of s ze).

Registers

The register set, or programmer's model, of the ARM could not really be any
ssmpler. Many popular processors have a host of dedicated (or special-
purpose) registers of varying szeswhich may only be used with certain
instructions or in particular circumstances. ARM has sixteen 32-bit registers
which may be used without restriction in any instruction. Thereisvery little
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dedication - only one of the registers being permanently tied up by the
processor.

Instructions

As the whole philosophy of the ARM is based on 'fast and simple', we would
expect the instruction set to reflect this, and indeed it does. A small, easly
remembered set of instruction typesis available. This doesnot imply alack
of power, though. Firstly, instructions execute very quickly, and secondly,
most have useful extras which add to their utility without detracting from
the ease of use.

2.1 Memory and addressing

The lowest addressthat ARM can use is that obtained by placing Oson all of
the 26 address lines - address &0000000. The highest possible addressis
obtained by placing 1s on the 26 address signals, giving address & 3FFFFFF.
All possible combinations between these two extremes are available,
allowing atota of 64M bytesto be addressed. Of course, itisvery unlikely
that this much memory will actually be fitted in current machines, even with
the ever-increasing capacities of RAM and ROM chips. One or four
megabytes of RAM is areasonable amount to expect using today's
technology.

Why allow such alarge address range then? There are severa good reasons.
Firstly, throughout the history of computers, designers have under-
estimated how much memory programmers (or rather their programs) can
actualy use. A good maxim is'programs will awaysgrow to fill the space
available. Andthen some.’ In the brief history of microprocessors, the
address ng range of CPUs has grown from 256 single bytes to 4 billion bytes
(i.e. 4,000,000,000 bytes) for some 32-bit micros. Asthe price of memory
continues to fall, we can expect 16M and even 32M byte RAM capacities to
become available fairly cheaply.

Another reason for providing alarge address space is to allow the possibility
of using virtual memory. Virtual memory is atechnique whereby the fast but
relatively expensive semiconductor RAM is supplemented by dower but
larger capacity magnetic storage, e.g. a Winchester disc. For example, we
might allocate 16M bytes of a Winchester disc to act as memory for the
computer. The available RAM is used to 'buffer' as much of this as possible,
say 512K bytes, making it rapidly accessble. When the need arises to access
datawhich isnot currently in RAM, weload it in from the Winchester.
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Virtual memory is an important topic, but adetailed discussion of it is
outside the scope of this book. We do mention some basic virtual memory
techniques when talking about the memory controller chip in Chapter Seven.
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The diagram below illustrates how the ARM addresses memory words and
bytes.

bit 31........ ... .. ... . L bit O

Address 0 byte 3 |byte 2 |byte 1 | byte O

Address 4 byte 7 |byte 6 [byte 5 | byte 4

Address 8 |byte 11|byte 10|byte 9 | byte 8

Address 12 | byte 15| byte 14| byte 13| byte 12

The addresses shown down the left hand side are word addresses, and
increase in steps of four. Word addresses aways have their least two
significant bits set to zero and the other 24 bits determinewhich word is
required. Whenever the ARM fetches an instruction from memory, aword
addressisused. Additionally, when aword-size operand is transferred from
the ARM to memory, or vice versa, aword addressis used.

When byte-sized operands are accessed, all 26 addresslines are used, the
least significant two bits specifying which byte within the word is required.
Thereisasigna from the ARM chip which indicates whether the current
transfer isaword or byte-sized one. Thissgnal isused by the memory
system to enable the appropriate memory chips. We will have moreto say
about addressing in the section on data transfer instructions.

Thefirst few words of ARM memory have specia significance. When
certain events occur, e.g. the ARM isreset or anillegal instructionis
encountered, the processor automatically jumps to one of these first few
locations. The instructions there perform the necessary actions to deal with
the event. Other than this, all ARM memory was created equal anditsuseis
determined solely by the designer of the system.

For the rest of this section, we give brief details of the use of another chipin
the ARM family called the MEMC. Thisinformation is not vital to most
programmers, and may be skipped on thefirst reading.

A topic whichisreated to virtual memory mentioned above, and which
unlike that, is within the scope of thisbook, is the re ationship between
'‘physical’ and 'logical' memory in ARM systems. Many ARM-based
machines use a device caled the Memory Controller - MEMC - which is
part of the same family of devicesasthe ARM CPU. (Other members are
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the Video Controller and | /0O Controller, called VIDC and 10C
respectively.)

When an ARM-based system uses MEMC, its memory map is divided into
three main areas. The bottom half - 32M bytes - is called logical RAM, and
Is the memory that most programs 'see’ when they are executing. The next
16M bytesisallocated to physical RAM. Thisareaisonly visible to system
programs which use the CPU in a specia mode called supervisor mode.
Finaly, thetop 16M bytesis occupied by ROM and 1/0 devices.

Thelogical and physical RAM is actualy the same thing, and the data is
stored in the same RAM chips. However, whereas physical RAM occupies a
contiguous area from address 32M to 32M +(memory size)-1, logical RAM
may be scattered anywherein the bottom 32M bytes. The physical RAM is
divided into 128 'pages. The size of a page depends on how much RAM the
machine has. For example, in a 1M byte machine, apageis 8K bytes, ina
4M byte machine (the maximum that the current MEMC chip can handle) it
Is32K bytes.

A tablein MEMC is programmed to control where each physical page
appearsin thelogical memory map. For example, in a particular system it
might be convenient to have the screen memory at the very top of the 32M
bytelogical memory area. Say the pagesizeis 8K bytesand 32K isrequired
for the screen. The MEMC would be programmed so that four pages of
physical RAM appear at the top 32K bytes of the logical address space.
These four pages would be accessible to supervisor mode programs at both
thislocation and in the appropriate place in the physica memory map, and
to non-supervisor programs at just the logical memory map position.

When a program accesses the logical memory, the MEMC looks up where
corresponding physical RAM is and passes that address on to the RAM
chips. You could imagine the address bus passing through the MEMC on its
way to the memory, and being translated on theway. Thistrandationis
totally transparent to the programmer. If aprogram tries to access a logical
memory addressfor which thereis no corresponding physical RAM
(remember only at most 4M bytes of the possible 32M can be occupied), a
signal called 'data abort' is activated on the CPU. This enables attempts to
access 'illegal’ locations to be dealt with.

Asthe4M byte limit only appliesto the current MEMC chip, thereis no
reason why alater device shouldn't be able to access a much larger area of
physical memory.

Because of the trand ation performed by MEMC, the logical addresses used
to access RAM may be anywhere in the memory map. Looked at in another
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way, this means that a 1M byte machine will not necessarily appear to have
all of thisRAM at the bottom of the memory map; it might be scattered into
different areas. For example, one 'chunk’ of memory might be used for the
screen and mapped onto a high address, whereas another region, used for
application programs say, might start at alow address such as & 8000.

Usually, the presence of MEMC in asystem isif no consequenceto a
program, but it helps to explain how the memory map of an ARM-based
computer appears as it does.

2.2 Programmer's model

This section describes the way in which the ARM presentsitself to the
programmer. The term 'model’ is employed because although it describes
what the programmer sees when programming the ARM, the internal
representation may be very different. So long as programs behave as
expected from the description given, these internal details are unimportant.

Occasionally however, a particular feature of the processor's operation may
be better understood if you know what the ARM is getting up to internally.
These situations are explained as they arise in the descriptions presented
below.

As mentioned above, ARM has a particularly simple register organisation,
which benefits both human programmers and compilers, which also need to
generate ARM programs. Humans are well served because our feeble
brains don't have to cope with such questions as 'can | use the X register as
an operand with the ADD instruction? These crop up quite frequently when
programming in assembler on certain micros, making coding atiresome
task.

There are sixteen user registers. They are all 32-bitswide. Only two are
dedicate; the others are genera purpose and are used to store operands,
results and pointers to memory. Of the two dedicated registers, only one of
these is permanently used for a special purpose (it isthe PC). Sixteenisquite
alarge number of registersto provide, some micros managing with only one
general purpose register. These are called accumulator-based processors,
and the 6502 is an example of such achip.

All of the ARM's registers are general purpose. This means that wherever
an instruction needs a register to be specified as an operand, any one of them
may be used. Thisgivesthe programmer great freedom in deciding which
registers to use for which purpose.
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The motivation for providing a generous register set stemsfrom theway in
which the ARM performs most of its operations. All data manipulation
instructions use registers. That is, if you want to add two 32-bit numbers,
both of the numbers must bein registers, and the result is stored in athird
register. Itisnot possble to add a number in memory to aregister, or vice
versa. Infact, the only time the ARM accesses memory isto fetch
instructions and when executing one of the few register-to-memory transfer
instructions.

S0, given that most processing is restricted to using the fast internal
registers, itisonly fair that a reasonable number of them is provided.
Studies by computer scientists have shown that eight generd-purpose
registersissufficient for most types of program, so 16 should be plenty.

When designing the ARM, Acorn may well have been tempted to include
even more registers, say 32, using the 'too much is never enough' maxim
mentioned above. However, it isimportant to remember that if an
instruction isto allow any register as an operand, the register number hasto
be encoded in theinstruction. 16 registers need four bits of encoding; 32
registers would need five. Thus by increasing the number of registers, they
would have decreased the number of bits available to encode other
information in the instructions.

Such trade-offs are common in processor design, and the utility of the design
depends on whether the decisons have been made wisely. On thewhole,
Acorn seems to have hit the right balance with the ARM.

Thereis an illustration of the programmer's model overledf.

In the diagram, 'undedicated' means that the hardware imposes no
particular use for the register. '‘Dedicated’ means that the ARM uses the
register for a particular function - R15 is the PC. 'Semi-dedicated’ implies
that occasionally the hardware might use the register for some function (for
storing addresses), but at other timesit is undedicated. '‘General purpose’
indicates that if an instruction requires aregister as an operand, any register
may be specified.

As RO-R13 are undedicated, general purpose registers, nothing more needs
to be said about them at this stage.
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RO Undedi cat ed, general purpose
R1 Undedi cat ed, general purpose
R2 Undedi cat ed, general purpose
R3 Undedi cat ed, general purpose
R4 Undedi cat ed, general purpose
R5 Undedi cat ed, general purpose
R6 Undedi cat ed, general purpose
R7 Undedi cat ed, general purpose
RS Undedi cat ed, general purpose
R9 Undedi cat ed, general purpose
R10 | Undedi cat ed, general purpose
R11 Undedi cat ed, general purpose
R12 Undedi cat ed, general purpose
R13 Undedi cat ed, general purpose
R14 | Sem -dedi cated, general purpose (Iink)

R15 | Dedicated, general purpose (PO

Special registers

Being slightly different from the rest, R14 and R15 are more interesting,
especialy R15. Thisisthe only register which you cannot use in the same
way astherest to hold operands and results. The reason isthat the ARM
uses it to store the program counter and status register. These two
components of R15 are explained below.

Register 14 isusually free to hold any value the user wishes. However, one
instruction, ‘branch with link’, uses R14 to keep acopy of the PC. The next
chapter describes branch with link, along with the rest of the instruction set,
and this use of R14 isexplained in more detail there.

The program counter

31 30 29 28 27 26 25 2 1 0

N[ Z]|C |V]I F Pr ogram count er S1|SO

R15issplitinto two parts. Thisisillustrated below:

Bits 2 to 25 are the program counter (PC). That is, they hold the word
address of the next instruction to be fetched. There are only 24 bits (as
opposed to the full 26) because instructions are defined to res de on word
boundaries. Thusthe two lowest bits of an instruction’'s address are always
zero, and thereis no need to storethem. When R15 is used to place the
address of the next instruction on the address bus, bits 0 and 1 of the bus are
automatically set to zero.
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When the ARM isreset, the program counter is set to zero, and instructions
are fetched starting from that location. Normally, the program counter is
iIncremented after every instruction is fetched, so that a program is executed
iNn sequence. However, some instructions ater the value of the PC, causing
non-consecutive instructions to be fetched. Thisishow | F..THEN..ELSE
and REPEAT..UNTI L type constructs are programmed in machine code.

Some signal's connected to the ARM chip a so affect the PC when they are
activated. Reset isone such signal, and as mentioned above it causes the PC
to jump to location zero. Others are IRQ and FIQ, which are mentioned
below, and memory abort.

Status register

The remaining bits of R15, bits 0, 1 and 26-31, form an eight-bit status
register. This containsinformation about the state of the processor. There
are two types of statusinformation: result status and system status. The
former refers to the outcome of previous operations, for example, whether a
carry was generated by an addition operation. The latter refers to the four
operating modes in which the ARM may be set, and whether certain events
are allowed to interrupt its processing.

Here isthe layout of the status register portion of R15:

bit 31 N Negative result flag
Result bit30 Z Zero result flag
Status bit29 C Carry flag

bit28 V Overflowed result flag

bit 27 IRQ Interrupt disable flag
System bit26 FIQ Fast interrupt disable flag

Status bit O SO Processor mode 0
bit 1 S1 Processor mode 1

The result status flags are affected by the register-to-register data
operations. The exact way in which these instructions change the flagsis
described along with the instructions. No other instructions affect the flags,
unless they areloaded explicitly (along with the rest of R15) from memory.

Aseach flag is stored in one bit, it has two possible states. If aflag bit hasthe
vauel, itissadto betrue or set. If it hasthe value O, theflagisfalse or
cleared. For example, if bits 31 to 28 of R15 were 1100, the N and Z flags
would be set, and V and C would be cleared.

All instructions may execute conditionally on the result flags. That isto say,
agiven instruction may be executed only if agiven combination of flags
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exists, otherwise the instruction isignored. Additionally, an instruction may
be unconditional, so that it executes regardless of the state of the flags.

The processor mode flags hold atwo-bit number. The state of these two bits
determine the 'mode' in which the ARM executes, as follows:

sl<0 Mode

00 User

01 FIQ or fast interrupt
10 IRQ or interrupt

11 SVC or supervisor

The greater part of this book is concerned only with user mode. The other
modes are 'system' modes which are only required by programs which will
have generally aready been written on the machine you are using. Briefly,
supervisor mode is entered when the ARM isreset or certain types of error
occur. IRQ and FIQ modes are entered under the interrupt conditions
described below.

In non-user modes, the ARM looks and behavesin avery similar way to user
mode (which we have been describing). The main differenceisthat certain
registers (e.g. R13 and R14 in supervisor mode) are replaced by 'private
copies available only in that mode. These are called R13 SVC and

R14 SVC. In user mode, the supervisor mode's versions of R13 and R14 are
not visible, and vice versa. In addition, SO and S1 may not be altered in user
mode, but may be in other modes. In IRQ mode, the extraregisters are
R13 IRQ and R14 IRQ; in FIQ mode there are seven of them - R8 FIQ to
R14 FIQ.

Non-user modes are used by 'privileged' programs which may have access
to hardware which the user is not allowed to touch. Thisis possible because
asignal from the ARM reflects the state of SO and S1 so external hardware
may determine if the processor isin auser mode or not.

Finally, the status bits FIQ and IRQ are used to enable or disable the two
interrupts provided by the processor. Aninterrupt isasignal to thechip
which, when activated, causes the ARM to suspend its current action
(having finished the current instruction) and set the program counter to a
pre-determined value. Hardware such as disc drives use interrupts to ask
for attention when they require servicing.

The ARM provides two interrupts. The IRQ (which stands for interrupt
request) signal will cause the program to be suspended only if the IRQ bit in
the status register iscleared. If that bit is set, the interrupt will be ignored by
the processor until itisclear. The FIQ (fast interrupt) works similarly,
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except that the FIQ bit enables/disablesit. If aFIQ interrupt is activated,
the IRQ bit is set automatically, disabling any IRQ signal. Thereverseis not
true however, and a FIQ interrupt may be processed while an IRQ is active.

As mentioned above, the supervisor, FIQ and IRQ modes are rarely of
interest to programmers other than those writing 'systems' software, and
the system status bits of R15 may generally be ignored. Chapter Seven
covers the differences in programming the ARM in the non-user modes.

2.3 The Instructions set

To complement the regular architecture of the programmer’'s model, the
ARM has awell-organised, uniform instruction set. In this section we give
an overview of the instruction types, and defer detail ed descriptions until
the next chapter.

General properties

There are certain attributes that al instructions have in common. All
instructions are 32-bits long (i.e. they occupy one word) and must lie on word
boundaries. We have aready seen that the address held in the program
counter isaword address, and the two lowest bits of the address are set to
zero when an instruction isfetched from memory.

The main reason for imposing the word-boundary restriction is one of
efficiency. If aninstruction were allowed to straddle two words, two
accesses to memory would be required to load asingleinstruction. Asitis,
the ARM only ever hasto access memory once per instruction fetch. A
secondary reason isthat by making the two lowest bits of the address
implicit, the program address range of the ARM isincreased from the 24 bits
available in R15 to 26 bits - effectively quadrupling the addressing range.

A 32-bit instruction enables 2* or about 4 billion possible instructions.
Obviously the ARM would not be much of areduced instruction set
computer if it used all of these for wildly differing instructions. However, it
does use a surprisingly large amount of this theoretical instruction space.

Theinstruction word may be split into different 'fields. A field isa set of
(perhaps just one) contiguous bits. For example, bits 28 to 31 of R15 could be
caled the result statusfield. Each instruction word field controls a
particular aspect of the interpretation of the instruction. It is not necessary
to know where these fields occur within the word and what they mean, as
the assembler does that for you using the textual representation of
Instruction.
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Onefield which isworth mentioning now is the condition part. Every ARM
Instruction has a condition code encoded into four bits of the word. Four bits
enable up to 16 conditionsto be specified, and all of these are used. Most
instructions will use the 'unconditiona’ condition, i.e. they will execute
regardless of the state of the flags. Other conditions are 'if zero', 'if carry
set', 'if less than' and so on.

Instruction classes

There arefive typesof instruction. Each classis described in detail initsown
section of the next chapter. In summary, they are

Data operations

This group does most of the work. There are sixteen instructions, and they
have very similar formats. Examples of instructions from this group are
ADD and CVP, which add and compare two numbers respectively. As
mentioned above, the operands of these instructions are always in registers
(or an immediate number stored in the instruction itself), never in memory.

Load and save

Thisisasmaller group of two instructions: load aregister and save a
register. Variations include whether bytes or words are transferred, and
how the memory location to be used is obtained.

Multiple load and save

Whereas the instructions in the previous group only transfer asingle
register, this group alows between one and 16 registers to be moved
between the processor and memory. Only word transfers are performed by
this group.

Branching

Although the PC may be atered using the data operations to cause a change
In the program counter, the branch instruction provides a convenient way of
reaching any part of the 64M byte address space in asingle instruction. It
causes a displacement to be added to the current vaue of the PC. The
displacement is stored in the instruction itself.

SWI

This one-instruction group is very important. The abbreviation stands for
'‘SoftWare Interrupt'. It provides the way for user's programs to access the
facilities provided by the operating system. All ARM-based computers
provide a certain amount of pre-written software to perform such tasks as
printing characters on to the screen, performing disc 1/0 etc. By issuing SW
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instructions, the user's program may utilise this operating system software,
obviating the need to write the routines for each application.

Floating point

Thefirst ARM chipsdo not provide any built-in support for dealing with
floating point, or real, numbers. Instead, they have afacility for adding co-
processors. A cO-processor is a separate chip which executes special-
purpose instructions which the ARM CPU adone cannot handle. Thefirst
such processor will be one to implement floating point instructions. These
Instructions have already been defined, and are currently implemented by
software. The machine codes which are alocated to them areillega
instructions on the ARM-| so system software can be used to 'trap’ them and
perform the required action, albeit alot slower than the co-processor would.

Because the floating point instructions are not part of the basic ARM
instruction set, they are not discussed in the main part of thisbook, but are
described in Appendix B.
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