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Chapter 5

The IBM POWER

Architecture

The time has come to turn to actual machines in order to see what comes next in
compilation. Most traditional compiler texts use imaginary processor architectures
for that purpose to avoid the quirks and conventions associated with real-world
microprocessors. However, compiling to a virtual processor gives few of the satis-
factions associated with writing a compiler. Therefore, this chapter uses the IBM
POWER/PowerPC architecture as a typical representative for modern RISC proces-
sor architectures. For now, the only concern is to understand the design principles
underlying the architecture without concrete compilation issues in mind. As will be-
come clear in the next chapter, however, the CPS representation of the last chapter
converts neatly into real machine code.

5.1 Instruction Set Overview

IBM evolved the RS/6000 POWER architecture into the current PowerPC. The
PowerPC mostly generalizes the older POWER chips. Therefore, the overlap is
substantial, and the material presented here is common to both chips. Therefore,
only the term “POWER” will be used.

The POWER architecture is a 32-bit RISC machine which has four separate
functional units:

• the branch processor,

• the fixed-point processor,

• the floating-point processor,

• and the storage-control processor.

Each of these functional units executes a certain set of instructions and manages
its own set of registers. Some are shared between several functional units, and
special instructions move data between the register sets. Figure 5.1 shows the
complete register set. Note that IBM in its documentation numbers bits in the
exact opposite way as most other literature: Bit 0 is the most-significant bit, and
the significance decreases with increasing bit indices. This chapter sticks with IBM’s
convention.
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78 CHAPTER 5. THE IBM POWER ARCHITECTURE

Figure 5.1: The POWER register set

5.1.1 The branch processor

is responsible for executing branches (conditional and unconditional), procedure
calls, system calls, as well as certain logical operations. In addition to the condition
register, the branch processor also manages the Link and Count registers.

The destination of a branch instruction can be one of the following:

• the sum of a constant and the address of the branch instruction itself,

• the absolute address given as an operand to the instruction,

• the content of the Link register, or

• the content of the Count register.

Certain branches store a return address into the link register, thereby supporting a
form of procedure call. The Count register can serve as a loop count, and certain
branch instructions implicitly decrement it and test if its value is zero.

The condition register is somewhat unusual compared to its counterpart in more
traditional architectures: It consists of eight independent 4-bit condition fields with
the following meanings for fixed-point instructions:

Bit 0 less than

Bit 1 greater than

Bit 2 equal

Bit 3 summary overflow

The summary overflow is irrelevant for the purposes of this chapter.
Each field of the condition register can be the target of selected fixed-point and

floating-point instructions and can control branching. However, some instructions
by default access fixed fields of the condition registers. It is possible to copy con-
dition fields onto each other, thereby allowing the code to use secondary fields for
backups.
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bc 4,1,L38 # jump relative to L38 if not greater than in field 0

(In the instruction, 4 is the value of the “branch option field” which stands for
“Branch if condition is false.” The 1 is the number of the CR bit referenced. The
bc instruction always refers to CR field 0.)

5.1.2 The fixed-point processor

The fixed-point processor manages the 32 32-bit general-purpose registers (GPRs)
as well as a 32-bit fixed-point exception register. It implements loads (moves from
memory into registers) and stores (moves from registers into memory), arithmetic,
logical, compare, shift, rotate, trap, and system-control instructions. Some of its
operations perform quite complex tasks and are reminiscent of older CISC architec-
tures. The instruction format varies widely from instruction to instruction. Some
instructions come in two variants, one of which has a mnemonic with a trailing dot
. which indicates that the instruction sets the condition register field 0 according
to the result of the operation.

Load and store The load instructions move information from a memory loca-
tion into one of the GPRs. The store instructions do the reverse. Load and store
instructions exist for bytes, halfwords, and words, but can only access word-aligned
locations in memory. A load or store instruction denotes the memory location by
an effective address which is either the contents of a GPR, the sum of the contents
of a GPR and a signed 16-bit offset or the sum of the contents of two GPRs. Oc-
casionally, GPR 0, when part of an effective address computation, actually denotes
the number 0 rather than the contents of GPR 0.

lwz 6,16(5) # [GPR 6] := [16 + [GPR 5]]

lhzx 6,5,4 # [GPR 6] := [[GPR 5] + [GPR 4]],

# [GPR 6]0−15 := 0

stw 6,16(5) # [16 + [GPR 5]] := [GPR 6]

Load and store with update Load and store instructions have an “update”
form in which the base GPR is updated with the effective address in addition to
the regular move of information from or to memory.

lwzu 6,16(5) # [GPR 6] := [16 + [GPR 5]], [GPR 5] := [GPR 5] + 16

stwu 6,16(5) # [16 + [GPR 5]] := [GPR 6], [GPR 5] := [GPR 5] + 16

String moves The string instructions allow the movement of data from storage
to registers or from registers to storage regardless of alignment.

lswi 6,5,4 # [GPR 6] := <4 consecutive bytes at [GPR 5]>

stwi 6,5,4 # [[GPR 5]] := <4 consecutive bytes in [GPR 6]>

Arithmetic The fixed-point arithmetic instructions treat the contents of registers
as 32-bit signed integers.

add 4,5,6 # [GPR 4] := [GPR 5] + [GPR 6]

add. 4,5,6 # [GPR 4] := [GPR 5] + [GPR 6], set CR0
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Comparisons The compare instructions algebraically or logically compare the
contents of a register with either a 16-bit immediate constant (signed or unsigned)
or the contents of another register.

Algebraic comparison compares two signed integers. Logical comparison com-
pares two unsigned integers.

cmp 1,0,4,5 # set CR1 according to [GPR 4] <cmp-algebraic> [GPR 5]

cmpl 1,0,4,5 # set CR1 according to [GPR 4] <cmp-logical> [GPR 5]

(The 0 field is a mandatory value without any special meaning.)

Logical operations Logical instructions perform bitwise logical operations.

andc 6,4,5 # [GPR 6] := [GPR 4] and ~[GPR 5]

Rotate and shift The rotate and shift operations work on the contents of a GPR
in one of the following ways:

• The result of the rotation is inserted into the target register under the control
of a mask. If the mask bit is 1, the associated bit of the rotated data is placed
in the target register. If the mask bit is 0, the associated data bit in the target
register is unchanged.

• The result of the rotation is ANDed with the mask before being placed into
the target register.

The shift instructions logically perform left and right shifts. The result of a shift
instruction is placed in the target register under the control of a generated mask.

rlmi 6,4,5,0,23 # [GPR 6] := [GPR 4] <rotate-left> [GPR 5]27−31

# ... but only bits 0-23

# (rotate left then mask insert)

slw 6,4,5 # [GPR 6] := ([GPR 4] << [GPR 5]27−31) & <mask>

(The <mask> in the slw instructions is controlled by bit 26 of GPR 5 through quite
complicated rules.)

Move to/from special-purpose registers Several instructions move the con-
tents of one Special-Purpose Register (SPR) into another SPR or into a GPR.

mfspr 6,1 # [GPR 6] := [EXC]

5.1.3 Extended Mnemonics

Many POWER instructions are excessively general, often hiding simple and common
tasks behind complex operations. Because of this, IBM’s assembler provides a
large set of so-called extended mnemonics that are synonymous for special cases of
complex statements. Some examples:

nop # no-op, same as ori 0,0,0

mr 5,6 # (GPR 6) := (GPR 5), same as or 5,6,6

li 5,17 # (GPR 5) := 17, same as addi 5,0,17
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5.2 Assembler Basics

An assembler source file consists of the following components:

Instructions consist of a mnemonic and, possibly, operands. An instruction cor-
responds to a machine instruction, and directs the assembler to generate the
corresponding executable code.

Labels are names that mark locations in the generated code.

Pseudo Operations are directives to the assembler independent of code genera-
tion per se.

An assembly source file consists of lines, each of which contains an instruction or a
pseudo operation, optionally marked by a label:

〈line〉 ::= 〈label〉? 〈statement〉 〈comment〉?

〈statement〉 ::= 〈empty〉
| 〈mnemonic〉 〈operands〉?

| . 〈pseudo-op〉 〈pseudo-operands〉?

〈label〉 ::= 〈symbol〉 :

〈operands〉 ::= 〈operand〉 〈another-operand〉*
〈another-operand〉 ::= , 〈operand〉
〈comment〉 ::= # 〈char〉*
〈pseudo-operands〉 ::= 〈pseudo-operand〉 〈another-pseudo-operand〉*
〈another-pseudo-operand〉 ::= , 〈pseudo-operand〉

As the assembler advances through a source file, it generates code and keeps a
location counter marking the address of the code generated. The symbol $ refers
to the value of the location counter. Also, certain pseudo operations change the
location counter directly without generating any code.

5.2.1 Pseudo Operations

Here are some common pseudo operations:

〈statement〉 ::= .set 〈symbol〉 , 〈expression〉

makes 〈symbol〉 a synonym for the value of 〈expression〉.

.set ap,14

lil ap,2 # assembler substitutes value 14 for the symbol

# Note that ap is a register number as lil’s operand.

〈statement〉 ::= .byte 〈expressions〉?

〈expressions〉 ::= 〈expression〉 〈another-expression〉*
〈another-expression〉 ::= , 〈expression〉

generates consecutive bytes corresponding to the values of the parameters of .byte.

.byte 0x48,0x65,0x6C,0x6C,0x6F,0x2C,0x20,0x77,0x6F,0x72,0x6C,0x64

.byte "Hello, world"

.byte ’H,’e,’l,’l,’o,’,,’ ,’w,’o,’r,’l,’d
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There are corresponding pseudo operations .double, .float, .long, .short, .string,
and .vbyte.

〈statement〉 ::= .align 〈expression〉

advances the current location counter until a boundary specified by the parameter
is reached. The parameter values correspond to the following alignments:

0 byte

1 halfword (16 bits)

2 word

3 doubleword

.byte 1 # Location counter now at odd number

.align 1 # Location counter is now at the next halfword boundary.

.byte 3,4

5.2.2 AIX conventions

Knowing the machine language and assembler syntax of an architecture is not
enough to be able to write running programs: The operating system and runtime
environment impose a number of constraints and conventions on assembler code.
In the case of AIX, these conventions have to do with the subdivision of a program
into sections and procedure calling conventions.

Programming with the TOC An AIX executable consists of sections that
contain different parts of the running program. The important sections are called
.text, .data, and .bss:

.text contains code or read-only data.

.data contains read-write data.

.bss contains uninitialized mapped data.

Each section consists of subsections called csects. A csect is assigned to a storage
mapping class further describing the role of a csect. The set of storage mapping
classes is fixed, and each class has a two-letter name. The storage mapping class
also determines a certain section. For example, PR is for executable code residing
in the .text section, and RO is for read-only data also residing in .text

The code for each code-generating statement of an assembler source file is as-
signed to a specific csect, and assembler and linker together take care to assemble
the various csects into consecutive chunks of code.

Code can be assigned to a csect with the .csect directive. For example,

.csect bla[pr]

announces that subsequent code will be put into a csect named bla[pr] with (ob-
viously) storage mapping class PR.

Now, since instruction opcodes are all exactly 32 bits in size, they cannot contain
a full absolute memory reference. Instead, memory access needs to be indirect.
Therefore, AIX provides access to absolute memory locations via a table of contents,
or TOC accessible through a GPR. The TOC is simply a table of indirections
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accessible globally in a program. It can contain data directly or pointers to csects.
Only the latter case is of interest here.

TOC entries have special storage mapping classes. A TOC entry with storage
mapping class TC contains the address of a csect or a global symbol. The .toc

directive announces that subsequent code goes into the TOC, and the .tc directive
creates TOC entries. As a convention, AIX programs keep a pointer to the TOC in
general-purpose register 2. Here is a usage example:

.set RTOC,2

.csect prog1[pr]

...

l 5,TCA(RTOC) # [GPR5] := a[rw]

...

.toc

TCA: .tc a[tc],a[rw] # csect a[rw] goes into TOC name a[tc]

.csect a[rw]

.long 25

Calling Conventions AIX also specifies a set of calling conventions meant to
ease interoperability between different programming languages. It is not the main
concern of the compilers here, but since all programs run in the same environment,
they must at least outwardly observe these conventions.

Register Status Use
GPR0 volatile In function prologs.
GPR1 dedicated Stack pointer.
GPR2 dedicated Table of Contents (TOC) pointer.
GPR3 volatile First word of a function’s argument list;

first word of a scalar function return.
GPR4 volatile Second word of a function’s argument list;

second word of a scalar function return.
GPR5 volatile Third word of a function’s argument list.
GPR6 volatile Fourth word of a function’s argument list.
GPR7 volatile Fifth word of a function’s argument list.
GPR8 volatile Sixth word of a function’s argument list.
GPR9 volatile Seventh word of a function’s argument

list.
GPR10 volatile Eighth word of a function’s argument list.
GPR11 volatile In calls by pointer and as an environment

pointer for languages that require it (for
example, PASCAL).

GPR12 volatile For special exception handling required by
certain languages and in glink code.

GPR13:GPR31 nonvolatile These registers must be preserved across
a function call.

Figure 5.2: General Purpose Register Conventions

The preferred method of using GPRs is to use the volatile registers first. Next,
use the nonvolatile registers in descending order, starting with GPR31 and proceed-
ing down to GPR13. GPR1 and GPR2 must be dedicated as stack and Table of
Contents (TOC) area pointers, respectively. GPR1 and GPR2 must appear to be
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saved across a call, and must have the same values at return as when the call was
made.
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