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PREFACE

The Intel 80960CA is a high-performance 32-bit embedded processor which is part of the 80960
processor family. This 80960CA User’s Manual provides detailed programming and hardware
design information for the 80960CA. It is written for programmers and hardware designers who
understand the basic operating principles of integrated processors and their systems.

RELATED PUBLICATIONS

The user's manual does not provide electrical specifications for the device, such as the DC and
AC parametrics, operating conditions, and packaging specifications. This information is found in
the 80960CA Data Sheet.

The 80960CA is based on the 80960 embedded processor architecture. The 80960CA is only a
single member of a family of 80960-based processors. Other 80960 family members span a range
of performance and integration requirements for embedded applications. For information on
other 80960 family members or the 80960 architecture in general refer to the following
publications:

e 32-Bit Embedded Controller Handbook, Intel, Order No. 270647
e G. Meyers, D. Budde, The 80960 Microprocessor Architecture, Wiley, 1988.

MANUAL STRUCTURE

This manual is organized in three parts. The following is a synopsis of the contents of each part
of the user's manual:

e Part I-Programming the 80960CA details the programming environment for the 80960CA.
The processor's registers, instruction set, data types, addressing modes, interrupt mechanism,
external interrupt interface, and fault mechanism are described in detail in this part of the
user's manual.

e Part II-System Implementation describes the requirements for designing a system around the
80960CA. The external bus interface, and the integrated DMA controller are described in
this part of the manual. The programming requirements for the DMA controller, bus
controller, and for initialization of the 80960CA are also described.

e Part Ill-Appendices include quick references for hardware design and programming of the
80960CA. Appendices are also provided which describe the 80960CA’s internal
architecture, writing assembly-level code to exploit the parallelism of the processor, and the
consideration for writing software which is compatible for all members of the 80960 family
of embedded processors.
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NOTATION AND TERMINOLOGY

The following paragraphs describe the notation and terminology.used in this manual that have
special meaning. ’

Reserved and Preserved

Certain fields in the registers and data structures are described as being either reserved fields or
preserved fields. A reserved field is one that may be used by specific implementations of the
80960 architecture. To ensure that a current software design is compatible with all processor
implementations based on the 80960 architecture, the bits in reserved fields should be set to 0
when the data structure is initially created. Thereafter, software should not modify or rely on the
value of these fields.

Some bits or fields in the architecturally-defined data structures are shown as requiring specific
encodings. These fields should be treated as if they were reserved fields. They should be set to
the specified value when the data structure is created and software should not modify or rely on
the value in the field after that.

A preserved field is one that the processor does not use. Software may use preserved fields for
any function.

Specifying Bit and Signal Values

The terms "set" and "clear" are used in this manual to refer to the value of bits in register and
data structures. If a bit is set, its value is 1; if the bit is clear, its value is 0. Likewise, setting a bit
means giving it a value of 1 and clearing a bit means giving it a value of 0.

The terms "assert" and "deassert" refer to the logically active or inactive value of a signal or bit
respectively. A signal is specified as an active 0 signal by an overbar. For example, the BTERM
input is active low, and is asserted by driving the signal to a logic O value.

Representing Numbers

All numbers given in this manual can be assumed to be base 10 unless designated otherwise. In
text, binary numbers are designated with a subscript 2 (for example, 0015). If it is obvious from
the context that a number is a binary number, the “2” subscript is sometimes omitted.
Hexadecimal numbers are designated in text with the suffix H (for example, FFFF FF5AH)

In the pseudo code action statements in the instruction reference section, hexadecimal numbers
are represented by adding the C-language convention "0x" as a prefix. For example “FF7AH”
appears as "0OxFF7A" in the pseudo code.

vi
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Register Names

The 80960CA’s special function registers, and several of the global and local registers are
referred to by their generic register names, as well as descriptive names which describe their
function. The generic names for these registers are g0 through g15 for the globals, rO through r15
for the locals, and sf0, sfl, and sf2 for the special function registers. The list below shows
descriptive names for registers along with the commonly used abbreviation.

r0 - Previous Frame Pointer (PFP)
rl - Stack Pointer (SP)
r2 - Return Instruction Pointer (RIP)

gl5 — Frame Pointer (FP)

sf0 - Interrupt Pending (IPND) Register
sfl - Interrupt Mask (IMSK) Register
sf2 — DMA Command (DMAC) Register

Groups of bits and single bits in registers and control words are called either bits, flags, or fields.
These terms have a distinct meaning in this manual. A bit controls a processor function and is
programmed by the user; a flag indicates status and is generally set by the processor. (The user
may also program certain flags.) A field is a grouping of bits (bit field) or flags (flag field).

Specific bits, flags, and fields in registers and control words are usually referred to by a register
abbreviation (in upper case) followed by a bit, flag, or field name (in lower case). These items
are separated with a period. A position number designates individual bits in a field. For example,
the return type (rt) field in the previous frame pointer (PFP) register is designated as “PFP.rt”.
The least significant bit of the return type field is then designated as “PFP.rt0”.

vii
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CHAPTER 1
INTRODUCTION TO THE 80960CA

The 80960CA is the second-generation addition to Intel’s 80960 family of embedded processors.
This processor combines sustained multiple-instruction per clock execution in addition to high-
speed DMA, interrupt, and bus control functions on a single CHMOS device. The 80960CA
represents Intel’s continuing commitment to provide a spectrum of reliable, high-performance
processors and controllers to satisfy the needs of embedded applications.

The 80960CA member of the 80960 family is designed for those applications which require
greater performance on a single chip than is found in an entire embedded RISC system. While
the sheer speed of the 80960CA enriches traditional 80960 applications, the processor’s
integration of performance-sensitive system functions brings its parallel-computing performance
to cost- and space-sensitive embedded applications.

As shown in Figure 1-1, the single-chip 80960CA integrates the multiple-instruction per clock C-
series core, a 1 KByte two-way set associative instruction cache, a programmable register cache,
a 1 KByte on-chip data RAM, a multi-mode programmable bus controller for its demultiplexed
bus, a four-channel 59 MByte/s DMA controller, and a high-speed interrupt controller.

This chapter introduces the 80960CA implementation of the 80960 architecture, the 80960CA
integrated system peripherals, and the 80960 product family.

HIGH SPEED
INTERRUPT
UNIT

FOUR CHANNEL
DMA CONTROLLER

PROGRAMMABLE
REGISTER
CACHE

HIGH SPEED
DATA RAM

TWO-WAY
SET ASSOCIATIVE
INSTRUCTION
CACHE

DEMULTIPLEXED
BUS CONTROL
UNIT

Figure 1-1. The Single-Chip 80960CA SuperScalar Processor
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THE 80960CA EMBEDDED PROCESSOR ARCHITECTURE

The 80960 architecture provides a high-performance computing model. The architecture profits
from reduced instruction-set computer (RISC) concepts, and includes refinements for execution
of more than one instruction per clock through SuperScalar implementations. Furthermore, the
architecture provides a high-speed procedure call/return model, a powerful instruction set suited
to parallelism, and integrated interrupt- and fault-handling models appropriate in a parallel
execution environment.

Paraliel Instruction Execution

To sustain execution of multiple instructions every clock, a processor must decode multiple
instructions in parallel and simultaneously issue these instructions to parallel processing units.
The various processing units must then be able to independently access instruction operands in
parallel from a common register set. The SuperScalar 80960CA implements sustained parallel
decode, issue, and execution.

The on-chip instruction cache enables parallel decode by constantly providing the next four
unexecuted instructions to the processor’s instruction scheduler. The scheduler inspects all four
instructions in a single clock, and issues one, two or three of these instructions in the same clock.
Parallel decode also speeds conditional operations (such as branches). These instructions are
decoded and executed ahead of the current instruction pointer, while maintaining the logical
control flow of the sequential program.

Once an instruction, or group of instructions, is issued by the scheduler, one of the 80960CA’s
six parallel processing units begins to execute each instruction. Each parallel unit handles a
different subset of the instruction set, enabling multiple instructions to be issued and executed
every clock. Each unit executes its instructions in parallel with other operations on the processor.

The 80960CA’s 32 general purpose 32-bit registers are each six-ported to allow unimpeded
parallel access to the independent processing units. To maintain the logical integrity of sequential
instructions which are being executed in parallel, the processor implements register
scoreboarding and resource scoreboarding interlocks.

Sustained execution of multiple instructions per clock from a sequential instruction stream is a
consequence of the 80960CA’s SuperScalar ability to decode multiple instructions at once and
issue them to independent processing units where they are executed in parallel.
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Full Procedure Call Model

Two types of procedure calls are supported on the 80960CA, an integrated call-and-return
mechanism and a RISC-style branch-and-link instruction. The integrated call-and-return
mechanism automatically saves local registers when a call instruction is executed and restores
them when a return is executed. The RISC-style branch-and-link is a fast call that does not save
any of the registers. These mechanisms result in high performance and reduced code size, while
maintaining assembly-level compatibility.

To attain the highest performance for procedure calls and returns, the 80960CA integrates a
programmable depth register cache. The register cache internally saves the local registers for
procedure calls, rather than actually writing the data to the external procedure stack. This caching
greatly reduces the external bus traffic associated with procedure context saving and restoring.

Versatile Instruction Set and Addressing

The 80960CA offers a full set of load, store, move, arithmetic, shift, comparison, and branch
instructions and supports operations on both integer and ordinal data types. It also provides a
complete set of boolean and bit-field instructions to simplify manipulation of bits and bits
strings.

Most 80960 instructions are typical RISC operations. However, several commonly used complex
instructions are also part of the 80960's instruction set. Performance can be optimized by
implementing these commonly used functions with parallel hardware. For instance, the 32x32
multiply operation, which is a single instruction, takes less than 5 clocks to execute on the
80960CA (150ns or less at 33 MHz). Furthermore, the multiplier is a parallel unit. This allows
instructions after a multiply to execute before the multiplication is complete. In fact, if several
unrelated instructions follow a multiply, the multiplication will consume only one clock of
execution.

Integrated Priority Interrupt Model

The 80960CA provides a priority-based mechanism for servicing interrupts. The mechanism
transparently manages up to 248 distinct sources with 31 levels of priority. Interrupt requests
may be generated from external hardware, internal hardware, or software.

The interrupt mechanism is managed by hardware which is parallel to the program execution

environment, this reduces interrupt latency and overhead, and provides flexible interrupt
handling control.

1-3
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Complete Fault Handling and Debug Capabilities

To aid in program development, the 80960CA detects faults (exceptions). When a fault is
detected, the processor makes an implicit call to a fault-handling routine. The information
collected for each fault allows program developers to quickly correct faulting code. It also allows
automatic recovery from most faults.

To support system debugging, the 80960 architecture provides a mechanism for monitoring
processor activities through a software tracing facility. The 80960CA can be configured to detect
as many as seven different trace events, including breakpoints, branches, calls, supervisor calls,
returns, prereturns, and the execution of each instruction (for single-stepping through a program).
The 80960CA also provides four breakpoint registers that allow break decisions to be made
based upon instruction or data addresses.

80960CA SYSTEM INTEGRATION

The 80960CA is based on the C-series core, which is object code compatible with the 32-bit
80960 Core Architecture. Additionally, the 80960CA integrates three data control peripherals
around the core: a bus control unit, a DMA controller, and an interrupt controller.

Pipelined, Burst Bus Control Unit

The 80960CA integrates a 32-bit high-performance bus controller to interface to external
memory and peripherals. The 80960CA bus control unit incorporates full wait state logic and bus
width control to provide high system performance with minimal system design complexity. The
Bus Controller Unit features a maximum transfer rate of 132 MBytes per second (at 33MHz).
Internally programmable wait states and 16 separately configurable memory regions allow the
processor to interface with a variety of memory subsystems with minimum complexity and
maximum performance.

Flexible DMA Controller

A four-channel DMA controller provides high-speed DMA data transfers. The source and
destination can be any combination of internal RAM or external memory or peripherals. The
DMA channels perform single-cycle or two-cycle transfers, and can perform data packing and
unpacking on two-cycle transfers. Block transfers, in addition to source or destination
synchronized transfers are provided. The DMA supports various types of transfers such as high
speed fly-by, quad-word transfers, and data chaining with the use of linked descriptor lists. The
high performance fly-by mode is capable of transfer speeds of up to 59 MBytes per second at
33MHz.

1-4
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Priority Interrupt Controller

The interrupt controller provides full programmability of 248 interrupt sources into 32 priority
levels with an interrupt task switch (latency) of 750 ns. The Interrupt Controller handles the
prioritization of software interrupts, hardware interrupts and the process priority. In addition, it
also manages four internal sources from the DMA controller, and a single non-maskable interrupt
input.

80960 EMBEDDED PROCESSOR FAMILY

The benefit of a standard core architecture is that it allows software designers to develop
building-block software, such as real-time kernels, or libraries of functions that have been
optimized for the 80960 core architecture. These building blocks will be portable to any
implementation of the 80960 architecture.

As shown in Figure 1-2, each compatible 80960 family product is a specialized applications
device, which consists of an implementation of the core architecture plus a set of specific
building blocks or peripherals. Present members of the 80960 family include the 80960KB,
which has an on-chip floating point unit designed for applications which require intensive
floating point calculations. Also available is the 80960MC, a military-grade version of the
processor that has a memory-management unit (MMU) and supports Ada tasking. The 80960K A,
a commercial version of the 80960KB without floating point, focuses on applications demanding
pure integer performance. The architecture is expandable to include different peripherals on a
processor to meet the needs of specific processing and control applications. Future versions of
the 80960 will feature different attributes to meet the price performance demands of embedded-
processor applications.

1-5
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CHAPTER 2
PROGRAMMING ENVIRONMENT

This chapter describes the programming environment of the 80960CA, which includes the global
and local registers, special function registers, control registers, literals, processor-state registers,
and the address space.

OVERVIEW OF THE PROGRAMMING ENVIRONMENT

The architecture defines a programming environment in which programs are executed and data is
stored and manipulated. Figure 2-1 shows the elements of the programming environment. These
elements include a 4 GBytes (232-byte) address space, a 1 KByte instruction cache, 16 global and
16 local general-purpose registers, a set of literals, special-function registers, control registers,
and a set of processor-state registers. A register cache, also shown in Figure 2-1, saves the 16
procedure-specific local registers.

The 80960CA defines several data structures located in memory as part of the programming
environment. These data structures are used to handle procedure calls, interrupts, faults, and to
provide configuration information at initialization. These data structures are the local stack,
supervisor stack, interrupt table, interrupt stack, fault table, control table, and system-procedure
table.
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Figure 2-1. 80960 Programming Environment

REGISTERS AND LITERALS AS INSTRUCTION OPERANDS

Since the 80960CA uses only simple load and store instructions to access memory, operations
take place at the register level. The 80960CA uses 16 global, 16 local, and three special-
functions registers as instruction operands, as well as 32 literals (constants 0-31). These operands

are listed in Table 2-1.

2-2
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Table 2-1. Registers and Literals Used as Instruction Operands

Instruction Name Function
Operand

g0 -gl4 global 0-14 general purpose
fp (g15) global 15 frame pointer
pfp (r0) local 0 previous frame pointer
sp (r1) local 1 stack pointer
rip (12) local 2 return instruction pointer
r3-rl5 local 3-15 general purpose
sf0 special function 0 interrupt pending (IPND)
sfl special function 1 interrupt mask (IMSK)
sf2 special function 2 DMA command (DMAC)
0-31 literals

Global Registers

The global registers are general-purpose 32-bit data registers which provide temporary storage
for computational operands in a program. The global registers retain their contents across
procedure boundaries. Because of this, they provide a fast and efficient means of passing
parameters between procedures.

The 80960 supplies 16 global registers, designated g0 through g15. Register g15 is reserved for
the current Frame Pointer (FP). The FP contains the address of the first byte in the current
(topmost) stack frame. (The FP and the procedure stack are discussed in detail in Chapter 5,
Procedure Calls.)

Local Registers

The local registers (r0 through r15) provide a separate set of 32-bit data registers, in addition to
the global registers, for each active procedure. They provide storage for variables that are local to
a procedure. Each time a procedure is called, the processor automatically allocates a new set of
local registers for that procedure and saves the local registers of the calling procedure. The
program does not have to explicitly save and restore these registers.
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Local registers r3 through r15 are general-purpose registers. Registers r0 through 12 are reserved
for special functions, as follows: register rO contains the Previous-Frame Pointer (PFP); rl
contains the Stack Pointer (SP); and r2 contains the Return-Instruction Pointer (RIP). The PFP,
SP, and RIP are discussed in detail in Chapter 5, Procedure Calls. '

Special Function Registers (SFRs)

The 80960 architecture provides a mechanism to expand its architectural register set with up to
32 additional 32-bit registers. On the 80960CA, three special-function registers (SFRs) are
provided as an extension to the architectural register model. These registers are designated sf0,
sf1, and sf2 (Table 2-1). Other possible additional registers are not defined for the 80960CA.

In general, the special-function registers provide a means to configure and monitor the status of
the interrupt controller and DMA controller. The function of the 80960CA's SFRs is described in
detail in Chapter 6, Interrupts and Chapter 13, DMA Controller in this manual.

The processor provides a mechanism which allows only privileged access to SFRs. These
registers can only be accessed while the processor is in supervisor execution mode. (See User-
Supervisor Protection Model later in this chapter.). A type-mismatch fault occurs if an
instruction with an SFR operand is executed in user mode.

SFRs are not used as operands for instructions whose machine-level instruction formats are of
type MEM or CTRL. Instruction with these formats include loads, stores, and instructions which
cause program redirection (call, return, and branches). (See Appendix D, Instruction Encoding
Reference for a description of the machine-level encoding for operands.) Table 2-2 summarizes
the use of SFRs as instruction operands.

Registers sf3-sf31 are not implemented on the 80960CA. Reading or modifying unimplemented
registers causes the operation-unimplemented fault to occur.

Register Scoreboarding

Register scoreboarding allows concurrent execution of sequential instructions. When an
instruction is executed, the processor sets a register-scoreboard bit to indicate that a particular
register or group of registers is being used in an operation. If the instructions that follow do not
use registers in that group, the processor is able to execute those instructions before execution of
the prior instruction is complete.

A common application of this feature is to execute one or more single-cycle instructions
concurrently with a multi-cycle instruction (e.g., multiply, or divide). The following example
shows a case where register scoreboarding prevents a subsequent instruction from executing. The
example also illustrates overlapping instructions which do not have register dependencies.
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Example 2-1. Register Scoreboarding

muli 415,16 # 16 is scoreboarded
addi 16,17,r8 # add must wait for the previous multiply
# to complete

muli r4,r5,r10 #r10 is scoreboarded
and 16,17,18 # and instruction is executed concurrently with multiply

Register scoreboarding is implemented for the global and local registers, but not for SFRs. When
an SFR is the destination of a multi-cycle instruction, the programmer is responsible for
preventing access to the SFR until the multi-clock instruction returns a result to the SFR.

Literals

The architecture defines a set of 32 literals, which can be used as operands in many instructions.
These literals are ordinal (unsigned) values that range from 0 to 31 (5 bits). When a literal is used
as an operand, the processor expands it to 32 bits by adding leading zeros. If the instruction
requires an operand larger than 32 bits, the processor zero-extends the value to the operand size.
If a literal is used in an instruction that requires integer operands, the processor treats the literal
as a positive integer value.

Register and Literal Addressing and Alignment

Several instructions operate on multiple-word operands. For example, the load-long instruction
(1d1) loads two words from memory into two consecutive registers. The register for the less-
significant word is specified in the instruction, and the more-significant word is automatically
loaded into the next higher-numbered register.

In cases where an instruction specifies a register number and multiple, consecutive registers are
implied, the register number must be even if two registers are accessed (e.g., g0, g2) and an
integral multiple of four if three or four registers are accessed (e.g., g0, g4). If a register reference
for a source value is not properly aligned, the source value is undefined. If a register reference
for a destination value is not properly aligned, the registers that the processor writes to and the
values which are written are undefined. The following assembly-language code shows an
example of correct and incorrect register alignment.
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Example 2-2. Register Alignment

movl 23,88 # INCORRECT ALIGNMENT - resulting value
# in registers g8 and g9 is
# unpredictable (non-aligned source)

movl g4.88 # CORRECT ALIGNMENT

Global registers, local registers, special function registers, and literals are used directly as
instruction operands. Table 2-2 lists the instruction operands for each machine level instruction
format and the positions which can be filled by each register or literal.

Table 2-2. Allowable Register Operands

Instruction Operand Operand;
Format Field
Local Global Extended Literal
Register | Register | Register (SFR)
REG srcl X X X X
src2 X X X X
src/dst (as src) X X X
src/dst (as dst) X X X
src/dst (as both) X X 2)
MEM src/dst X X
abase X X
index X X
COBR srcl X X X X
src2 X X X
Notes: 1. X denotes that a register can be used as an operand in a particular instruction field.

2. Extended registers cannot be addressed in the src/dst field of REG format instructions in which this
field is used as both source and destination (e.g. extract).

CONTROL REGISTERS

Control registers are internal registers which are used to configure the on-chip peripherals (DMA
controller, interrupt controller, and bus controller). A program cannot access control registers
directly as instruction operands. Instead, the control registers are loaded from a data structure
called the control table (Figure 2-2).
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The system control (sysctl) instruction is used to move the control table values to the on-chip
control register. The control table is divide into seven quad-word groups. Each group is assigned
a group number from one to seven. When the sysctl instruction is executed, the load-control-
register message type along with the group number is specified. The sysctl instruction moves the
quad-word group of register values from the control table in memory and writes the values in the
on-chip registers. (See System Control Functions later in this chapter.)

31 0

IP BREAKPOINT 0 (IPBO) OH

IP BREAKPOINT 1 (IPB1) 4H

DATA ADDRESS BREAKPOINT 0 (DABO) 8H
DATA ADDRESS BREAKPOINT 1 (DAB1) CH
INTERRUPT MAP 0 (IMAPO) 10H
INTERRUPT MAP 1 (IMAP1) 14H
INTERRUPT MAP 2 (IMAP2) 18H
INTERRUPT CONTROL (ICON) 1CH

MEMORY REGION 0 CONFIGURATION (MCONO) 20H
MEMORY REGION 1 CONFIGURATION (MCON1) 24H
MEMORY REGION 2 CONFIGURATION (MCON2) 28H
MEMORY REGION 3 CONFIGURATION (MCONS) 2CH
MEMORY REGION 4 CONFIGURATION (MCON4) 30H
MEMORY REGION 5 CONFIGURATION (MCONS5) 34H
MEMORY REGION 6 CONFIGURATION (MCON6) 38H
MEMORY REGION 7 CONFIGURATION (MCON?) 3CH
MEMORY REGION 8 CONFIGURATION (MCONS) 40H
MEMORY REGION 9 CONFIGURATION (MCONg) 44H
MEMORY REGION 10 CONFIGURATION (MCON10) 48H
MEMORY REGION 11 CONFIGURATION (MCON11) 4CH
MEMORY REGION 12 CONFIGURATION (MCON12) 50H
MEMORY REGION 13 CONFIGURATION (MCON13) 54H
MEMORY REGION 14 CONFIGURATION (MCON14) 58H
MEMORY REGION 15 CONFIGURATION (MCON15) 5CH
BREAKPOINT CONTROL (BPCON) 60H

TRACE CONTROLS (TC) 64H

BUS CONFIGURATION CONTROL (BCON) 68H
RESERVED (INITIALIZE TO 0) 6CH

Figure 2-2. Control Table

2-7



intal PROGRAMMING ENVIRONMENT

At initialization, the control table is automatically loaded into the on-chip control registers. This
action simplifies the user's start-up code by providing a transparent setup of the 80960CA's
peripherals at initialization. (See Chapter 14, Initialization and System Requirements.)

ARCHITECTURE-DEFINED DATA STRUCTURES

The architecture defines a set of data structures which includes stacks, interfaces to system
procedures, interrupt-handling procedures, and fault-handling procedures. The function of these
data structures is described below.

The user stack is the stack that the processor uses when it is executing applications code. This
stack is described in Chapter 5, Procedure Calls.

The system-procedure table contains pointers to system procedures. Application code uses the
system call instruction (calls) to access system procedures through this table. A specific type of a
system call, know as a system-supervisor call, causes a switch in execution mode from user
mode to supervisor mode. When the processor switches to supervisor mode, it also switches to a
new stack, the supervisor stack. The system-procedure table structure and system-call
mechanism is described in Chapter 5, Procedure Calls; the user-supervisor protection model is
described in the section titled User-Supervisor Model in this chapter.

The interrupt table contains vectors (pointers) to interrupt-handling procedures. When an
interrupt is serviced, a particular entry in the interrupt table is specified. To ensure that the
handling of interrupts does not interfere with application programs, a separate interrupt stack is
provided. The interrupt-handling mechanism is described in Chapter 6, Interrupts.

The fault table contains pointers to fault-handling procedures. When the processor detects a fault,
a particular entry in the fault table is selected by the processor. The architecture does not require
a separate fault-handling stack. Instead a fault-handling procedure uses the supervisor stack, user
stack, or interrupt stack, depending on the execution mode of the processor when the fault
occurred and the type of call made to the fault-handling procedure. The fault-handling
mechanism is described in Chapter 7, Faults.

The 80960CA defines two initialization data structures: the initialization boot record, and the
process control block (PRCB). These structures provide initialization data and pointers to other
data structures in memory. When the processor is initialized, these pointers are read from the
initialization data structures and cached for internal use.

Pointers to the system-procedure table, interrupt table, interrupt stack, fault table, and control
table are specified in the process control block. The location of the supervisor stack is specified
in the system-procedure table. The location of the user stack is specified in the user's start-up
code.
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Of these data structures, the system-procedure table, fault table, control table, and initialization
data structures may be in ROM. The interrupt table and stacks must be in RAM. (The interrupt
table must be in RAM because the processor is sometimes required to write into part of this
table.)

The control table contains the values for the on-chip control registers. The control table values
can be moved to the on-chip registers at initialization, or with the sysctl instruction.

MEMORY ADDRESS SPACE

The 80960°s address space is byte addressable, with addresses running contiguously from O to
232 - 1. Some of this address space is reserved or is assigned special functions. The 80960CA’s
address space is shown in Figure 2-3.

ADDRESS
0000 0000H

NMI VECTOR NMI

o

INTERNAL DATA RAM (OPTIONAL INTERRUPT VECTORS)

$ INTERNAL DATA RAM (OPTIONAL DMA REGISTERS)

4

INTERNAL DATA RAM (USER WRITE PROTECTED)

Al

INTERNAL DATA RAM (OPTIONAL USER WRITE PROTECTION)

0 O03FFH
0 0400H 1024

CODE/DATA
\ ARCHITECTURALLY DEFINED DATA STRUCTURES
(EXTERNAL MEMORY)

|/1

RESERVED N

FFFF FEFFH
FFFF FFOOH
INITIALIZATION BOOT RECORD
FEFF FF2CH
FFFF FF2DH
\r RESERVED MEMORY \r
FFFF FFFFH 2324

(4 GBYTES)

Figure 2-3. 80960CA Address Space
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The address space can be mapped to read-write memory, read-only memory, and memory-
mapped I/O. The architecture does not define a dedicated, addressable I/O space. There are no
subdivisions of the address space such as segments. (For the purpose of memory management, an
external memory management unit (MMU) may subdivide memory into pages or restrict access
to certain areas of memory to protect the kernel's code, data, and stack. But from the point of
view of the processor, the address space is linear.)

An address in memory is a 32-bit value in the range 0 to FFFFFFFFH. It can be used to reference
a single byte, a half-word (2 bytes), a word (4 bytes), a double-word (8 bytes), a triple-word (12
bytes), or a quad-word (16 bytes) in memory, depending on the instruction being used. (Refer to
the descriptions of the load and store instructions in Chapter 9, Instruction Reference for
information on multiple-byte addressing.)

Memory Requirements
The architecture requires that the external memory has the following properties:

e It must be byte addressable.
e No memory is mapped at reserved addresses unless specified by an implementation.

o It must guarantee indivisible access (read or write) for memory addresses that fall within 16-
byte boundaries.

e It must guarantee atomic access for memory addresses that fall within 16-byte boundaries.

The latter two capabilities, indivisible and atomic access, are required only when multiple
processors or other external agents, such as DMA or graphics controllers, share a common
memory.

An indivisible access guarantees that a processor, reading or writing a set of memory locations,
completes the operation before another processor (or external agent) can read or write the same
location. The processor requires indivisible access within an aligned, 16-byte block of memory.

An atomic access is a read-modify-write operation. Here the external memory system must
guarantee that once a processor begins a read-modify-write operation on an aligned, 16-byte
block of memory, it is allowed to complete the operation before another processor (or external
agent) is allowed to access the same location. An atomic memory system can be implemented by
using the LOCK signal to qualify hold requests from external bus agents. The LOCK signal is
asserted for the duration of an atomic memory operation. (See Chapter 10, Bus Controller.)

The upper 16 MBytes of the address space (addresses FFOOOO00H through FFFFFFFFH) are
reserved for implementation-specific functions. In general, programs should not access this
section of the address space unless an implementation specifically requires it. The initialization
boot record is located in reserved memory of the 80960CA. (See Figure 2-3.) The 80960CA
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requires some special consideration when using the lower 1 KByte of address space (addresses
0000H-03FFH). Loads and stores directed to these addresses access internal memory, and
instruction fetches from these addresses are not allowed for the 80960CA. (See Internal Data
RAM in this chapter.)

Data and Instruction Alignment in the Address Space

Instructions, program data, and architecturally-defined data structures can be placed anywhere in
the non-reserved address space while adhering to the following alignment requirements:

e Instructions must be aligned on word boundaries.

e  All architecture-defined data structures must be aligned on the boundaries specified in Table
2-3.

e Instruction operands for the atomic instructions (atadd, atmod) must be aligned to word
boundaries in memory.

The 80960CA does not require that load and store data be aligned in memory. The 80960CA can
handle a non-aligned load or store request by either of two methods. The 80960CA is able to
automatically service a non-aligned memory access with microcode assistance. (See Chapter 10,
Bus Controller) Alternatively, an operation-unimplemented fault can be generated when a non-
aligned access is detected. The method for handling non-aligned accesses by the 80960CA is
selected at initialization based on the value of Fault Configuration Word in the Process Control
Block. (See Chapter 14, Initialization and System Requirements.)

Table 2-3. Alignment of Data Structures in the Address Space

Data Structure Alignment

System-Procedure Table 4-byte

Interrupt Table 4-byte

Fault Table 4-byte

Control Table 16-byte

User Stack 16-byte

Supervisor Stack 16-byte

Interrupt Stack 16-byte

Process Control Block 16-byte

Initialization Boot Record Fixed at FFFF FFOOH
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Byte, Word, and Bit Addressing

The processor provides instructions for moving blocks of data of various lengths from memory to
registers (load) and from registers to memory (store). The allowable sizes for blocks are bytes,
half-words (2 bytes), words (4 bytes), double words, triple words, and quad words. For example,
the stl (store long) instruction stores an 8-byte (double-word) block of data in memory.

The most efficient way to move blocks of data greater than 16 bytes in length is to move them in
quad-word increments, using the quad-word instructions (ldq and stq).

When a block of data is stored in memory, normally the least-significant byte of the block is
stored at a base memory address and the more-significant bytes are stored at successively higher
byte addresses. This method of ordering bytes in memory is referred to as "little-endian"
ordering. The 80960CA also provides the option for ordering bytes in an opposite manner in
memory. The most-significant byte of the block is stored at the base address and the less-
significant bytes are stored at successively higher addresses. This byte ordering scheme, referred
to as "big endian", applies to blocks of data which are short words, or words. (For more details
on byte ordering, see Chapter 10, Bus Controller.)

When loading a byte, half word, or word from memory to a register, the least-significant bit of
the block is always loaded in bit O of the register. When loading double words, triple words, and
quad words, the least-significant word is stored in the base register. The more-significant words
are then stored at successively higher numbered registers.

Bits can only be addressed in data that resides in a register. Bit 0 in a register is the least-
significant bit and bit 31 is the most-significant bit.

Internal Data RAM

Internal data RAM is mapped to the lower 1 KByte of the 80960CA's address space
(0000H to O03FFH). The data RAM allows time-critical data storage and retrieval without
dependence on external bus performance. The lower 1 KByte of memory is data memory only.
Instructions cannot be fetched from the internal data RAM. Instruction fetches directed to the
data RAM cause a type-mismatch fault to occur.

Some locations in the internal data RAM are reserved for alternate functions, other than general
data storage (Figure 2-3). When the DMA controller is active, 32 bytes of data RAM are reserved
for each channel in use. Additionally, 64 bytes of data RAM may be used to cache specific
interrupt vectors. The word at location 0000H is always reserved for the cached NMI vector.
With the exception of the cached NMI vector, other reserved portions of the data RAM can be
used for data storage when the alternate function is not used.
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The size of the local register cache is specified by the value of the Register Cache Configuration
Word in the Process Control Block (PRCB). (See Chapter 14, Initialization and System
Requirements for a description of the PRCB.) The first five local register sets are cached
internally. If more than five sets are to be cached, then the local register cache can be extended
into the internal data RAM. Up to ten more sets, occupying up to 640 bytes of data RAM, can be
used. When extended, each new register set consumes 16 words of internal data RAM beginning
at the highest data RAM address. The user program is responsible for preventing any corruption
to the areas of internal RAM which have been set aside for the register cache. (See Chapter 5,
Procedure Calls.) '

The first 256 bytes of internal RAM (0000H to O0FFH) are user mode protected. This data RAM
can be read while executing in user or supervisor mode. The RAM can only be modified in
supervisor mode. Writes to these locations while in user mode causes a type-mismatch fault to be
generated. This feature provides supervisor protection for the DMA and Interrupt functions
which use the internal RAM. (See User-Supervisor Protection Model in this chapter.) User mode
protection is optionally selected for the rest of the data RAM (0100H to 03FFH) by setting the
RAM protection bit in the Bus Configuration Register (BCON). The protection option is disabled
by default. (See Chapter 10, Bus Controller.)

Instruction Cache

The 80960CA's instruction cache enhances the processor's performance by reducing the number
of instruction fetches from external memory. The cache provides fast execution of cached code,
and loops of code in the cache, and also provides more bus bandwidth for data operations in
external memory. The cache is a 1 KByte two-way set associative cache, organized in lines of 4
words. To optimize the cache updates when branches are executed, two valid bits are used for
each line. Depending on the target address for the branch, either two or four words of the line
may be updated if a cache miss occurs.

The instruction cache is a read-only cache, and does not detect modification to the program
memory by loads, stores, or the actions of other processors sharing the code space. In other
words, the processor does not transparently support run-time modification of program memory.

Several situations may require modification of the program space. Uploading code to volatile
memory at initialization or uploading code from a backplane bus or a disk, require that the
processor force a consistency between external memory and internal cache. To achieve this
consistency, the contents of the instruction cache can be invalidated after the code modification
is complete. The sysctl instruction is used to invalidate the instruction cache for the 80960CA.
The instruction is issued with an invalidate-instruction-cache message type. (See System Control
Functions later in this chapter.)
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The user program is responsible for synchronizing a program with the code modification and
with the invalidation of the cache. In general, a program should ensure that modified code space
is not accessed until the modification and the cache-invalidate is completed.

The instruction cache can be turned off, causing all instruction fetches to be directed to external
memory. Disabling the instruction cache is useful for debugging or monitoring a system at the
instruction prefetch level. To disable the instruction cache, the sysctl instruction is executed with
the configure-instruction-cache message. (See System Control Function later in this chapter.)

The processor can be directed to load a block of instructions into the cache and then disable all
normal updates to the portion of the cache which was loaded. This cache load-and-lock
mechanism is provided to optimize interrupt latency and throughput. The first instructions of
time-critical interrupt routines are loaded into the locked cache. The interrupt, when serviced, is
directed to the locked portion of the cache. No external accesses are required for these
instructions when the interrupt is serviced

Only interrupts can be directed to fetch instructions from the locked portion of the instruction
cache. Other causes of program redirection always fetch from the normal memory hierarchy,
even if the target address of the redirection is represented in the locked cache. When bit 1 of an
interrupt vector is set to 1, the interrupt is fetched from the locked portion of the instruction
cache. Execution continues from the locked cache until a miss occurs (e.g., a branch, call, or
return to code outside of the locked space). If an interrupt directed to the locked cache results in a
miss, the targeted instruction is fetched from the normal memory hierarchy. (See Chapter 6,
Interrupts for more details on the cache load-and-lock feature.)

The full 1 KByte cache or 512 bytes of the cache can be configured to load and lock. When only
one half of the cache is loaded and locked, the other half of the cache acts as a normal two-way
set associative cache. Normally, an application locks only 512 bytes of the cache. Locking the
full 1 KByte cache means that all instruction fetches come from external memory except for the
interrupts which are directed to the locked cache.

The sysctl instruction is issued with a configure-instruction-cache message type to select the
load and lock mechanism. When the lock option is selected, an address is specified which points
to a block of memory which is loaded into the locked cache. (See System Control Function later
in this chapter.)
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PROCESSOR-STATE REGISTERS

The architecture defines four 32-bit registers that contain status and control information. These
registers are the instruction-pointer register, arithmetic-controls register, process-controls
register, and trace-controls register. The functions of these registers are defined in the following
sections.

Instruction Pointer

The instruction pointer (IP) register contains the address of the instruction currently being
executed. This address is 32 bits long; however, since instructions are required to be aligned on
word boundaries in memory, the 2 least-significant bits of the IP are always zero.

All 80960 instructions are either one or two words long. The IP gives the address of the lowest-
order byte of the first word of the instruction.

The IP register can not be read directly. However, the IP-with-displacement addressing mode
allows the IP to be used as an offset into the address space. This addressing mode can also be
used with the lda (load address) instruction to read the current value of the IP.

When a break occurs in the instruction stream (due to an interrupt, procedure call, or fault), the
IP of the next instruction to be executed is stored in local register r2 which is usually referred to
as the return IP or RIP register. Refer to Chapter 7, Procedure Calls for further discussion of this
operation.
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Arithmetic-Controls Register

The arithmetic-controls (AC) register (shown in Figure 2-4) contains the condition-code flags;
integer-overflow flag and mask bit; and a bit that controls faulting on imprecise faults. All the
unused bits in the arithmetic controls are reserved and must be set to O at initialization.

CONDITION CODE BITS - AC.cc
(SEE TABLES 2-4, 2-5, AND 2-6)
INTEGER-OVERFLOW FLAG — AC.of
(0) NO OVERFLOW
(1) OVERFLOW

INTEGER OVERFLOW MASK BIT — AC.om
(0) NO MASK
(1) MASK

NO-IMPRECISE~FAULTS BIT - AC.nif
(0) SOME FAULTS ARE IMPRECISE
(1) ALL FAULTS ARE PRECISE

00

ojooo

28 24 .
ARITHMETIC CONTROLS REGISTER (AC)

RESERVED
(INITIALIZE TO 0)

Figure 2-4. Arithmetic-Controls Register

Initializing and Modifying the Arithmetic Controls

At initialization, the AC register is loaded from the Initial AC image field in the Process Control
Block. (See Chapter 14, Initialization and System Requirements.) After initialization, the
modify-arithmetic-controls (modac) instruction allows any of the bits in the register to be
examined and modified. (This instruction provides a mask operand that can be used to limit
access to specific bits or groups of bits in the register.)

The processor automatically saves and restores the arithmetic controls when it services an
interrupt or handles a fault. Here, the processor saves the current state of the arithmetic controls
in an interrupt record or fault record, then restores the arithmetic controls upon returning from
the interrupt or fault handler.
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Condition Code

The processor sets the condition-code field (bits 0-2) in the arithmetic-controls register to
indicate the results of certain instructions (usually compare instructions). Other instructions, such
as conditional-branch instructions, examine this field and perform functions according to the
state of the condition code. Once the processor has set the condition-code field, it remains
unchanged until another instruction is executed that modifies the field.

The condition-code field is used to show true or false conditions, inequalities (greater-than,
equal, or less-than conditions), or carry and overflow conditions for the extended arithmetic

instructions. To show true or false conditions, the processor sets the field as shown in Table 2-4.

Table 2-4. Condition Codes for True or False Conditions

Condition Condition
Code

010, true

000, false

To show equality and inequalities, the processor sets the condition-code field as shown in Table
2-5.

Table 2-5. Condition Codes for Equality and Inequality Conditions

Condition Condition

Code

000, unordered (false)
001, greater than (true)
010, equal

100, less than

Notes: Some implementations of the 80960 architecture provide integrated floating-point processing. The terms
ordered and unordered are used when comparing floating-point numbers. If, when comparing two floating-
point values, one of the values is a NaN (not a number), the relationship is said to be "unordered." The
80960CA does not implement the floating-point processor on-chip.
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To show carry out and overflow, the processor sets the condition-code field as shown in
Table 2-6.

Table 2-6. Condition Codes for Carry Out and Overflow

Condition Condition
Code

01X, carry out
0X1, overflow

Certain instructions (such as the branch-if instructions) use a 3-bit mask to evaluate the
condition-code field. For example, the branch-if-greater-or-equal instruction (bge) uses a mask
of 011, to determine if the condition code is set to either greater than or equal. These masks
cover the additional conditions of greater-or-equal (011;), less-or-equal (110;), and not-equal
(1015). The mask is part of the instruction op-code and the instruction performs a bit wise AND
of the mask and condition code.

Integer-Overflow

The integer-overflow flag (bit 8) and the integer-overflow mask bit (bit 12) in the arithmetic-
controls register are used in conjunction with the arithmetic-integer-overflow fault. The mask bit
disables generation of the fault. When the fault is masked, the processor, instead of generating a
fault, sets the integer-overflow flag when integer overflow is encountered. If the fault is not
masked, the fault is allowed to occur and the flag is not set.

The integer-overflow flag is a "sticky flag". This means that once the processor sets this flag, it
never implicitly clears it; the flag remains set until cleared by the program.

(Refer to the discussion of the arithmetic integer-overflow fault in Chapter 7, Faults for more
information about the integer-overflow mask and flag.)

No-Imprecise-Faults

The no-imprecise-faults bit (bit 15) determines whether or not faults are allowed to be imprecise.
If set, all faults are required to be precise; if clear, certain faults can be imprecise. (See Chapter
7, Faults for more information about precises and imprecise faults.)
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Process-Controls Register

The process-controls (PC) register (Figure 2-5) contains information to control processor activity
and show the current state of the processor. The various functions of this register are described in
the following sections.

TRAGE-ENABLE BIT - PC.te
(0) NO TRACE FAULTS
(1) GENERATE TRACE FAULTS

EXECUTION-MODE FLAG - PC.em
(0) USER MODE
(1) SUPERVISOR MODE

TRACE-FAULT-PENDING FLAG - PC tfp
(0) NO FAULT PENDING
(1) FAULT PENDING

STATE FLAG - PC.s
(0) EXECUTING
(1) INTERRUPTED

PRIORITY FIELD - PCp
(0-31)

RESERVED
(INITIALIZE TO 0)

Figure 2-5. Process-Controls Register
INITIALIZING AND MODIFYING THE PROCESS CONTROLS
Any of the following three methods can be used to change bits in the process-controls register:

e Modify-process-controls instruction (modpc)
e  Alter the saved process controls prior to a return from an interrupt handler

e Alter the saved process controls prior to a return from a fault handler.
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The modpc instruction reads and modifies the process-controls register directly. The processor
must be in the supervisor mode to execute this instruction. A type-mismatch fault is generated if
modpc is executed in user mode. As with the modac instruction, the modpc instruction provides
a mask operand that can be used to limit access to specific bits or groups of bits in the register.

In the latter two methods, the interrupt or fault handler changes the process controls in the
interrupt or fault record that is saved on the stack. On the return from the interrupt or fault
handler, the modified process controls are copied into the process-controls register. The
processor must be in the supervisor mode prior to the return for the modified process controls to
be copied into the process-controls register.

When the process controls are changed as described above, the processor recognizes the changes
immediately except for one situation. If the modpc instruction is used to change the trace-enable
bit, the processor may not recognize the change before the next four instructions have been
executed.

Bits 2 through 8, 11, 12, 14, 15, and 21 through 31 are reserved. These bits should be set to O at
initialization. After initialization or after the processor is reinitialized, the process controls reflect
the following conditions: priority=31, execution mode=supervisor, trace enable=off,
state=interrupted.

Execution Mode

The execution-mode flag (bit 1) indicates that the processor is operating in the user mode (0) or
supervisor mode (1). The processor automatically sets this flag on a system call when a switch
from user mode to supervisor mode occurs, and it clears the flag on a return from supervisor
mode. (The user and supervisor modes are described in User and Supervisor Protection Model.)

Program State

The state flag (bit 13) of the process-controls register (Figure 2-5) indicates the state of the
processor: executing (0) or interrupted (1). If the processor is servicing an interrupt, its state is
interrupted. Otherwise, the processor's state is executing.

While in the interrupted state, the processor can receive and handle additional interrupts. When
nested interrupts occur, the processor remains in the interrupted state until all interrupts are
handled and then switches back to executing state on the return from the initial interrupt
procedure.
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Priority

The priority field (bits 16 through 20) of the process-controls register (Figure 2-5) reflects the
current executing or interrupted priority of the processor.

The architecture defines a mechanism for prioritizing execution of code, servicing interrupts, and
servicing other implementation-dependent tasks or events. This mechanism defines 32 priority
levels, ranging from O (the lowest priority level) to 31 (the highest). The priority field always
reflects the current priority of the processor. Software can change this priority using the modpc
instruction.

The processor uses the priority field to determine whether to service an interrupt immediately or
to post the interrupt. The processor compares the priority of a requested interrupt with the current
process priority. When the interrupt priority is greater than the current process priority or equal to
31, the interrupt is serviced; otherwise it is posted. When an interrupt is serviced, the process
priority field is automatically changed to reflect the priority of the interrupt. (See Chapter 6,
Interrupts)

Trace Status and Control

The trace-enable bit (bit 0) and trace-fault-pending (bit 10) flag control the tracing function. The
trace-enable bit determines whether trace faults are to be generated (1) or not generated (0). The
trace-fault-pending flag indicates that a trace event has been detected (1) or not detected (0). The
trace controls are discussed in detail in Chapter 8, Tracing and Debug.

Trace-Controls Register

The trace-controls (TC) register, in conjunction with the process-controls register, controls the
tracing facilities of the processor. It contains trace-mode enable bits and trace event flags, which
are used to enable specific tracing modes and record trace events, respectively. The trace controls
are described in Chapter 8, Tracing and Debug.

USER-SUPERVISOR MODEL

The capability of a separate user and supervisor execution mode creates a code and data
protection mechanism referred to as the user-supervisor protection model. This mechanism
allows code, data, and stack for a kernel (or system executive) to reside in the same address
space as code, data, and stack for the application. The mechanism restricts access to all or parts
of the kernel by the application code. The primary function of this protection mechanism is to
prevent application software from inadvertently altering the kernel.
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Supervisor Mode Resources

The processor can be in either of two execution modes: user or supervisor. The supervisor mode
is a privileged mode which provides several additional capabilities over the user mode.

e  When the processor switches to the supervisor mode, it also switches to the supervisor stack.
Switching to the supervisor stack helps maintain the integrity of a kernel. For example, it
allows system debugging software or a system monitor to be accessed, even if an
applications program destroys its own stack.

e When an instruction executed in supervisor mode causes a bus access to occur, an external
supervisor pin (SUP) is asserted. The supervisor pin is asserted for loads, stores, and
instruction fetches. Hardware protection of system code or data can be implemented by
using the supervisor pin to qualify write accesses to the protected memory. (See Chapter 10,
Bus Controller.)

¢ In the supervisor mode, the processor is allowed access to a set of supervisor-only functions
and instructions. For example, the processor uses the supervisor mode to handle interrupts
and trace faults. Operations which can modify the behavior of the DMA controller, the
interrupt controller, or which can reconfigure the characteristics of the bus controller, can
only be performed in supervisor mode. These functions include modification of SFRs,
control registers, or modification of the internal data RAM which is dedicated to the DMA
controller and interrupt controller. If supervisor-only operations are attempted while the
processor is in the user mode, a fault is generated. (See Chapter 7, Faults.) Table 2-7 lists
the supervisor-only operations, and the fault which is generated if the operation is attempted
in user mode.

Table 2-7. Supervisor-only Operations and Faults Generated in User Mode

Supervisor-only Operation User-mode Fault
modpc (modify process controls) type-mismatch
sysctl (system control) constraint-privileged
sdma (setup DMA) and udma (update DMA) constraint-privileged
SFR as instruction operand type-mismatch
Protected internal data RAM write type-mismatch

The execution mode flag in the process-controls register specifies the execution mode of the
processor. The processor automatically sets and clears this flag when it switches between the two
execution modes.
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Using the User-Supervisor Protection Model

A program switches between user mode and supervisor mode by making a system-supervisor call
(also referred to as a supervisor call). A system-supervisor call is a call executed with the call-
system instruction (calls). With the calls instruction, the IP for the called procedure comes from
the system-procedure table. An entry in the system-procedure table can specify an execution

mode switch to supervisor mode when the called procedure is executed. The calls instruction and
the system-procedure table thus provide a tightly controlled interface to procedures which can

execute in supervisor mode. Once the processor switches to supervisor mode, it remains in that

mode until a return is performed to the procedure that caused the original mode switch.

Interrupts and some faults also cause the processor to switch from user to supervisor mode.
When the processor handles an interrupt, it automatically switches to supervisor mode. However,
it does not switch to the supervisor stack. Instead, it switches to the interrupt stack.
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Figure 2-6 shows a system which implements the user-supervisor protection model to protect
kernel code and data. The code and data structures in the shaded areas can only be accessed in
supervisor mode.

APPLICATION

1

1

1

! USER
PROGRAM |

]

]

4

STACK

,_---..---.
[P ——

CALLS SYSTEM KERNAL/
PROCEDURE SYSTEM EXEC. SUPERVISOR

TABLE FAULT HANDLERS STACK

A

FAULT FAULT
TABLE
INTERRUPT INTERRUPT | INTERRUPT ' INTERRUPT
— > TABLE HANDLERS STACK

INDICATES DATA STRUCTURE IN PROTECTED MEMORY

Figure 2-6. Example Application of the User-Supervisor Protection Model.

In this example, kernel procedures are accessed through the system-procedure table with system-
supervisor calls. These procedures execute in supervisor mode. Some application procedures are
also called through the system-procedure table using a system-local call. Fault procedures are
executed in supervisor mode by directing the faults through the system-procedure table.
Interrupt procedures, which are likely to modify SFRs, process controls, or use other supervisor
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operations, are executed in supervisor mode. The interrupt stack and supervisor stack are
insulated from the user stack in this system.

If an application does not require the user-supervisor protection mechanism, the processor can
always execute in supervisor mode. At initialization, the processor is placed in supervisor mode
prior to executing the first instruction of the application code. The processor then remains in
supervisor mode indefinitely, as long as no action is taken to change the execution mode to user
mode (i.e., using the modpc instruction to change the execution mode bit of the process-controls
register to 0). The processor does not need a user stack in this case.

SYSTEM CONTROL FUNCTIONS

System control functions are a group of operations specific to the 80960CA. All of these
operations are performed by issuing the system control (sysctl) instruction. The sysctl instruction
is a general-purpose instruction and performs a variety of functions. A message-type field is an
operand of the instruction that determines which function is performed. The system control
functions include posting interrupts, configuring the instruction cache, invalidating the
instruction cache, software reinitialization, and loading control registers.

SYSCTL Instruction Syntax

The syntax of the sysctl instruction is generalized because the function of the operands differ,
depending on the selection of the message type. The instruction takes three source operands
(Figure 2-7). The message type field is always the second byte of the source 1 operand. The
generalized operand fields of the instruction, designated as fields 1-4, are interpreted differently
or may not be used depending on the function selected in the message type field (Table 2-8).

31 16 15 8 7 0
SRCH | FIELD 2 M FIELD 1 |
31 0
SRC2 l FIELD 3 |
31 0
(US?EFSC//\%SSTRC) FIELD 4 l

Figure 2-7. Source Operands for SYSCTL

The sysctl instruction is a supervisor only instruction. Executing this instruction while in user
mode generates the type-mismatch fault.
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Table 2-8. System Control Message Types and Operand Fields

Message Sourcel Source 2 Source 3
Type Field 1 Field 2 Field 3 Field 4
Request Interrupt O00OH Vector No. | N/U N/U N/U
Invalidate Cache O1H N/U N/U N/U N/U
Configure Cache 02H Mode N/U Cache load | N/U
(Table 2-9) | N/U address
Reinitialize 03H N/U N/U 1st Inst. PRCB
address address
Load Control 04H Register N/U N/U N/U
Register Group No.
Note: Sources and fields which are not used (designated N/U) are ignored.

System Control Messages

Five system control messages are defined. The request-interrupt message causes an interrupt to
be serviced or posted. The configure-cache message disables, or locks instructions in a portion of
the instruction cache. The invalidate-cache message causes the contents of the instruction to be
purged. The reinitialize message restarts the processor. The load-control-register message loads
the on-chip control registers. Each message is described in detail below.

Request Interrupt

Executing sysctl with a message type of O0OH causes an interrupt to be requested. Field 1 of the
instruction specifies the vector number of the interrupt requested. The remaining fields are not
defined. Requesting an interrupt with sysctl causes the following actions to occur:

e The core performs an atomic write to the interrupt table and sets the bits in the pending
interrupts and pending priorities fields that correspond to the requested interrupt. This action
posts the software-requested interrupt.

e The core updates the software-priority register with the value of the highest pending priority
from the interrupt table. This may be the priority of the interrupt which was just posted. This
action causes the interrupt to be serviced if its priority is greater than the current process
priority or equal to 31.
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Requesting an interrupt with a priority equal to O causes a check for posted interrupts in the
interrupt table. See Chapter 6, Interrupts for more information concerning interrupts requested
by software.

Invalidate Cache

Executing the sysctl instruction with a message type of 01H causes all cache entries to invalidate.
This mode clears all of the valid bits in the cache. After the operation, the cache is updated
normally as misses occur. The mode is provided to allow a program to load or modify program
space, and it ensures that instructions are fetched from the modified space and not the cache.

Configure Instruction Cache

Executing sysctl with a message type of 02H selects the cache mode. One of four cache modes
are selected with the configure instruction cache message: 1) 1 KByte normal cache 2) cache
disabled, 3) load and lock 1 KByte of the cache, 4) load and lock 512 bytes of the cache, 512
bytes of normal cache. The particular configure cache operation performed is determined by the
value of field 1 in the sysctl instruction (Table 2-9). Field 3 of the instruction is a word-aligned
32-bit address when a load and lock mode is selected, otherwise this field is ignored.

Table 2-9. Cache Configuration Modes

Mode Field, Mode Description
000, 1 KByte normal cache enabled
XX1, 1 KByte cache disabled (execute off-chip)
100, Load and lock 1 KByte cache (execute off-chip)
110, Load and lock 512 bytes, 512 bytes normal cache enabled
010, Reserved

Mode 000, configures the cache as a 1 KByte two-way set associative cache. Mode XX1,
completely disables the cache. Either of these cache configurations can be specified when the
processor is initialized by programming the Cache Configuration Word in the PRCB. (See
Chapter 14, Initialization and System Requirements.) The modes are provided to allow the cache
to be turned off temporarily to aid in debugging.

Modes 100, and 110, select cache load-and-lock options. When one of these modes is selected,
either 512 bytes, or the full 1 KByte cache is loaded with instructions and locked against further
updates. Field 3 of the sysctl instruction must contain an address of a quad-word aligned block of
memory, in the external address space, which is represented in the cache. The instructions loaded
into the cache can only be accessed by selected interrupts which vector to the addresses of these
instructions. The load-and-lock mechanism selectively optimizes latency and throughput for
interrupts. (See Chapter 6, Interrupts.)
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Reinitialize Processor

Executing sysctl with message type 03H causes the 80960CA to reinitialize. Field 3 and field 4
of sysctl must contain, respectively, the First Instruction Pointer and the PRCB Pointer.
Reinitialization bypasses the 80960CA’s built-in self-test. The PRCB is processed and the
processor branches to the first instruction. (See Chapter 14, Initialization and System
Requirements for a complete description of the steps taken when the 80960CA is reinitialized.)

The reinitialize message is useful for changing the Initial Memory Image. For example, at
initialization, the interrupt table is moved to RAM so the interrupts may be posted in the pending
interrupts and priorities fields of the table. The reinitialize message, in this case, specifies a new
PRCB which contains a pointer to the new interrupt table in RAM. (See Chapter 14,
Initialization and System Requirements for a detailed description of reinitialization and relocating
data structures.)

Load Control Registers

Executing sysctl with message type 04H causes the on-chip control registers to be loaded with
data from external memory. Each invocation of the instruction causes four words from the
Control Register Table in external memory to be read and then placed in their respective internal
control registers. Field 1 of the instruction must contain the number of the register group to be
loaded. The register group number, and the registers represented in the Control Register Table
are given in Table 2-10.
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Table 2-10. Control Register Table and Register Group Numbers

Group Byte Offset Control Register
in Table Loaded
00OH 00H IP Breakpoint Register O (IPBO)
04H IP Breakpoint Register 1 (IPB1)
08H Data Address Breakpoint 0 (DABO)
OCH Data Address Breakpoint 1 (DAB1)
01H 10H Interrupt Map Register 0 (IMAPO)
14H Interrupt Map Register 1 (IMAP1)
18H Interrupt Map Register 2 (IMAP2)
1CH Interrupt Control Register (ICON)
02H 20H Memory Region 0 Configuration (MCONO)
24H Memory Region 1 Configuration (MCON1)
28H Memory Region 2 Configuration (MCON?2)
2CH Memory Region 3 Configuration (MCON3)
03H 30H Memory Region 4 Configuration (MCON4)
34H Memory Region 5 Configuration (MCONS)
38H Memory Region 6 Configuration (MCONG6)
3CH Memory Region 7 Configuration (MCON?7)
04H 40H Memory Region 8 Configuration (MCONS)
44H Memory Region 9 Configuration (MCON9)
48H Memory Region 10 Configuration (MCON10)
4CH Memory Region 11 Configuration (MCON11)
05H 50H Memory Region 12 Configuration (MCON12)
54H Memory Region 13 Configuration (MCON13)
58H Memory Region 14 Configuration (MCON14)
5CH Memory Region 15 Configuration (MCON15)
06H 60H Breakpoint Control Register (BPCON)
64H Trace Controls Register (TC)
68H Bus Configuration Control (BCON)
6CH Reserved

At initialization, or when the processor is reinitialized, all groups in the control table are
automatically loaded into the on-chip control registers.

2-29






Data Types and Memory
Addressing Modes







CHAPTER 3
DATA TYPES AND MEMORY ADDRESSING MODES

This chapter describes the architecturally-defined data types and memory addressing modes.

DATA TYPES

Several data lengths and data formats are referenced by the instruction set or are produced by
instructions. The 80960 architecture defines the following types of data:

e Integer (8, 16, 32, and 64 bits)

e Ordinal (unsigned integer 8, 16, 32, and 64 bits)
e Triple-Word (96 bits)

e Quad-Word (128 bits)

e Bit

e Bit Field
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Figure 3-1 summarizes the data types defined by the 80960 architecture and shows the length and
numeric range of each type.

8
arsLBYTE
70
ITs|___ SHORT)
BITS SHORT
15 0
32
BITS woro |
3 0
64
BITS LonG
63 0
9
Birs | | TRIPLE WORD |
128
i | | | QUAD WORD |
0
L cenarn—I
LSB OF
BIT FIELD
CLASS DATA TYPE LENGTH RANGE
BYTE INTEGER 8 BITS 27 1027 4
NUMERIC SHORT INTEGER 16 BITS 215 10 2154
(INTEGER) INTEGER 32BITS 231 10 231 4
LONG INTEGER 64 BITS 263 10 263 4
BIT ORDINAL 8BITS 0 TO 28
NUMERIC SHORT ORDINAL 16 BITS 07O 2164
(ORDINAL) ORDINAL 32BITS 0 TO 2324
LONG ORDINAL 64 BITS 0 TO 264 4
BIT 1BIT
i BIT FIELD 1-32 BITS
NON-NUMERIC TRIPLE WORD 96 BITS NA
QUAD WORD 128 BITS
Figure 3-1. Data Types and Ranges
Integers

Integers are signed whole numbers, which are stored and operated on in two's complement
format by the integer instructions. The architecture defines four sizes of integers: 8-bit (byte
integers), 16-bit (short integers), 32-bit (integers), and 64-bit (long integers).
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Most integer instructions operate on the 32-bit integers. Byte and short integers are only
referenced by the byte and short classes of the load and store instructions. None of the
80960CA's instructions reference or produce the long-integer data type.

Note: HLL compilers may define long integer types differently than defined by the 80960 architecture.

The size of an integer load or store (byte, short, or word) determines how sign extension or
truncation of data is performed when data is moved between registers and memory. For the ldib
(load integer byte) and ldis (load integer short) instructions, a byte or short word in memory is
considered a two's complement value. The value is sign extended and placed in the 32-bit
register which is the destination for the load. For the stib (store integer byte) and stis (store
integer short) instruction, a 32-bit two's complement number in a register is stored to memory as
a byte or short-word. If the data in the register is too large to be stored as a byte or short-word,
the value is truncated, and the integer-overflow condition is signalled. A flag in the arithmetic-
controls register is set, or the integer-overflow fault is generated when overflow occurs. (See
Chapter 7, Faults, for details of the integer overflow fault.) For the 1d (load word), and st (store
word) instructions, data is moved directly between memory and a register with no sign extension
or truncation of data.

Ordinals

Ordinals are an unsigned integer data type. These values are stored and operated on as positive
binary values. The processor recognizes four sizes of ordinals: 8-bit (byte ordinals), 16-bit (short
ordinals), 32-bit (ordinals), and 64-bit (long ordinals).

The large number of instructions which perform logical, bit manipulation, and unsigned
arithmetic operations reference 32-bit ordinal operands. Several extended arithmetic instructions
reference the long-ordinal data type. Only load and store instructions reference the byte and short
ordinal data types.

Sign, and sign extension is not a consideration when ordinal loads and stores are performed; the
values may, however, be zero extended or truncated. A short or byte load to a register causes the
value loaded to be zero-extended to 32 bits. A short or byte store to memory may cause an
ordinal value in a register to be truncated to fit its destination in memory. No overflow condition
is signalled in this case.
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Bits and Bit Fields

The processor provides several instructions that perform operations on individual bits or fields of
bits within register operands. An individual bit is specified for a bit operation by giving its bit
number and its register. The least-significant bit of a 32-bit register is bit 0; the most-significant
bit is bit 31.

A bit field is a contiguous sequence of bits within a register operand. A bit field is defined by
giving its length in bits and the bit number of its lowest-numbered bit.

Note: Loads and stores on bit and bit-field data are normally performed with the ordinal load and store instructions.
The integer load and store instructions operate on two's complement numbers. Depending on value, a byte or
short integer load can result in sign extension of data in a register, and a byte or short store can signal an
integer-overflow condition.

Triple and Quad Words

Triple and quad words refer to consecutive words in memory or in registers. Triple- and quad-
word loads, stores, and move instructions use this data type. These instructions facilitate the
moving of blocks of data. No manipulation (sign extension, zero extension, or truncation) of the
data is performed in these instructions.

The triple- and quad-word data types can be considered a superset (or as encompassing) the other
data types described. The data in each word subset of a quad-word is likely the operand or result
of an ordinal, integer, bit, or bit field instruction.

Data Alignment

Data in registers and memory must adhere to specific alignment requirements. Long-word
operands in registers must be aligned to double-register boundaries. Triple- and quad-word
operands in registers must be aligned to quad-register boundaries. For the 80960CA, alignment
of data in memory is not required. Unaligned memory accesses, by programmable option, can
cause a fault or be handled automatically. Refer to Chapter 2, Programming Environment for a
complete description on the alignment requirements for data and instructions.
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MEMORY ADDRESSING MODES

The processor provides 9 modes for addressing operands in memory. These modes are grouped

as follows:

e  Absolute
e Register Indirect
e Index with Displacement

e [P with Displacement

Each addressing mode is used to reference a byte in the processor's address space. Table 3-1
shows all the memory addressing modes, a brief description of the elements of the address in

each mode, and the assembly-code syntax for each mode.

Table 3-1. Memory Addressing Modes

Mode Description Assembler Syntax
Absolute offset offset exp
Absolute displacement displacement exp
Register Indirect abase (reg)
Register Indirect with offset abase + offset exp (reg)
Register Indirect with displacement abase + displacement exp (reg)

Register Indirect with index

abase + (index*scale)

(reg) [reg*scale]

Register Indirect with index and
displacement

abase + (index*scale)
+ displacement

exp (reg) [reg*scale]

Index with displacement

(index*scale)
+ displacement

exp [reg*scale]

IP with displacement

IP + displacement + 8

exp (IP)

Note: reg is register and exp is an expression or symbolic label.
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Absolute

Absolute addressing modes allow a memory location to be referenced directly as an offset from
address OH.

At the instruction-encoding level, two absolute-addressing modes are provided (absolute offset
and absolute displacement), depending on the size of the offset. For the absolute-offset
addressing mode, the offset is an ordinal number ranging from 0 to 2047. For the absolute-
displacement addressing mode the offset is an integer (called a displacement) ranging from -23!
to 231-1. The absolute-offset addressing mode is encoded in the MEMA machine-instruction
format, and the absolute-displacement addressing mode is encoded in the MEMB format. (The
encoding-level addressing modes and instruction formats are described in Appendix D,
Instruction-Encoding Reference.)

At the assembly-language level the two absolute-addressing modes are combined into one (i.e.,
the assembler syntax for the two addressing modes is the same). The Intel 80960 assembler
allows absolute addresses to be specified through arithmetic expressions (e.g., X + 44) or
symbolic labels. After evaluating an address specified with the absolute-addressing mode, the
assembler converts the address into an offset or a displacement and selects the appropriate
instruction-encoding format and addressing mode.

Register Indirect

The register-indirect addressing modes use a 32-bit value in a register as a base for the address
calculation. The value in the register is referred to as the address base (designated abase in table
3-1). An optional scaled-index and offset can be added to this address base, depending on the
addressing mode.

In the register-indirect-with-index addressing mode, the index is specified by means of a value
placed in a register. This index value is then multiplied by a scale factor. The allowable scale
factors are 1, 2, 4, 8, and 16.

There are two versions of the register-indirect-with-offset addressing mode at the instruction-
encoding level: register-indirect-with-offset and register-indirect-with-displacement. As with the
absolute-addressing modes, the addressing mode selected depends on the size of the offset from
the base address.

At the assembly-language level, the assembler allows the offset to be specified with an
expression or symbolic label, then evaluates the address to determine whether to use the register-
indirect-with-offset (MEMA format) or register-indirect-with-displacement (MEMB format)
addressing mode.
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The register-indirect-with-index-and-displacement addressing mode adds both a scaled-index and
a displacement to the address base. There is only one version of this addressing mode at the
instruction-encoding level, which is encoded in the MEMB instruction format.

The register indirect addressing modes are useful for addressing elements of an array or record

structure. When addressing elements in an array, the abase value gives the address of the first
element in the array and an offset (or displacement) selects a particular element in the array.

Index with Displacement

A scaled index can also be used with a displacement alone. Again, the index is contained in a
register and is multiplied by a scaling constant before the displacement is added.

IP with Displacement

The IP-with-displacement addressing mode references the address of the next instruction plus the
displacement. This addressing mode is often used with load and store instructions to make them
IP relative. At the instruction-encoding level, the displacement plus a constant of 8 is added to
the IP of the instruction.
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Addressing-Mode Examples

The following examples show how the 80960's addressing modes are encoded in assembly
language.

Example 3-1. Addressing Mode Mnemonics

st g4,xyz # absolute; word from g4 stored at memory
# location designated with label xyz.

ldob (13),r4 # register indirect; ordinal byte from memory
# location given in register r3 loaded into
# register r4 and zero extended.

stl 26,xyz(g5) # register indirect with displacement; double
# word from g6,g7 stored at memory location
#xyz + g5.

Idq (r8)[r9*4],r4 # register indirect with index; quad-word

# beginning at memory location 18 + (r9
# scaled by 4) loaded into registers r4
# through r7.

st g3,xyz(g4)[g5*2] # register indirect with index and
# displacement; word in g3 loaded into
# memory location g4 + xyz + (g5 scaled

# by 2).
1dis xyz[r12*1],r13 # index with displacement; load short integer
# at memory location xyz + r12 into r13 and sign
extended.
st r4,xyz(IP) # IP with displacement; store word in r4 at

# memory location IP + xyz.
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The example below illustrates the usefulness of the scaled index and the scaled index plus
displacement addressing modes. In this example, a procedure named array_op uses these
addressing modes to fill two contiguous blocks of memory which are separated by a constant
offset. A pointer to the top of the block is passed to the procedure in g0, the size of the block in

gl, and the fill data in g2.

Example 3-2. Use of the Index plus Scaled Index mode

array_op:
mov g0,r4
subi 1,g1,13
b 133
134
st g2,(r4)[r3*4]
st £2,0x30(r4)[r3*4]
subi 1,r3,r3
JI33:
cmpible 0,r3,.134
ret

# pointer to array is moved to r4
# calculate index for the last array
# element to be filled.

# fill array at index
# fill array at index plus constant offset
# decrement index

# store the next array elements if index
#isnot 0

Using the iC960 compiler with the C function shown below produces this code. The array
assignments are compiled as indirect-plus-scaled-index stores. The constant defined as

"OFFSET" causes the array assignment to compile with an absolute offset.

Example 3-3. Compiler Generated Addressing Modes

# define OFFSET 12

void array_op(array, block_size, data)

int *array, block_size, data;

{

int i;

for (i=block_size-1; i >= 0; i--) {

array[i] = data;
array[i+OFFSET] = data;
}

return;
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CHAPTER 4
INSTRUCTION SET SUMMARY

This chapter provides an overview of the 80960 Core Architecture instruction set and the
80960CA -specific instruction set extensions. Included is a description of the assembly-language
and instruction-encoding formats; an overview of the various instruction groups; and brief
descriptions of the instructions in each group.

Refer to Chapter 9, Instruction Set Reference for detailed descriptions of each instruction,
including the assembly-language syntax, the action taken when the instruction is executed, and

examples of how the instruction might be used. The instructions in Chapter 9 are listed in
alphabetical order.

INSTRUCTION FORMATS

Instructions are described in this reference manual in two formats: assembly language and
instruction encoding. The following sections provide brief descriptions of these formats.

Assembly-Language Format

Throughout most of this manual, the instructions are referred to by their assembly-language
mnemonics. For example, the add ordinal instruction is referred to as the addo instruction.

Examples in the manual use the assembly language syntax of the Intel 80960 assembler,
consisting of the instruction mnemonic, followed by zero to three operands, separated by
commas. Following is an example of an assembly-language statement for the addo instruction:

addo g5, g9, g7 # g7 g9 + g5

In this example, the ordinal operands in global registers g5 and g9 are added together, and the
result is stored in g7.
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In the assembly-languages listing in this chapter registers are denoted as shown earlier in this
manual, a "g" denotes a global register, an "r" denotes a local register, and an "sf" denotes a
special function register. A “#” sign denotes a comment. All numbers used as literals or in
address expressions are assumed to be decimal. Hexadecimal numbers are denoted with a 0x
prefix (for example, Oxffff0012). Here are several other examples of assembly-language

instruction statements:

subi 3, 5, ro # r6 < r5 - 3
setbit 13, g4, g5 # g5 « g4 with bit 13 set
lda Oxfab3, rl2 # rl2 « Oxfab3
1d (rd4), g3 # g3 ¢« memory location
# pointed to by r4
st . gl0, (r6)[r7*2] # gl0 <« memory location
# pointed to by r6 + 2*r7

Additional assembly-language examples are given in Chapter 3, Data Types and Addressing
Modes. Further information about the assembly-language syntax can be found in the Intel 80960
Assembler Manual.

Branch Prediction

Since the actions of branch instructions are dependent on the result of a previous comparison, the
architecture allows a programmer to predict the likely result of the branch operation for increased
performance. The programmer’s prediction is encoded in one bit of the opword. The Intel 80960
Assembler encodes the prediction with a mnemonic suffix of “.t” for true and “.f” for false. Use
the .t suffix to speed up execution when an instruction usually takes a branch. Use the .f suffix to
speed up execution when an instruction usually does not take a branch.

Because test and conditional-fault instructions also use the condition codes, prediction suffixes
are also implemented on these instructions. See Appendix B, Optimizing Code for the 80960CA
for a complete discussion of prediction.

Note: Branch prediction is an implementation-specific feature of the 80960CA. Not every implementation of the
80960 architecture will use the branch prediction bit.
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Instruction-Encoding Formats

All instructions are encoded in one 32-bit opword, which must be word aligned in memory. The
most significant eight bits of an opword contain the opcode field. The opcode field determines
the instruction to be performed and how the remainder of the opword is interpreted. Instructions
are encoded in opwords in one of four formats: register (REG); compare and branch (COBR);
control (CTRL), and memory (MEM). (See Figure 4-1.)

3t 0

|_oeoove | THRY | SPResd | orcooe | B! | neo
3t 0

| oecooe | SQURCE! | SouRcEz | DISPLACEMENT | coer

31 0

| oecooe | DISPLACEMENT | cmaL
31 0

|  opcooe | SRGDEST | AcbRess | OFFSET | Mema
31 0

| opcooe | SRG/DEST | ADDRESS | goae NDEX | MEMB

:. 32-BIT DISPLACEMENT i
——————————————————————————————— -l

Figure 4-1. Machine-Level Instruction Formats

Most instructions are encoded in the REG format. This format is used primarily for instructions
which perform register-to-register operations. The CTRL format is used for branches and calls
that do not depend on registers for address calculation. The COBR format is an encoding
optimization which combines comparison and branch operations into one opword. Separate
comparison and branch operations are also provided as REG and CTRL format instructions.

The MEM format is used for referencing an operand which is a memory address. The load and
store instructions, and some branch and call instructions use this format. The MEM format has
two encodings: MEMA or MEMB. The MEM format which is used depends upon the addressing
mode selected. MEMB-formatted addressing modes use the word in memory immediately
following the instruction opword as a 32-bit constant. (The instruction encoding formats are
described in detail in Appendix D, Instruction Encoding Reference.)
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Instruction Operands

The REG format has three possible operands: srcl, src2, and src/dst. The srcl and src2 operands
can be global registers, local registers, special-function registers, or literals. The src/dst operand
is either a global, local or special function register.

The CTRL format is used for branch and call instructions. This format has only one operand, a
displacement value that indicates the target instruction of the branch or call.

The COBR format has two source operands (srcl and src2) to indicate the values to be
compared, and a displacement operand to indicate the branch target. The srcl operand can
specify a global register, local register, special-function register, or a literal. The src2 operand
can specify a global, local or special-function register. (Refer to Chapter 2, Programming
Environment for a detailed discussion of special-function registers.)

The MEM format specifies a source or destination register and an effective address formed by
using any of the processor's addressing modes described in Chapter 3, Data Types and Memory
Addressing Modes. The registers specified in a MEM format instruction must be either a global
or local register.

INSTRUCTION GROUPS

The 80960 instruction set can be arranged into the following functional groups:

e Data Movement

e  Arithmetic (Ordinal and Integer)
e Logical

e Bit, Bit Field, and Byte

e  Comparison

e Branch

e Call/Return
e Fault

e Debug

e Atomic

e  Processor Management

Table 4-1 shows the instructions in these groups. The actual number of instructions is greater
than those shown in this list, because for some operations, several different instructions are
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provided to handle different operand sizes, data types, or branch conditions. The following

sections give a brief overview of the instructions in each of these groups.

Table 4-1. Summary of the 80960CA Instruction Set

Data Arithmetic Logical Bit, Bit Field, and
Movement Byte
Load Add And Set Bit
Store Subtract Not And Clear Bit
Move Multiply And Not Not Bit
Load Address Divide Or Alter Bit
Extended Multiply | Exclusive Or Scan For Bit
Extended Divide Not Or Scan Over Bit
Remainder Or Not Extract
Modulo Nor Modify
Shift Exclusive Nor Scan Byte For Equal
| * Extended Shift Not
Rotate
Comparison Branch Call/Return Fault
Compare Unconditional Call Conditional Fault
Conditional Branch Call Extended Synchronize Faults
Compare Conditional Call System
Check Bit Branch Return
Compare and Compare and Branch and Link
Increment Branch
Compare and
Decrement
Test Condition
Code
Debug Atomic Processor
Modify Trace Atomic Add Flush Local
Controls Atomic Modify Registers
Mark Modify Arithmetic
Force Mark Controls
Modify Process
Controls
*System Control
*DMA Control
Note: Instructions marked by (*) are 80960CA extensions to the 80960 instruction set.
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DATA MOVEMENT

The data-movement instructions are used to move data from memory to global and local
registers, from global and local registers to memory, and data among local, global, and special-
function registers.

Note: When using the load, store, and move instructions that move 8, 12, or 16 bytes at a time, the rules for register
alignment must be followed. Refer to the section titled Memory Address Space in Chapter 2, Programming
Environment for alignment requirements for code portability across implementations.

Load

The load instructions (listed below) copy bytes or words from memory to local or global register,
or to a group of registers:

Id load word

Idob load ordinal byte

Idos load ordinal short
Idib load integer byte

Idis load integer short
Idi load long

ldt load triple

Idq load quad

All of these instructions use the MEM format.

For the 1d, 1dob, ldos, 1dib, and Idis instructions, a memory address and a register are specified
in the instruction, and the value at the memory address is copied into the register. The processor
automatically extends byte and short (half-word) operands to 32 bits, according to the data type.
Ordinals are zero-extended integers are sign-extended.

The 1d, 1dl, 1dt, and ldq instructions copy 4, 8, 12, and 16 bytes from memory into successive
registers.
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Store

For each load instruction there is a corresponding store instruction (listed below), which copies
bytes or words from a selected local or global register, or group of registers, to memory:

st store word

stob store ordinal byte

stos store ordinal short
stib store integer byte

stis store integer short
stl store long

stt store triple

stq store quad

All of these instructions use the MEM format.

For the st, stob, stos, stib, and stis instructions, a register and memory address are specified in
the instruction, and the value in the register is copied into memory.

For the byte and short instructions, the processor automatically reformats the source register's 32-
bit value for the shorter memory location. For the stib and stis instructions, this reformatting can
lead to integer overflow if the register value is too large to be represented in the shorter memory
location. When integer overflow occurs, either an integer-overflow fault is generated, or the
integer-overflow flag in the arithmetic-controls register is set, depending on the setting of the
integer-overflow mask bit in the arithmetic controls register. For the stob and stos instructions,
the processor truncates the operand, and will not create a fault if the truncation resulted in the
loss of significant bits.

The st, stl, stt, and stq instructions copy 4, 8, 12, and 16 bytes from successive registers into
memory.

Move

The move instructions (listed below) copy data from a local, global or special-function register,
or group of registers, to another register or group of registers.

mov move word

movl move long word

movt move triple word
movq move quad word

These instructions use the REG format.
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Load Address

The lda instruction computes an effective address in the address space from an operand
presented in one of the addressing modes. A common use of this instruction is to load a constant
into a register. This instruction uses the MEM format and can operate upon local or global
registers.

On the 80960CA, the lda instruction is useful for performing simple arithmetic operations. The
parallelism of the 80960CA allows an lda instruction to execute in the same clock as another
arithmetic or logical operation.

ARITHMETIC

Table 4-2 lists the arithmetic operations and data types for which the 80960CA provides
instructions. An "X" in this table indicates that the 80960CA provides an instruction for the
specified operation and data type. The extended shift-right operation is an 80960CA extension to
the 80960 instruction set. All arithmetic operations are carried out on operands in registers.
(Refer to the section titled Atomic Instructions later in this chapter for the instructions which
handle the specific requirements for in-place memory operations.)

All arithmetic instructions use the REG format and can operate on local, global or special-

function registers. The following sections describe the arithmetic instructions for ordinal and
integer data types.
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Table 4-2. Arithmetic Operations

Data Types Integer Ordinal
Arithmetic
Operations
Add X X
Add X X
with Carry
Subtract X X
Subtract X X
with Carry
Multiply X X
Extended X
Multiply
Divide X X
Extended X
Divide
Remainder X X
Modulo X
Shift Left X X
Shift Right X X
*Extended X
Shift Right
Shift Right X
Dividing Integer
Note: Instruction marked with (*) are 80960CA extensions to the 80960 instruction set.
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Add, Subtract, Multiply, and Divide

The following instructions perform add, subtract, multiply, or divide operations on integers and
ordinals:

addi add integer
addo add ordinal

subi subtract integer
subo subtract ordinal
muli multiply integer
mulo multiply ordinal
divi divide integer
divo divide ordinal

The addi, subi, muli and divi instructions generate an integer-overflow fault if the result is too
large to fit in the 32-bit destination. The divi and divo instructions generate a zero-divide fault if
the divisor is zero.

Extended Arithmetic

The following four instructions support extended-precision arithmetic (i.e., arithmetic operations
on operands greater than one word in length):

addc add ordinal with carry
subc subtract ordinal with carry
emul extended multiply

ediv extended divide

The addc instruction adds two word operands (literals, or contained in registers) plus bit 1 of the
condition code (used here as a carry bit) in the arithmetic-controls register. If the result has a
carry, bit 1 of the condition code is set; otherwise, it is cleared. The description of this instruction
in Chapter 9 gives an example of how this instruction can be used to add two long-word (64-bit)
operands together.

The subc instruction is similar to the addc instruction, except it is used to subtract extended-
precision values.

Although the addc and subc instructions treat their operands as ordinals, the instructions also set
bit 0 of the condition codes if the operation would have resulted in an integer-overflow condition.
This facilitates a software implementation of extended-integer arithmetic.
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The emul instruction multiplies two ordinals (each contained in a register), producing a long
ordinal result (stored in two registers). The ediv instruction divides a long ordinal by an ordinal,
producing an ordinal quotient and an ordinal remainder (stored in two adjacent registers).

Remainder and Modulo

The following instructions divide one operand by another and retain the remainder of the
operation:

remi remainder integer
remo remainder ordinal
modi modulo integer

The difference between the remainder and modulo instructions lies in the sign of the result. For
the remi and remo instructions, the result has the same sign as the dividend; for the modi
instruction, the result has the same sign as the divisor.

Shift and Rotate

The processor provides the following shift instructions, which shift an operand a specified
number of bits to the left or to the right:

shlo shift left ordinal

shro shift right ordinal

shli shift left integer

shri shift right integer

shrdi shift right dividing integer
rotate rotate left

eshro extended shift right ordinal

Except for rotate, these instructions discard the bits shifted beyond the register boundary.

The shlo instruction shifts zeros in from the least-significant bit, and the shro instruction shifts
zeros in from the most-significant bit. These instructions are equivalent to mulo and divo by the
power of 2, respectively.

The shli instruction shifts zeros in from the least-significant bit. If a shift of the specified places
would result in an overflow, an integer-overflow fault is generated if enabled. The destination
register is written with the source shifted as much as possible without overflowing, and an
integer-overflow fault is signaled.
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The shri instruction performs a conventional arithmetic shift-right operation by shifting the sign
bit in from the most-significant bit. However, when this instruction is used to divide a negative
integer operand by the power of 2, it may produce an incorrect quotient. (The discarding of the
bits shifted out has the effect of rounding the result toward negative.)

The shrdi instruction is provided for dividing integers by the power of 2. With this instruction, 1
is added to the result if the bits shifted out are non-zero and the operand is negative, which
produces the correct result for negative operands.

The shli and shrdi instructions are equivalent to muli and divi by the power of 2, respectively.

The rotate instruction rotates the bits of the operand to the left (toward higher significance) by a
specified number of bits. Bits shifted beyond the left boundary of the register (bit 31) appear at
the right boundary (bit 0).

The eshro instruction is an 80960CA extension to the 80960 instruction set. This instruction
performs an ordinal right shift of a source register pair (64 bits) by as much as 32 bits, and stores
the result in a single (32-bit) register. This instruction is the equivalent of an extended divide by a
power of 2, which produces no remainder. The instruction is also the equivalent of a 64-bit
extract of 32 bits.

LOGICAL
The following instructions perform bitwise Boolean operations on the specified operands:
and src2 AND srcl

notand (NOT src2) AND srcl
andnot src2 AND (NOT srcl)

xor src2 XOR srcl

or NOT (src2 OR srcl)
nor src2 OR srcl

xnor src2 XNOR srcl

not NOT srcl

notor (NOT src2) or srcl
ornot src2 or (NOT srcl)
nand NOT (src2 AND srcl)

All of these instructions use the REG format and can specify literals, or local, global, or special-
function registers.
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The processor provides logical operations in addition to and, or and xor as a performance
optimization. This optimization reduces the number of instructions required to perform a logical
operation, and reduces the number of registers and instructions associated with the storage and
creation of bitwise masks.

BIT AND BIT FIELD

These instructions perform operations on a specified bit, or field of bits, in an ordinal operand.
All of these instructions use the REG format and can specify literals, or local, global, or special-
function registers.

Bit Operations

The following instructions operate on a specified bit:

setbit set bit
clrbit clear bit
notbit not bit

alterbit alter bit
scanbit scan for bit
spanbit span over bit

The setbit, clrbit, and notbit instructions set, clear, or complement (toggle) a specified bit in an
ordinal.

The alterbit instruction alters the state of a specified bit in an ordinal according to the condition
code. If the condition code is 010,, the bit is set; if the condition code is 000,, the bit is cleared.

The chkbit instruction (described later in this chapter in the section titled Comparison) can be
used to check the value of an individual bit in an ordinal.

The scanbit and spanbit instructions find the most significant set bit or clear bit, respectively, in
an ordinal.
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Bit-Field Operations

There are two bit-field instructions extract and modify. The extract instruction converts a
specified bit field, taken from an ordinal value, into an ordinal value. In essence, this instruction
shifts a bit field in a register to the right and fills in the bits to the left of the bit field with zeros.
(The eshro instruction also provides the equivalent of a 64-bit extract of 32 bits).

The modify instruction copies bits from one register, under control of a mask, into another
register. Only the unmasked bits in the destination register are modified. This instruction is
equivalent to a bit-field move.

BYTE OPERATIONS

The scanbyte instruction performs a byte-by-byte comparison of two ordinals to determine if any
two corresponding bytes are equal. The condition code is set according to the results of the
comparison. This instruction uses the REG format and can specify literals, or local, global, or
special-function registers.

COMPARISON

The processor provides several types of instructions that are used to compare two operands, as
described in the following sections.

Compare and Conditional Compare

The instructions listed below compare two operands, then set the condition-code bits in the
arithmetic-controls register according to the results of the comparison.

cmpi compare integer
cmpo compare ordinal
concmpi  conditional compare integer
concmpo  conditional compare ordinal

These instructions use the REG format and can specify literals, or local, global, or special-
function registers.

The condition-code bits are set to indicate whether one operand is less than, equal to, or greater
than the other operand. (Refer to Chapter 2, Programming Environment for a discussion of
meanings of the condition code for conditional operations.)
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The cmpi and cmpo instructions simply compare the two operands and set the condition-code
bits accordingly.

The concmpi and concmpo instructions first check the status of bit 2 of the condition code. If it
is not set, the operands are compared as with the cmpi and cmpo instructions. If bit 2 is set, no
comparison is performed, and the condition-code bits are not changed.

The conditional-compare instructions are provided specifically to optimize two-sided range
comparisons to check if A is between B and C (i.e., B < A < C). Here, a compare instruction
(cmpi or cmpo) is used to check one side of the range (e.g., A = B) and a conditional compare
instruction (concmpi or concmpo) is used to check the other side (e.g., A £ C) according to the
result of the first comparison. The condition codes following the conditional comparison directly
reflect the results of both comparison operations. Therefore, only one conditional branch
instruction is required to act upon the range check; otherwise, two branches would be needed.

The chkbit instruction checks a specified bit in a register and sets the condition-code bits
according to the state of the bit. The condition code is set to 010, if the bit is set, and 000,
otherwise.

Compare and Increment or Decrement

The following instructions compare two operands, set the condition-code bits according to the
results, then increment or decrement one of the operands:

cmpinci  compare and increment integer
cmpinco  compare and increment ordinal
cmpdeci  compare and decrement integer
cmpdeco compare and decrement ordinal

These instructions use the REG format and can specify literals, or local, global, or special-
function registers. They are an architectural performance optimization which allows two register
operations (e.g. comparison and addition) to be executed in a single cycle. These instructions are
intended for use at the end of iterative loops.
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Test Condition Codes

The following test instructions allow the state of the condition-code bits to be tested:

teste test for equal

testne test for not equal

testl test for less

testle test for less or equal
testg test for greater

testge test for greater or equal
testo test for ordered

testno test for unordered

These instructions cause a TRUE (01H) to be stored in a destination register if the condition code
matches the condition specified with the instruction. Otherwise, a FALSE (00H) is stored in the
register. These instructions use the COBR format and can operate upon local, global, and special-
function registers.

Since the actions of the test instructions are dependent upon a comparison, the architecture
allows a programmer to predict the likely result of the operation for higher performance. The
programmer's prediction is encoded in one bit of the opword. The Intel 80960 Assembler
encodes the prediction with a mnemonic suffix of ".t" for true and ".f" for false. (See Appendix B,
Optimizing Code for the 80960CA for a complete discussion of branch prediction.)

BRANCH

The branch instructions allow the direction of program flow to be changed by explicitly
modifying the IP. The processor provides three types of branch instructions:

e unconditional branch
e conditional branch

e compare and branch

Most of the branch instructions specify the target IP by specifying a signed displacement to be
added to the current IP. Other branch instructions specify the memory address of the target IP,
using one of the processor's addressing modes. This latter group of instructions is called
extended-addressing instructions (e.g., branch extended, branch and link extended).
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Since the actions of branch instructions are dependent upon the result of a previous comparison,
the architecture allows a programmer to predict the likely result of the branch operation for
higher performance. The programmer's prediction is encoded in one bit of the opword. The Intel
80960 Assembler encodes the prediction with a mnemonic suffix of ".t" for true and ".f" for
false. (See the section of Appendix B, Optimizing Code for the 80960CA for a complete
discussion of prediction.)

Unconditional Branch

The following four instructions are used for unconditional branching:

b Branch

bx Branch Extended

bal Branch and Link

balx Branch and Link Extended

The b and bal instructions use the CTRL format. The bx and balx instructions use the MEM
format and can specify local or global registers as operands.

The b and bx instructions cause program execution to jump to the specified target IP. These two
instructions perform the same function; however, their determination of the target IP differs. The
target IP of a b instruction is specified at link-time as a relative displacement from the current IP.
The target IP of the bx instruction is the absolute address resulting from the instruction's use of a
memory-addressing mode during execution.

The bal and balx instructions store the address of the next instruction in a specified register, then
jump to the specified target IP. (For the bal instruction, the RIP is automatically stored in register
g14; for the balx instruction the location of the RIP is specified with an instruction operand.) As
described in Chapter 5, Procedure Calls the branch and link instructions provide a method of
performing procedure calls that do not use the processor's integrated call/return mechanism.
Here, the saved instruction address is used as a return IP. Branch and link is generally used to
call leaf procedures (that is, procedures that do not call other procedures).

The bx and balx instructions can make use of any memory-addressing mode.
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Conditional Branch

With the conditional branch (branch if) instructions, the processor checks the condition-code
flags in the arithmetic-controls register. If these bits match the value specified with the
instruction, the processor jumps to the target IP. These instructions use the displacement-plus-IP
method of specifying the target IP:

be branch if equal/true

bne branch if not equal

bl branch if less

ble branch if less or equal

bg branch if greater

bge branch if greater or equal
bo branch if ordered

bno branch if unordered/false

These instructions use the CTRL format. The bo and bno instructions are used when working
with real numbers. (Refer to Chapter 2, Programming Environment for a discussion of meanings
of the condition code for conditional operations.)

Compare and Branch

The compare and branch instructions compare two operands, then branch according to the result
of the comparison. There are three subtypes of instructions in this group: compare integer,
compare ordinal, and branch on bit:

cmpibe compare integer and branch if equal

cmpibne  compare integer and branch if not equal
cmpibl compare integer and branch if less

cmpible  compare integer and branch if less or equal
cmpibg compare integer and branch if greater
cmpibge  compare integer and branch if greater or equal
cmpibo compare integer and branch if ordered
cmpibno  compare integer and branch if unordered
cmpobe  compare ordinal and branch if equal

cmpobne  compare ordinal and branch if not equal
cmpobl compare ordinal and branch if less

cmpoble  compare ordinal and branch if less or equal
cmpobg  compare ordinal and branch if greater
cmpobge compare ordinal and branch if greater or equal
bbs check bit and branch if set

bbc check bit and branch if clear
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All of these instructions use the COBR machine-instruction format and can specify literals, local,
global, and special-function registers as operands.

With the compare-ordinal-and-branch and compare-integer-and-branch instructions, two
operands are compared, and the condition-code bits are set, as with the compare instructions
described earlier in this chapter. A conditional branch is then executed as with the conditional
branch (branch if) instructions.

With the check-bit-and-branch instructions, one operand specifies a bit to be checked in the other
operand. The condition-code bits are set according to the state of the specified bit (i.e., 010, if
the bit is set, and 000, if the bit is clear). A conditional branch is then executed according to the
setting of the condition-code bits.

These instructions are provided as a performance optimization. When it is not possible to
separate adjacent compare and branch instructions with other unrelated instructions, replacing the
two instructions with the single compare-and-branch instruction will increase performance.

CALL AND RETURN

The processor offers an on-chip call/return mechanism for making procedure calls. (This
integrated call/return mechanism is described in detail in Chapter 2, Programming
Environment.) The following four instructions are provided to support this mechanism.

call call

calix call extended
calls call system
ret return

The call and ret instructions use the CTRL machine-instruction format. The callx instruction
uses the MEM format and can specify local or global registers. The calls instruction uses the
REG format and can specify local, global, or special-function registers.

The call and callx instructions make local calls to procedures. A local call is a call that does not
require a switch to another stack. The call and callx instructions differ only in the method of
specifying the target procedure's address. The target procedure of a call is determined at link-
time and is encoded in the opword as a signed displacement relative to the IP of the call. The
callx instruction specifies the target procedure as an absolute 32-bit address calculated at run-
time using any one of the addressing modes. For both instructions, a new set of local registers
and a new stack frame are allocated for the called procedure.
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The calls instruction is used to make calls to system procedures (procedures that provide a kernel
or system-executive services). This instruction operates similarly to the call and callx
instructions, except that it gets its target-procedure address from the system-procedure table. An
index number included as an operand in the instruction provides an entry point into the procedure
table. ‘

Depending on the type of entry being pointed to in the system-procedure table, the calls
instruction can cause either a system-supervisor call or a system-local call to be executed. A
system-supervisor call is a call to a system procedure that also switches the processor to
supervisor mode and the supervisor stack. A system-local call is a call to a system procedure that
does not cause an execution mode or stack change. (The supervisor mode is described in detail in
Chapter 5, Procedure Calls.)

The ret instruction performs a return from a called procedure to the calling procedure (the
procedure that made the call). This instruction obtains its target IP (return IP) from linkage
information that was saved for the calling procedure. The ret instruction is used to return from
all calls, including local and supervisor calls, and from implicit calls to interrupt and fault
handlers.

CONDITIONAL FAULTS

Generally, the processor generates faults automatically as the result of certain operations. Fault-
handling procedures are then invoked to handle the various types of faults without explicit
intervention by the currently running program. (Faults are discussed in detail in Chapter 7,
Faults.)

The following conditional-fault instructions permit a fault to be generated explicitly (by the
program) according to the state of the condition-code bit.

faulte fault if equal

faultne fault if not equal

faultl fault if less

faultle fault if less or equal
faultg fault if greater

faultge fault if greater or equal
faulto fault if ordered

faultno fault if unordered

All of these instructions use the CTRL format.
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Since the actions of these instructions are dependent upon the result of a previous comparison,
the architecture allows a programmer to predict the likely result of the conditional-fault
instructions for higher performance. The programmer's prediction is encoded in one bit of the
opword. The Intel 80960 Assembler encodes the prediction with a mnemonic suffix of ".t" for
true and ".f" for false. (See Appendix B, Optimizing Code for the 80960CA for a complete
discussion of prediction.)

DEBUG

The processor supports debugging and monitoring of program activity through the use of trace
events. The following instructions support these debugging and monitoring tools:

modtc modify trace controls
mark mark
fmark force mark

These three instructions use the REG format.

The trace functions are controlled with bits in the processor's trace-control register. These bits
allow various types of tracing to be enabled or disabled. Other flags in the trace-controls register
indicate when an enabled trace event has been detected. (Trace controls are described in detail in
Chapter 8, Tracing and Debug.)

The modtc instruction permits the trace controls to be modified.

The mark instruction causes a breakpoint trace event to be generated if the breakpoint trace
mode is enabled. The fmark instruction generates a breakpoint trace independent of the state of
the breakpoint trace-mode bits.

The 80960CA-specific sysctl instruction, described in the Chapter 2, Programming
Environment, also provides control over breakpoint trace-event generation. This instruction is
used, in part, to load and control the 80960CA's breakpoint registers. (See Chapter 8, Tracing
and Debug for a detailed description of breakpoints.)
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ATOMIC INSTRUCTIONS

The atomic instructions perform read-modify-write operations on operands in memory. They
allow a system to ensure that when an atomic operation is performed on a specified memory
location, the operation will be completed before another agent is allowed to perform an operation
on the same memory. These instructions are required to enable synchronization between interrupt
handlers and background tasks in any system. They are also particularly useful in systems where
several agents (processors, coprocessors, or external logic) have access to the same system
memory for communication.

There are two atomic instructions: atomic add (atadd) and atomic modify (atmod). The atadd
instruction causes an operand to be added to the value in the specified memory location. The
atmod causes bits in the specified memory location to be modified under control of a mask. Both
instructions use the REG format and can specify literals, or local, global, or special-function
registers.

PROCESSOR MANAGEMENT

The processor provides the following instructions for use in controlling processor-related
functions.

modpc modify the process-controls register

flushreg  flush cached local register sets to memory

modac modify the arithmetic-controls register

sysctl perform system-control function

sdma setup a DMA controller channel

udma copy current DMA pointers to internal-data RAM

All of these instructions use the REG format and can specify literals, or local, global, or special-
function registers.

The modpc instruction provides a method of reading and modifying the contents of the process-
controls register. Only programs operating in supervisor mode may modify the process-controls
register; although, any program may read the register.

The processor provides a flush-local-registers instruction (flushreg) to save the contents of the
cached local registers to the stack. The flush-local-registers instruction automatically stores the
contents of all the local register sets, except the current set, in the register save area of their
associated stack frames.
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The modify-arithmetic-controls instruction (modac) is provided to allow the arithmetic-controls
register to be copied to a register, and/or be modified under the control of a mask. The
arithmetic-controls register cannot be explicitly addressed with any other instruction, although
instructions that use the condition codes, or set the integer-overflow flag, implicitly access the
arithmetic-controls register.

The sysctl instruction is an 80960CA-specific extension to the 80960 instruction set which is
used to configure the on-chip bus controller, interrupt controller, breakpoint registers, and
instruction cache. The instruction also permits software to signal an interrupt or cause a
processor reset and reinitialization. the sysctl instruction may only be executed by programs

operating is supervisor mode. (See Chapter 2, Programming Environment for a complete
description.)

The sdma and udma instructions are the 80960CA-specific extensions to the 80960 instruction
set which configure and monitor the on-chip DMA controller. These instructions may only be
executed by programs operating in supervisor mode. (Refer to Chapter 9, Instruction-Set
Reference and Chapter 13, DMA Controller for a detailed description of these instructions.)
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CHAPTER 5
PROCEDURE CALLS

This chapter describes the mechanisms for making procedure calls, which include the branch-
and-link instructions, the built-in call and return mechanism, the call instructions (call, callx,
calls), return instruction (ret), and the call actions caused by interrupts and faults.

OVERVIEW

The 80960 architecture supports two methods for making procedure calls: a RISC-style branch-
and-link and an integrated call and return mechanism. A branch-and-link is a fast call best suited
for calling procedures that do not call other procedures. The call and return mechanism is a more
versatile method for making procedure calls, providing a highly efficient means for managing a
large number of registers and the program stack.

On a branch-and-link (bal and balx instructions), the processor branches and saves a return IP in
a register. The called procedure uses the same set of registers and the same stack as the calling
procedure. On a call (call, callx, calls instructions or when an interrupt or fault occurs), the
processor also branches to a target instruction and saves a return IP. Additionally, the processor
saves the local registers, and allocates a new set of local registers and a new stack for the called
procedure. The saved context is restored when the return instruction (ret) is executed.

In many RISC architectures, a branch-and-link instruction is used as the base instruction for
coding a procedure call. Register and stack management for the call is then handled by the user
program. Since the 80960 architecture provides a fully-integrated call mechanism, coding calls
with branch-and-link is not necessary. (Additionally, the integrated call is much faster than
typical RISC-coded calls.) The branch-and-link instruction in the 80960, therefore, is used
primarily for calling leaf procedures. Leaf procedures call no other procedures. They are called
"leaf procedures" because they reside at the "leaves" of the call tree.

The integrated call mechanism is used in two ways in the 80960 architecture: 1) explicit calls to
procedures in a user's program, and 2) implicit calls to interrupt and fault handlers. The
remainder of this chapter explains the generalized call mechanism used for explicit and implicit
calls, and the call and return instructions.

There are two call actions which the processor performs: local and supervisor. When a local call
is made, the execution mode remains unchanged, and the stack frame for the called procedure is
placed on the local stack. The local stack refers to the stack of the calling procedure. When a
supervisor call is made, the execution mode is switched to supervisor, and the stack frame for the
called procedure is placed on the supervisor stack.
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Explicit procedure calls can be made using several instructions. The local call instructions, call
and callx, perform a local call action. With the call and callx instructions, the IP for the called
procedure is included as an operand in the instruction.

A system call is made with the calls instruction. This instruction is similar to the call and callx
instructions, except that the processor obtains the IP for the called procedure from the system-
procedure table. A system call, when executed, is directed to perform either the local or the
supervisor call action. These calls are referred to as system-local, and system-supervisor calls
respectively. A system-supervisor call is also referred to as a supervisor call.

CALL AND RETURN MECHANISM

At any point in a program, the 80960 has access to the global registers, a local register set, and
the procedure stack. A subset of the stack allocated to the procedure is called the stack frame.
When a call is executed, a new stack frame is allocated for the called procedure. Additionally,
the current local register set is saved by the processor, freeing these registers for use by the
newly-called procedure. In this way, every procedure has a unique stack and a unique set of
local registers. When a return is executed, the current local register set and current stack frame
are deallocated. The previous local register set and previous stack frame are restored.

Local Registers and the Procedure Stack

For each procedure, the processor automatically allocates a set of 16 local registers. Since the
local registers are on-chip, they provide fast-access storage for local variables. Of the 16 local
registers, 13 are available for general use; r0, r1, and r2 are reserved for linkage information to
tie procedures together.

The procedure stack can be located anywhere in the address space and grows from low addresses
to high addresses. It consists of contiguous frames, one frame for each active procedure. The
local registers for a procedure are assigned a save area in each stack frame (Figure 5-1). The
procedure stack, available to the user, begins after this save area.

To increase the speed of procedure calls, the architecture allows an implementation to cache
saved local register sets on chip. Thus, when a procedure call is made, the contents of the current
set of local registers often does not have to be written out to the save area in the stack frame in
memory. Refer to the sections later in this chapter titled Caching of Local Register Sets and
Mapping the Local Registers to the Procedure Stack for further discussion of the relationship of
the local registers and the procedure stack.
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Figure 5-1. Procedure Stack Structure and Local Registers

Local Register and Stack Management

Global register g15 (FP) and local registers rO (PFP), r1 (SP), and r2 (RIP) contain information to
link procedures together and to link the local registers to the procedure stack (Figure 5-1). The
following paragraphs describe this linkage information.

Frame Pointer

The frame pointer is the address of the first byte of the current stack frame. It is stored in global
register g15, the frame pointer (FP) register. The FP register is always reserved for the frame
pointer and should not be used for general storage. In the 80960CA, frames are aligned on 16-
byte boundaries (Figure 5-1). When the processor creates a new frame on a procedure call, it

5-3



intel PROCEDURE CALLS

will, if necessary, add a padding area to the stack so that the new frame starts on a 16-byte
alignment boundary.

Note: The alignment of stack frames is defined for each implementation of the 80960 architecture. This alignment-
boundary is calculated from the relationship SALIGN*16. For example, if SALIGN is selected to be 4, stack
frames are aligned on 64-byte boundaries. (In the 80960CA, SALIGN = 1.)

Stack Pointer

The stack pointer is the byte aligned address of the next unused byte of the stack frame. The
value of the stack pointer is stored in local register rl, the stack pointer (SP) register. The
procedure stack grows upward (i.e., toward higher addresses). When a stack frame is created, the
processor automatically adds 64 to the value of the frame pointer and stores the result in the SP
register. This action creates the register save area in the stack frame for the local registers.

The user must modify the value of the SP register when data is stored or removed from the stack.
The 80960 does not provide an explicit push or pop instruction to perform this action.

Previous-Frame Pointer

The previous-frame pointer is the address of the first byte of the previous stack frame. The upper
28 bits of this address is stored in local register 10, the previous-frame-pointer (PFP) register. The
four least-significant bits of the PFP are used to store the return-type field.

Return-Type Field

Bits O through 3 of the PFP register contain return-type information for the calling procedure.
When a procedure call is made (either explicit or implicit), the processor records the call type in
the return-type field. The processor then uses this information to select the proper return
mechanism when returning to the calling procedure. The use of this information is describe later
in this chapter in the section titled Returns.

Return Instruction Pointer

When a call is made, the processor saves the address of the instruction after the call, providing a
reentry point when the return instruction is executed. This address is automatically stored in local
register 12 of the calling frame. Register r2 is referred to as the return-instruction-pointer (RIP)
register. The RIP register is a special register and should not be used to hold operand values.
Since interrupts and faults trigger an implicit call action, the RIP register may be written at any
time with the return pointer associated with the interrupt or fault event.
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Call and Return Action

To clarify how procedures are linked and how the local register and stack are managed, the
following sections describe a general call and return operation and the operations performed with
the FP, SP, PFP, and RIP registers described above.

Call Operation

When a call instruction is executed, or when an implicit call is triggered, the processor performs
the following operations:

1)
2)

3)
4)

5)

6)

The processor stores the current instruction pointer in the RIP register of the current stack.

The current local register set is saved, freeing these registers for use by the called procedure.
Recall that the local registers are saved in the on-chip register cache.

The frame pointer for the calling procedure is stored in the PFP register.

The return-type field in the PFP register is set according to the type of call which is
performed. (See Returns in this chapter.)

A new stack frame is allocated by using the value of the stack pointer which was saved in
step 2. This value is first rounded to the next 16-byte boundary to create a new frame
pointer, and is stored in the FP register. Next, 64 bytes is added to create the register save
area for the new frame. This value is stored in the stack pointer register.

The instruction pointer is loaded with the address of the first instruction in the called
procedure. (The processor gets the new instruction pointer from the call instruction, the
system-procedure table, the interrupt table, or the fault table, depending on the type of call
executed.)

Upon completion of these steps, the processor begins executing the called procedure.

Return Operation

A return from any of the types of calls (explicit or implicit) is always initiated with a return (ret)
instruction. On a return, the processor performs these operations:

D

2)

3)

The current stack frame and local registers are deallocated by loading the FP register with
the value of the PFP register.

The local registers for the return target procedure are retrieved. The register are usually read
from the local register cache; however, in some cases, these registers have been flushed from
the register cache to memory and must be read directly from the save area in the stack frame.

The processor sets the instruction pointer to the value of the RIP register.

Upon completion of these steps, the processor begins executing the procedure returned to.
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Caching of Local Register Sets

The 80960 architecture supports on-chip caching of local-register sets as a means of optimizing
the call and return actions. Movement of data between the register cache and the local register set
is typically accomplished in only four clocks with no external bus traffic. The other overhead
associated with the call or return action is performed in parallel with this data movement. The
result is a high-performance implementation of these common operations.

The size of the register cache is specified at initialization by the value of the register cache
configuration word in the PRCB. (See Chapter 14, Initialization and System Requirements for
more information about initialization and the PRCB.)

Up to five local register sets are cached internally. When the cache is configured for six or more
register sets, part of the internal data RAM is used to expand the cache. Each additional set
consumes 64 bytes of internal RAM beginning at the highest address of internal RAM (03FFH)
and growing downward. The user program is responsible for preventing any corruption to the
areas of internal RAM which have been set aside for the register cache.

When a call is made and the register cache is full, a register set in the cache must be flushed to
external memory to make room for the current set of local registers. For this purpose, a save area
for the local registers is reserved when a stack frame is created.

The register cache is a first-in-first-out (FIFO) cache. In other words, the first register set cached
is the first register set which will be flushed to the save area in memory. In a typical program,
most procedure calls and returns cause procedure depth to oscillate a few levels around a fixed,
median call depth. A FIFO cache tends to be partially filled at the median call depth. Cache
flushes occur when the oscillations around the median depth are larger than the cache size can
accommodate (Figure 5-2). Configuring the local register cache to hold five sets of local registers
is suitable for most applications and does not use any of the data RAM which is available for
general data storage. The user should always configure the cache for a minimum of five register
sets.
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Mapping the Local Registers to the Procedure Stack

Each set of local registers is mapped to a register save area of its respective frame in the stack.
As described, saved local register sets are frequently cached on-chip rather than saved to
memory. This caching is performed non-transparently. In other words, the contents of the local
register set will not be saved automatically to the save area in memory when the register set is
cached. (This would cause a significant performance loss for calls.) Additionally, no automatic
update policy for the register cache is implemented. If the register save area for a cached register
set is modified, there is no guarantee that the modification will be reflected when the register set
is restored. The set has to have been flushed to memory (because of a cache spill) for the
modification to be valid.

The processor provides the flushreg (flush local registers) instruction to allow explicit flushing
of the local registers. This instruction causes the contents of all the local-register sets, except the
current set, to be written to their associated stack frames in memory. The register cache is then
invalidated, meaning that all of the flushed register sets will be restored from their save areas in
memory. Occasionally, it is necessary to flush the register cache. For example, in debugging
software, it may be necessary to trace the call history back through the nested procedures.

When a set of local registers is assigned to a new procedure, the processor may not clear or
initialize these registers. The initial contents of these registers are therefore unpredictable. Also,
the processor does not initialize the local register save area in the newly created stack frame for
the procedure, so its contents are equally unpredictable.

PARAMETER PASSING

Parameters are passed between procedures by value and by reference. Passing parameters by
value means that the parameters are passed directly to the calling procedure as part of the call
and return mechanism. Passing parameters by reference means that the parameters are stored in
an argument list in memory and a pointer is maintained to the argument list.

Parameter passing by value is performed with the global registers and is the fastest method of
passing parameters. Here, the calling procedure stores the parameters to be passed in global
registers. Since the calling procedure and the called procedure share the global registers, the
called procedure has direct access to the parameters after the call.
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When a procedure needs to pass more parameters than will fit in the global registers, they can be
passed by reference. Here the parameters are placed in an argument list and a pointer to the
argument list is placed in a global register.

The argument list can be stored anywhere in memory; however, a convenient place to store an
argument list is in the stack for a calling procedure. Space for the argument list is created by
incrementing the value of the SP register. If the argument list is stored in the current stack, the
argument list is automatically deallocated when no longer needed.

A procedure receives parameters from and returns values to other calling procedures. To do this
successfully and consistently, all procedures should agree on the use of the global registers.
Table 5-1 summarizes the global register model used by the iC-960 C-language compiler. (Refer
to the iC-960 User’s Guide for a detailed discussion of the register allocation model.) This
example is described to illustrate a typical implementation of parameter passing between
procedures and the use of the global and local registers in this scheme.

Table 5-1. Global Register Function with iC-960 Compiler

Register Value on Call Value on Return
g0 Parameter 0 Return Argument 0
gl Parameter 1 Return Argument 1
g2 Parameter 2 Return Argument 2
g3 Parameter 3 Return Argument 3
g4 Parameter 4 Not defined
g5 Parameter 5 Not defined
g6 Parameter 6 Not defined
g7 Parameter 7 Not defined
g8 Parameter 8/temp 5 Not defined/temp 5
g9 Parameter 9/temp 4 Not defined/temp 4
gl0 Parameter 10/temp 3 Not defined/temp 3
gll Parameter 11/temp 2 Not defined/temp 2
gl2 temp 1 temp 1
gl3 Return argument block pointer Not defined
gl4 Call parameter block pointer Not defined
fp Frame pointer (reserved)
Note: If not used as parameters, registers g8 through g11 must be preserved by the called procedure
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The parameter registers pass values into a function. Up to 12 parameters are passed by value or
reference in the global registers. If the number of parameters exceeds 12, the additional
parameters are passed on the stack of the calling procedure, and a pointer to the argument block
is passed in a pre-designated register. Similarly, several registers are set aside for return
arguments, and a return argument block pointer is defined to point to additional parameters. If
the number of return arguments exceeds the available number of return argument registers, the
calling procedure passes a pointer to an argument list on its stack where the remaining return
values will be placed. Example 5-1 illustrates the parameter passing by value and reference.

Example 5-1. Using Global Register for Parameter Passing

# Example of parameter passing . . .

# C-source: int a,b[10];
# a = procl(a,l,'x',&b[0]);
# assembles to ...
mov r3,g0 # value of a
Idconst 1,81 # value of 1
Idconst 120,g2 # value of 'x'
1da 0x40(fp).g3 # reference to b[10]
call _procl
mov 20,r3 #save return value in “a”
_procl:
movq g0,r4 # save parameters
# other instructions in procedure and
. # nested calls
mov 13,20 # load return parameter
ret

Local registers are automatically saved when a call is made. Because of the local register cache,
they are saved quickly and with no external bus traffic. The efficiency of the local register
mechanism plays an important role in two cases when calls are made:

1) When a procedure is called which contains other calls, the global parameter registers are
moved to working local registers at the beginning of the procedure. In this way, the
parameter registers are freed, and the nested calls are easily managed. The register move
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instruction necessary to perform this action is very fast, and the working parameters, now in
local register, are saved efficiently when the nested calls are made.

2) When other procedures are nested within an interrupt or fault procedure, the procedure must
preserve all of the normally non-preserved parameter registers. This must be done because
the interrupt or fault occurs at any point in the user's program, and the return from the
interrupt or fault must restore the exact state of the processor. The interrupt or fault
procedure can move the non-preserved global registers to the local registers before the
nested call.

LOCAL CALLS

A local call does not cause a stack switch. A local call can be made two ways: 1) with the call
and callx instructions, or 2) with a system-local call. (The system-local call is described in the
following section titled System Calls.) The call instruction specifies the address of the called
procedures as the IP plus a signed, 24-bit displacement (i.e., -223 to 223 - 4). The callx instruction
allows any of the addressing modes to be used to specify the procedure address. The IP-with-
displacement addressing mode allows full 32-bit IP-relative addressing. (See Chapter 9,
Instruction Set Reference for a further description of the call and callx instructions.)

When a local call is made with a call or callx instruction, the processor performs the same
operation as is described earlier in this chapter in the section titled Call Operation. The target IP
for the call is derived from the instruction's operands, and the new stack frame is allocated on the
current stack. (The algorithms that the call and callx instructions use are described in greater
detail in Chapter 9, Instruction Set Reference.)

SYSTEM CALLS

A system call is a call made through the system-procedure table. It can be used to make a
system-local call (similar to a local call made with the call and callx instructions) or a system-
supervisor call.

A system call is initiated with the calls instruction, which requires a procedure-number operand.
The procedure number provides an index into the system-procedure table, where the processor
finds IPs for specific procedures. (See Instruction Reference for a further description of the calls
instruction.)

Using the ASM-960 language assembler, a system procedure is directly declared using the
.sysproc directive. At link time, the optimized call directive, callj, will be replaced with a calls
when a system procedure target is specified. (See the ASM-960 User's Guide for a description of
the .sysproc and the callj directives.)
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The system-call mechanism offers two benefits. First, it supports portability for application
software. System calls are commonly used to call kernel services. By calling these services with
a procedure number rather than a specific IP, applications software does not have to be changed
each time the implementation of the kernel services is modified. Only the entries in the system-
procedure table need to be changed.

Second, the ability to switch to a different execution mode and stack with a system-supervisor
call allows kernel procedures and data to be insulated from applications code. (This benefit is
described in more detail in Chapter 2, Programming Environment.)

System-Procedure Table

The system-procedure table is a data structure for storing IPs to system procedures. These
procedures can be procedures which software can access through a system call, or fault-handling
procedures, which the processor can access through its fault-handling mechanism. (The use of
the system-procedure table to store IPs for fault-handling procedures is described in Chapter 7,
Faults.)

The structure of the system-procedure table is shown in Figure 5-3. It is 1088 bytes in length and
can have up to 260 procedure entries. The processor gets a pointer to the system-procedure table
at initialization. The following sections describe the fields in this table.

Procedure Entries

A procedure entry in the system-procedure table specifies the location of a procedure and its
type. Each entry is one word in length and is made up of an address (or IP) field and a type field.
The address field gives the address of the first instruction of the target procedure. Since all
instructions are word aligned, only the 30 most-significant bits of the entry are used for the
address. The two least-significant bits of the entry are used to specify the entry type. The
procedure-entry type field indicates the call type: system-local call or system-supervisor call
(Table 5-2). On a system call, the processor performs different actions depending on the type of
call selected.

Table 5-2. Encodings of Entry-Type Field in System Procedure Table

Encoding Call Type
00, System-Local Call
01, Reserved
10, System-Supervisor Call
11, Reserved
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Figure 5-3. System-Procedure-Table

Supervisor Stack Pointer

When a system-supervisor call is made, the processor switches to a new stack called the
supervisor stack if not already in supervisor mode. The processor gets a pointer to this stack from
the supervisor stack pointer field in the system-procedure table (Figure 5-3). Only the 30 most-
significant bits of the supervisor stack pointer are given. The processor aligns this value to the
next 16-byte boundary to determine the first byte of the new stack frame.
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Trace Control Bit

The trace-control bit (byte 12, bit 0) specifies the new value of the trace-enable bit in the process
controls register (PC.te) when a system-supervisor call causes a switch from user mode to
supervisor mode. Setting this bit to 1 enables tracing in the supervisor mode; setting it to 0
disables tracing. (The use of this bit is described in Chapter 8, Tracing and Debugging).

System-Local Call

When a calls instruction references an entry in the system-procedure table with an entry type of
00, the processor executes a system-local call to the selected procedure. The action that the
processor performs is the same as was described earlier in this chapter in the section titled Call
Operation. The target IP for the call is taken from the system-procedure table, and the new stack
frame is allocated on the current stack. (The algorithm that the calls instruction uses is described
in greater detail in Chapter 9, Instruction Set Reference.)

System-Supervisor Call

When a calls instruction references an entry in the system-procedure table with an entry type of
10,, the processor executes a system-supervisor call to the selected procedure. The target IP for
the call is taken from the system-procedure table. The processor performs the same action as is
described earlier in this chapter in the section titled Call Operation, with the following
exceptions:

e  If the processor is in user mode, it switches to supervisor mode.
e  The new frame for the called procedure is placed on the supervisor stack.

e If a mode switch occurs, the state of the trace-enable bit in the process-controls register is
saved in the return-type field in the PFP register. The trace-enable bit is then loaded from the
trace control bit in the system-procedure table.

When the processor switches to supervisor mode, it remains in that mode and creates new frames
on the supervisor stack until a return is performed from the procedure that caused the original
switch to supervisor mode. While in the supervisor mode, either the local call instructions (call
and callx) or the calls instruction can be used to call procedures.

(The user-supervisor protection model and its relationship to the supervisor call are described in
detail in Chapter 2, Programming Environment. )
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USER AND SUPERVISOR STACKS

When using the user-supervisor protection mechanism, the processor maintains separate stacks in
the address space. One of these stacks (the user stack) is for procedures executed in the user
mode, and the other stack (the supervisor stack) is for procedures executed in the supervisor
mode.

The structure of the user stack and supervisor stack is identical (Figure 5-1). The base stack
pointer for the supervisor stack is read from the system-procedure table each time a user-to-
supervisor mode switch occurs. The base stack pointer for the user stack is usually created in the
initialization code (see Chapter 14, Initialization and System Requirements). The base stack
pointers should be aligned to a 16-byte boundary. If they are not aligned, the first frame pointer
in the stack is rounded up to the next 16-byte boundary.

INTERRUPT AND FAULT CALLS

The architecture defines two type of implicit calls that make use of the call and return
mechanism: interrupt-handling-procedure calls and fault-handling-procedure calls. A call to an
interrupt procedure is similar to a system-supervisor call. Here, the processor obtains pointers to
the interrupt procedures through the interrupt table. The processor always switches to supervisor
mode on an interrupt-procedure call.

A call to a fault procedure is similar to a system call. Fault-procedure calls can be local calls, or
supervisor calls. The processor obtains pointers to fault procedures through the fault table and
(optionally) through the system-procedure table.

When a fault call or interrupt call is made, a fault record or interrupt record is placed in the newly
generated stack frame for the call. These records hold the machine state and information to
identify the fault or interrupt. When a return from an interrupt or fault is executed, machine state
is restored from these records. (See Chapter 7, Faults and Chapter 6, Interrupts for more
information on the structure of the fault and interrupt records.)
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RETURNS

The return (ret) instruction provides a generalized return mechanism that can be used to return
from any procedure that was entered by call, calls, callx, an interrupt call, or a fault call. When
ret is executed, the processor uses the information from the return-type field in the PFP register
(Figure 5-4) to determine the type of return action to take. The return-type field is described
below.

RETURN STATUS:
RETURN-TYPE FIELD — PRP.rt
PRE-RETURN-TRACE FLAG - PFP.p

PREVIOUS FRAME POINTER:
ADDRESS - PFP.a

I 17T
a r r r
3 j Pltft]t
1 2]1]0
28 24 20 16 12 8 4 0
RESERVED
(INITIALIZE TO 0)

Figure 5-4. PFP Register and the Return Status Field

The return-type field indicates the type of call which was made. Table 5-3 shows the encoding of
the return-type field for the various calls: local call; supervisor call; interrupt call; and fault call.

The trace-on-return flag stores the value of the trace enable bit when a system-supervisor call is
made from user mode. When the call is made, the trace-enable bit in the PC register is saved as
the trace-on-return flag, and then replaced by the trace-controls bit in the system-procedure table.
On a return, the original value of the trace-enable bit is restored. This mechanism allows
instruction tracing to be turned on or off when a supervisor mode switch occurs. (See Chapter 8,
Tracing and Debugging.)

The prereturn-trace flag (PC.p) is used in conjunction with the call-trace and prereturn-trace
modes. If the call-trace mode is enabled when a call is made, the processor sets the prereturn-
trace flag; otherwise it clears the flag. Then, if this flag is set and the prereturn-trace mode is
enabled, a prereturn trace event is generated on a return, before any actions associated with the
return operation are performed. (See Chapter 8, Tracing and Debugging for a detailed discussion
of the interaction of the call-trace and prereturn-trace modes with the prereturn-trace flag.)
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Table 5-3. Encoding of Return-Status Field

Return Status Field Call Type Return Action
p000 Local call (system-local call or Local return (return to local
system-supervisor call made stack; no mode switch)

from the supervisor mode)

p001 Fault call Fault return (See Chapter 7,
Faults)
pOlt System-supervisor from user Supervisor return (return to user
mode stack, mode switch to user mode,

trace-enable bit is replaced with
the t bit stored in the PFP register

on the call.

p100 reserved Interrupt return (See Chapter 6,
Interrupts.)

pl01 reserved

pl10 reserved

plll Interrupt call

Note: “p” is PFP.p (prereturn trace flag)

BRANCH-AND-LINK

A branch-and-link is executed using either the branch-and-link instruction (bal) or the branch-
and-link-extended instruction (balx). When either of these instructions is executed, the processor
branches to the first instruction of the called procedure (the target instruction), while saving a
return IP for the calling procedure in a register. The called procedure uses the same set of local
registers and stack frame as the calling procedure. For the bal instruction, the return IP is
automatically saved in global register gl14; for the balx instruction, the return IP instruction is
saved in a register specified by one of the instruction's operands.

A return from a branch-and-link is generally carried out with a bx (branch extended) instruction,
where the branch target is the address saved with the branch-and-link instruction.

The branch-and-link method of making procedure calls is recommended for calls to leaf
procedures. Leaf procedures typically call no other procedures. Branch-and-link is the fastest
way to make a call, providing the calling procedure does not require its own registers or stack
frame.
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CHAPTER 6
INTERRUPTS

This chapter describes the 80960CA's interrupt-handling facilities. Discussed are: descriptions of
the data structures used for interrupt handling; the actions that the processor takes when handling
an interrupt; the facilities for requesting and posting interrupts; the programmer's interface to the
on-chip interrupt controller; the implementation of the interrupt controller; and interrupt latency.

OVERVIEW

An interrupt is an event that causes a temporary break in the execution of a program so that the
processor can handle another chore. Interrupts are commonly used to request I/O services or to
synchronize the processor with the activities of external hardware. To allow interrupt handlers to
be portable across 80960 implementations, the architecture defines a consistent interrupt state
and interrupt-priority-handling mechanism. To manage and prioritize interrupt requests in
parallel with processor execution, the 80960CA provides an on-chip programmable interrupt
controller.

Requests for interrupt service may come from many sources. These requests are transparently
prioritized so that instruction execution is redirected only if an interrupt request is of higher
priority than the priority of the executing task.

When the processor is redirected to service an interrupt, it uses a vector number that accompanies
the interrupt request to locate an entry in a data structure called the interrupt table. From that
entry, it gets a vector to the first instruction of the selected interrupt procedure. The processor
then makes an implicit call to that procedure.

When the interrupt call is made, the processor uses a dedicated interrupt stack. A new frame is
created for the interrupt on this stack, and a new set of local register is allocated to the interrupt
procedure. The state of the interrupted program is also automatically saved when the call is
made.

On the return from the interrupt procedure, the processor restores the state of the interrupted
program, switches back to the stack that the processor was using prior to the interrupt, and
resumes execution of the program.

Since interrupts are handled based on priority, requested interrupts are often saved for later
service rather than being handled immediately. The mechanism for saving the interrupt is
referred to as interrupt posting.
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On the 80960CA, interrupt requests may originate from external hardware sources, internal
DMA sources, or from software. External interrupts are detected with the chip's 8-bit interrupt
port and with a dedicated NMI input. Interrupt requests originate from software by an instruction
(sysctl) which signals interrupts. To manage and prioritize all possible interrupts, the 80960CA
integrates an on-chip programmable interrupt controller.

The interrupt controller's primary functions are to provide a flexible, low-latency means for
requesting and posting interrupts, and to minimize the core's interrupt-handling burden. The
interrupt controller handles the posting of interrupts requested by both hardware and software
sources. The interrupt controller, acting independently from the core, compares the priorities of
posted interrupts with the current process priority, off-loading this task from the core.

The interrupt controller provides the following features for managing hardware-requested
interrupts.

e Low latency, high throughput handling.
e  Support of up to 248 external sources.

e Eight external interrupt pins, one non-maskable interrupt pin, and four internal DMA
sources for detection of hardware-requested interrupts.

e Edge or level detection on external interrupt pins.

¢ Debounce option on external interrupt pins.

The user program interfaces to the interrupt controller with four control registers and two special
function registers. The interrupt control register (ICON) and interrupt map control registers
(IMAPO-IMAP3) provide configuration information. The interrupt pending (IPND) special
function register is used to post hardware-requested interrupts. The interrupt mask (IMSK)
special function register is used to selectively mask hardware-requested interrupts.

THE 80960 INTERRUPT MODEL

The architecture defines two data structures to support interrupt processing: the interrupt table
and the interrupt stack. These data structures are shown in Figure 6-1. The interrupt table
contains 248 vectors to interrupt-handling procedures and an area for posting software-requested
interrupts. The interrupt stack is provided to prevent interrupt-handling procedures from
overwriting the stack being used by the application program. It also allows the interrupt stack to
be located in a different area of memory than the user and supervisor stack (e.g. fast SRAM).
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Figure 6-1. Interrupt-Handling Data Structures

Interrupt Priority

To provide transparent prioritization of the 248 possible interrupts, the interrupt vectors are
grouped into 31 distinct levels of priority, with eight vectors per priority.

Every interrupt request is associated with an interrupt vector in the interrupt table. The table
contains 248 vectors, from vector number 8, which is assigned the lowest priority, to vector
number 255, which is the highest priority. Since there are 31 priority levels, the priority of each
vector is determined by the upper five bits of the vector number. Thus, at each priority level,
there are eight possible vector numbers. When multiple interrupt requests are pending at the
same priority level, the highest vector number is serviced first.

The processor compares its current priority with the priority of an interrupt request to determine
whether to service the interrupt immediately or to delay service. If the priority of the interrupt
request is higher than the processor's current priority (the priority of the program or interrupt the
processor is executing), the interrupt is serviced immediately. If the interrupt priority is less than
or equal to the processor's current priority, the processor does not service the request. Priority-31
interrupts are handled as a special case. Even when the processor is executing at priority level 31,
a priority-31 interrupt will interrupt the processor. The processor may post requests for later
servicing. Interrupts that are waiting to be serviced are called pending interrupts, and are
discussed later in this chapter.

NOTE: On the 80960CA, the non-maskable interrupt (NMI) will interrupt priority-31 execution, and no interrupt will
interrupt an NMI handler.

The lowest program priority allowed is 0. If the current program has a O priority, a priority-0

interrupt will never be accepted. This is why vectors O through 7 cannot be used. In fact, there
are no entries provided for these vectors in the interrupt table.
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Interrupt Table

The interrupt table (Figure 6-2) is 1028 bytes in length. It can be located anywhere in the non-
reserved address space, but it must be aligned on a word boundary. The processor reads a pointer
to byte O of the interrupt table during initialization. The interrupt table must be located in RAM
since the processor must be able to read and write the pending-interrupt section of the table.

The interrupt table is divided into two sections: the vector-entries section and the pending-
interrupts section.

Vector Entries

The vector-entry section contains 248 one-word entries, one entry for each possible interrupt-
handling procedure. Each interrupt request is associated with an 8-bit vector number which
points to a vector entry in the interrupt table. Of the 256 possible values of the vector number, 0
through 7 are not defined and do not have associated entries in the interrupt table.

The vector entry contains the address of a specific interrupt handler. Vector entry 248 contains
the address for the NMI handler. Vectors entries 244 through 247 and 249 through 251 are
reserved and should not be used.

The structure of a vector entry is given at the bottom of Figure 6-2. Each interrupt procedure
must begin on a word boundary, so the processor assumes that the two least-significant bits of
the vector are 0. Bits O and 1 of an entry indicate the entry type. Entry type 00, indicates that the
interrupt procedure should be fetched normally. The 80960CA also supports an entry type of
1X5, which indicates that the interrupt procedure should be fetched from the locked partition of
the instruction cache. (See Caching of Interrupt-Handling Procedures in this chapter.) The other
possible entry types are reserved and must not be used.

Pending Interrupts Section

The pending-interrupts section comprises the first 36 bytes of the interrupt table. This section is
divided into two fields: pending priorities (byte-offset O through 3) and pending interrupts (byte-
offset 4 through 35).

Each of the 32 bits in the pending-priorities field represents an interrupt priority. When the
processor posts a pending interrupt in the interrupt table, the bit corresponding to the interrupt's
priority is set. For example, if an interrupt with a priority of 10 is posted in the interrupt table, bit
10 is set.
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Each of the 256 bits in the pending-interrupts field represents an interrupt vector. Byte-offset 5 is
for vectors 8 through 15, byte-offset 6 is for vectors 16 through 23, and so on. (Byte-offset 4, the
first byte of the pending-interrupts field, is reserved.) When an interrupt is posted, its
corresponding bit in the pending-interrupt field is set.

This encoding of the pending-priority and pending-interrupt fields permits the processor to first
check if there are any pending interrupts with a priority greater than the current program and then
to determine the vector number of the interrupt with the highest priority.

31 8 7 0
PENDING PRIORITIES

\ PENDING INTERRUPTS \

20H
ENTRY 8 24H (VECTOR 8)
ENTRY 9 28H (VECTOR9)
ENTRY 10 2CH (VECTOR 10)
ENTRY 243 300H (VECTOR 243)

304H (VECTOR 244)

3E@H (VECTOR 247)

RESERVED FOR NM! 3E4H (VECTOR 248)

3E8H (VECTOR 249)

3FQH (VECTOR 251)

ENTRY 252 3F4H (VECTOR 252)

ENTRY 255 400H (VECTOR 255)
31 VEGTOR ENTRY 21 0
| INSTRUCTION POINTER |xlx|

ol
ENTRY TYPE
RESERVED (INITIALIZE TO 0) 00 -NORMAL

x 10,11-TARGET IN CACHE
[////////| PRESERVED 01 -RESERVED

Figure 6-2. Interrupt Table
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Posting Interrupts In the Interrupt Table

For the 80960CA, only interrupts which are requested by software are posted in the interrupt
table. Hardware-requested interrupts are posted in the IPND register. The IPND register and the
mechanism for requesting and posting hardware interrupts is described later in this chapter in the
section titled Managing Interrupt Requests. Software-posting of interrupts in the interrupt table
can assist an application in prioritizing processing demands as follows:

e By posting interrupt requests in the interrupt table, the application can delay the servicing of
low priority tasks which were signaled by a higher priority interrupt.

¢ In asystem that uses two or more processors, both processors can post and service interrupts
from a shared interrupt table. This interrupt-table sharing allows the processors to share the
interrupt-handling load, or provide a communication mechanism between the processors.

To post a pending interrupt in the interrupt table in memory, the processor must perform the
following atomic read/write operation that locks the interrupt table until the posting operation has
been completed.

# x and z are temporary registers

X < atomic_read(pending_priorities); # assert LOCK pin

z « read(pending_interrupts(vector_number/8));
x(vector_number/8) « 1;

z(vector_number mod 8) « 1;
write(pending_interrupts(vector_number/8)) « z;
atomic_write(pending_priorities) < x; # deassert LOCK pin

The LOCK pin can be used to prevent other agents on the bus from accessing the interrupt table
during the posting operation. Posting software interrupts is performed by the sysctl instruction on
the 80960CA. (See Software-Generated Interrupt Requests later in this chapter).

Note: The 80960 architecture does not define a portable method for posting interrupts. Different implementations
may implement optimized interrupt-posting mechanisms. The 80960CA records pending interrupts differently
depending upon the type of interrupt and the configuration of the interrupt controller. (See the sections in this
chapter titled Interrupt Modes, and Software-Generated Interrupts for more detail.)

An external I/O agent or a coprocessor can post pending interrupts to the interrupt table in

memory in the same manner described above, providing it has the capability to perform atomic
operations on memory.
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In some implementations, software may be able to post a pending interrupt explicitly in the
interrupt table in memory, using the following algorithm:

atomic_modify(pending_interrupts(vector_number/8)); #set pending interrupt bit
atomic_modify(pending_priorities); #set pending-priority bit

However, this method of posting an interrupt will only work if the application guarantees that:
1) no external I/O agent is allowed to post a pending interrupt simultaneously with the software,
and 2) an interrupt cannot occur after one bit (e.g., the pending priority bit) is set but before the
other bit (e.g., the pending priorities bit) is set.

The processor automatically checks the memory-based interrupt table for pending interrupts
when executing a modify-process-controls instruction (modpc), if the instruction caused the
program's priority to be lowered.

When the processor finds a pending interrupt, it handles it as if it had just received the interrupt.
If the processor finds two pending interrupts at the same priority, it services the interrupt with the
highest vector number first.

Caching Portions of the Interrupt Table

The architecture allows all or part of the interrupt table to be cached internally to the processor.
The purpose of caching these fields is to reduce interrupt latency by allowing the processor
access to certain interrupt vectors and to the pending-interrupt information without having to
make memory accesses. The 80960CA caches the following:

e The value of the highest priority posted in the pending priorities field.

e A predefined subset of the interrupt vectors (that is, interrupt vector entries from the
interrupt table).

e The pending interrupts that are received from the external interrupt pins and the on-chip
DMA controller (hardware-requested interrupts).

This caching mechanism is non-transparent. In other words, the processor may modify fields in a
cached interrupt table without modifying the same fields in the interrupt table itself (non-
transparent caching). (The facilities for caching vectors are described in greater detail in the
sections of this chapter titled Vector Caching Option and Interrupts Mask and Pending Register.)
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Interrupt Stack and Interrupt Record

The interrupt stack can be located anywhere in the non-reserved address space. The processor

obtains a pointer to the base of the stack during initialization.

The interrupt stack has the same structure as the local procedure stack described in Chapter 7,
Procedure Calls. As with the local stack, the interrupt stack grows from lower addresses to

higher addresses.

The processor saves the state of an interrupted program (or an interrupted interrupt procedure) in

arecord on the interrupt stack. Figure 6-3 shows the structure of this interrupt record.

CURRENT STACK
(LOCAL, SUPERVISOR, OR INTERRUPT STACK) .
31
FP
CURRENT FRAME
INTERRUPT STACK
31 0
PADDING AREA

OPTIONAL DATA (NOT IMPLEMENTED FOR 80960CA

STACK
GROWTH

SAVED ARITHMETIC CONTROLS NFP-12

1 nep
NEW FRAME

RESERVED (INITIALIZE TO 0)

SAVED PROCESS CONTROLS NFP-16

VECTOR NUMBER | NFP-8

INTERRUPT
RECORD

Figure 6-3. Storage of an Interrupt Record on the Interrupt Stack
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The interrupt record is always stored on the interrupt stack adjacent to the new frame that is
created for the interrupt-handling procedure. It includes the state of the arithmetic-controls and
process-controls registers at the time the interrupt was received and the interrupt vector number
used. Referenced to the new frame-pointer address (designated NFP), the saved arithmetic-
controls register is located at address NFP-12, and the saved process-controls register is located
at address NFP-16.

Note: The interrupt record may also contain a resumption record which stores the context of instructions which had
begun, but were not completed when the interrupt was serviced. Although the 80960CA never creates a
resumption record, portable programs must tolerate interrupt stack frames with and without resumption
records.

Interrupt Handler Procedures

An interrupt-handling procedure performs a specific action that is associated with a particular
interrupt vector. For example, one job for an interrupt handler might be to initiate a DMA
transfer. The interrupt-handler procedures can be located anywhere in the non-reserved address
space. Since instructions in the 80960 architecture must be word aligned, each procedure must
begin on a word boundary.

When an interrupt-handling procedure is called, the processor allocates a new frame on the
interrupt stack and a set of local registers for the procedure. If not already in supervisor mode,
the processor always switches to supervisor mode while an interrupt is being handled. It also
saves the states of the arithmetic-controls and process-controls registers for the interrupted
program. The interrupt procedure shares the remainder of the execution-environment resources
(namely the global registers, special function registers and the address space) with the interrupted
program. Thus, interrupt procedures must preserve and restore the state of any resources shared
with a non-cooperating program. For example, an interrupt procedure which uses a global
register which is not permanently allocated to it, should save the register's contents before it uses
the register, and restore the contents before returning from the interrupt handler.

To reduce the interrupt latency to critical interrupt routines, interrupt handlers may be locked into
the instruction cache. (See the section of this chapter titled Caching of Interrupt-Handling
Procedures for a complete description.)

Interrupt Context Switch

When the processor services an interrupt, it automatically saves the state of the interrupted
program (or interrupt procedure), and calls the interrupt-handling procedure associated with the
new interrupt request. When the interrupt handler completes, the processor automatically restores
the interrupted program state.

The method that the processor uses to service an interrupt depends on the state the processor is in

when it receives the interrupt. If the processor is executing a background task when an interrupt
request is to be serviced, the interrupt context switch must change stacks to the interrupt stack.

A-9
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This is called an executing-state interrupt. If the processor is already executing an interrupt
handler, no stack switch is required since the interrupt stack will already be in use. This is called
an interrupted-state interrupt.

The following two sections describe the interrupt-handling actions for an executing-state
interrupt and an interrupted-state interrupt. In both cases, it is assumed that the interrupt priority
is higher than that of the processor, and thus will be serviced immediately after the processor
receives it.

Executing-State Interrupt

When the processor receives an interrupt while it is in the executing state (i.e., executing a
program), it performs the following actions, regardless of whether the processor is in the user or
the supervisor mode when the interrupt occurs:

e The processor performs the actions of a call, as described in the Chapter 7, Procedure Calls,
with the exception that the new frame pointer (FP) for the interrupt handler is set to point to
the interrupt stack, and is incremented by 16 to create space for an interrupt record (as
shown in Figure 6-3). (The interrupt record is described earlier in this chapter in the section
titled Interrupt Record.)

e The current state of the arithmetic-controls register, the process-controls register, and the
interrupt vector number are saved in the interrupt record.

e The processor gets the IP for the first instruction in the called interrupt-handling procedure
from the selected entry in the interrupt table.

e The processor stores the interrupt-return (111,) in the return-status field of the new local-
register r0, then changes the following fields and flags in the process-controls register:

—  Sets the state flag (bit 13) to interrupted.
—  Sets the execution-mode flag (bit 1) to supervisor (and switches to supervisor mode).

—  Sets the priority field (bits 16-20) to the priority of the interrupt. (Setting the processor's
priority to that of the interrupt ensures that lower priority interrupts can not interrupt the
servicing of the current interrupt.)

—  Sets the trace-fault-pending flag (bit 10) and the trace-enable bit (bit 0) to 0. (Clearing
these bits allows the interrupt to be handled without trace faults being raised.)



intel INTERRUPTS

When the processor executes a return operation and the return-type field is 111, it performs the
following:

o  The arithmetic-controls and process-controls fields from the interrupt record are copied into
the arithmetic-controls and process-controls registers, respectively. (Restoring the process-
controls register causes the processor's state to be returned to executing, and its execution
mode and priority to be returned to what they were prior to the interrupt. It also returns the
trace-fault-pending flags and trace-enable bit to their value before the interrupt occurred.)

Note: If the interrupt-handling procedure sets the execution mode to user prior to the return, the process-controls
register is not restored on the return.

o If there are pending interrupts that need to be handled (i.e., pending interrupts that are higher
then the priority of the program being returned to), they are handled at this time, prior to
returning to the previously-interrupted program. If the trace-fault-pending flag and trace-
enable bit are set, the trace fault will be handled at this time.

o The processor then performs a return operation, as described in Chapter 7, Procedure Calls.
This will cause the processor to switch back to the local stack or the supervisor stack
(whichever one it was using when it was interrupted).

Assuming that there are no pending interrupts to be serviced or trace-faults to be handled, the
processor resumes work on the interrupted program upon completion of the return operation.

Interrupted-State Interrupt

If the processor receives an interrupt while it is servicing another interrupt, and the new interrupt
has a higher priority than the interrupt currently being serviced, the current interrupt-handler
routine is interrupted. Here, the processor performs the same action to save the state of the
interrupted interrupt-handler routine, as described in the previous section for an executing-state
interrupt. The interrupt record is saved on the top of the interrupt stack, prior to the new frame
that is created for use in servicing the new interrupt.

On the return from the current interrupt handler to the previous interrupt handler, the processor
deallocates the current stack frame and interrupt record, and stays on the interrupt stack.



|nte| INTERRUPTS

MANAGING INTERRUPT REQUESTS

The 80960 architecture provides a consistent interrupt model which is needed for interrupt
handler compatibility between different 80960 implementations. The architecture, however,
leaves the interrupt request management strategy to the specific 80960 implementations. In the
80960CA, the programmable on-chip interrupt controller transparently manages all interrupt
requests (Figure 6-4). These requests originate from the 8-bit external interrupt pins (XINT7-
XINTO); the non-maskable interrupt pin (NMI); the four DMA controller channels; and the
execution of the sysctl instruction.

The external interrupt pins can be programmed to operate in several modes. The pins may be
individually mapped to interrupt vectors (dedicated mode), or they may be interpreted as a bit
field which can request any of the 248 possible interrupts on the 80960 (expanded mode).
Dedicated-mode requests are posted in the Interrupt Pending Register (IPND). Expanded-mode
requests are not posted by the processor.

The interrupt pins may also be configured in a mixed mode which places three pins into
dedicated-mode operation, and the remaining five pins in expanded-mode operation.

The NMI pin allows a highest-priority, non-maskable, and non-interruptible interrupt to be
requested. The NMI is always a dedicated-mode input.

Each of the four DMA channels has an associated interrupt request to allow the application to
synchronize with the DMA operations of each channel. DMA interrupt requests are always
handled as dedicated-mode interrupt requests.

The application program may use the sysctl instruction to request interrupt service. The vector
requested in the instruction is serviced immediately, or posted in the pending interrupts section of
the interrupt table, depending upon the current processor priority and the priority of the request.
The interrupt controller caches the priority of the highest priority interrupt posted in the interrupt
table.

The interrupt controller continuously compares the priorities of the highest-posted software
interrupt and the highest-pending hardware interrupt to the priority of the processor. When a
pending interrupt request is priority-31, or is higher than the processor priority, the core is
interrupted. In the event that both hardware- and software-requested interrupts are posted at the
same level, the hardware interrupt is serviced before the software interrupt, when the priority is 1
to 30. At priority 31, the software interrupt is serviced first.
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Figure 6-4. 80960CA Interrupt Controller

The following sections describe the interrupt-controller modes; the interrupt-request pins and
inputs; the user's interface to the interrupt controller; the method for posting software-generated
interrupt requests; and the methods for controlling interrupt latency.
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Interrupt Controller Modes

The eight external interrupt pins can be configured for one of three modes: expanded mode,
dedicated mode, and mixed mode.

Dedicated Mode

In dedicated mode, each of the external-interrupt pins is assigned a vector number. The vector
numbers that may be assigned to a pin are those with the encoding PPPP 0010, (Figure 6-5;),
where the bits marked P are programmed with bits in the interrupt map (IMAP) registers. This
encoding of programmable bits and preset bits can be used to designate 15 different vector
numbers, each with a different, even-numbered priority. (Vector 0000 0010, is undefined,
because it has a priority of 0.)

IMAP HARD-WIRED
CONTROL REGISTERS VECTOR OFFSET
XINTO > PPPP 0010
XINT - PPPP 0010
XINT2 — PPPP 0010
. ° °
° ° °
'y ° .
XINT? —n PPPP 0010
DMAO — PPPP 0010
DMA1 > PPPP 0010
DMA2 — PPPP 0010
DMA3 - PPPP 0010
AaLsB
. ., HIGHEST SELECTED
7 A MSB 76 VECTOR NUMBER

Figure 6-5. Dedicated Mode

Dedicated-mode interrupts are posted in the interrupt-pending (IPND) register. A single bit in the
IPND register corresponds to none of the eight dedicated external-interrupt inputs, plus the four
DMA inputs to the interrupt controller. The interrupt mask (IMSK) register selectively masks
each of the dedicated-mode interrupts. The IMSK register can optionally be saved and cleared
when a dedicated interrupt is serviced. This allows other hardware-generated interrupts to be
locked out until the mask is restored. (See Programmer’s Interface in this chapter for a further
description of the IMSK, IPND and IMAP registers.)
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Interrupt vectors are assigned to the DMA inputs in the same way the external pins are assigned
dedicated-mode vectors. The DMA interrupts are always dedicated-mode interrupts.

Expanded Mode

In expanded mode, up to 248 interrupts can be requested from external sources. Multiple external
sources are externally encoded into the 8-bit interrupt vector number. This vector number is then
applied to the external-interrupt pins (Figure 6-6), with the XINTO pin representing the least-
significant bit, and XINT7 the most significant bit of the number. Note that the external interrupt
pins are low-level active. Therefore, the inverse of the vector number is actually applied to the

pins.

HARD-WIRED
CONTROL REGISTERS VECTOR OFFSET
DMAQ = PPPP 0010
DMAT — PPPP 0010
DMAZ e PPPP 0010
DMA i PPPP 0010
y
14LsB
., __ HIGHEST SELECTED
[@YVET) ™ VECTOR NUMBER
/8
XINT = 0 = XINT7-0 = 0 THRU 255

Figure 6-6. Expanded Mode

In expanded mode, external logic is responsible for posting and prioritizing external sources.
Typically, this scheme is implemented with a simple configuration of external priority encoders.
As shown in Figure 6-7, simple, combinational logic can handle prioritization of the external
sources when more than one expanded interrupt is pending. The interrupt source, in this example,
must remain asserted until the processor services the interrupt and clears the source.

The external-interrupt pins in expanded mode are always level-low activated. The interrupt
controller ignores vector numbers O though 7. The output of the external priority encoders in
Figure 6-7 can use the O vector to indicated that there are no external interrupts pending.

Bit 0 of the IMSK register provides a global mask for all expanded interrupts. The remaining bits
(bits 1-7) of the register should be set to 0 in expanded mode. The mask bit can optionally be
saved and cleared when an expanded mode interrupt is serviced. This allows other hardware-
requested interrupts to be locked out until the mask is restored. (See Mask Options later in this
chapter.) The bits 0-7 of the IPND register, in expanded mode, have no function since external
logic is responsible for posting interrupts.
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Mixed Mode

In the mixed mode, pinsXINTO through XINT4 are configured for expanded mode. These pins
are encoded for the five most-significant bits of an expanded-mode vector number; the three
least-significant bits of the vector number are set internally to be 010,. Pins
XINTS through XINT?7 are configured for dedicated mode.

Bit 0 of the IMSK register is a global mask for the expanded-mode interrupts, and bits 5 through
7 mask the dedicated interrupts from pins XINTS through XINT7, respectively. Bits 1-4 of the
IMSK register must be set to O in mixed mode. The IPND register posts interrupts from the
dedicated-mode pins (XINTS-XINT?7). The bits in the IPND register corresponding to expanded-
mode inputs are not used.

Non-Maskable Interrupt

The NMI pin generates an interrupt for implementation of highly-critical interrupt routines. The
NMI provides an interrupt that cannot be masked and that has a higher priority than the priority-
31 interrupts and the priority-31 process priority. The interrupt vector for the NMI resides in the
interrupt table as vector number 248. During initialization, the core caches the vector for the
NMI on-chip, to reduce NMI latency.

When the core receives an NMI request, it is serviced immediately. While servicing an NMI, the
core will not respond to any other interrupt requests (even another NMI request) until it has
returned from the NMI-handling procedure. An interrupt request on the NMI pin is always
falling-edge detected.

Saving the Interrupt Mask

The IMSK register is automatically saved in register r3 when a hardware-requested interrupt is
serviced. After the mask is saved, the IMSK register is optionally cleared. This action allows all
interrupts, except NMIs, to be masked while an interrupt is being serviced. Since the value of the
IMSK register is saved, the interrupt procedure can restore the value before returning. The
option of clearing the mask is selected by programming the ICON register. Several options are
provided for clearing the interrupt mask:

1) Mask is unchanged.

2) Clear for dedicated-mode sources only.

3) Clear for expanded-mode sources only.

4) Clear for all hardware-requested interrupts (dedicated and expanded mode).

Options 2 and 3 are provided for use in mixed mode, where both dedicated-mode and expanded-
mode inputs are allowed. Recall that DMA interrupts are always dedicated-mode interrupts.
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Note: If the same interrupt is requested simultaneously by a dedicated- and an expanded-mode source, the interrupt
is considered an expanded-mode interrupt, and the IMSK register is handled accordingly.

One example of the use of the mask is to lock out other interrupts when executing time-critical
portions of an interrupt-handling procedure. All hardware-generated interrupts are masked until
software explicitly replaces the mask.

Another example of the use of the mask options is for handling priority-31 interrupts. Remember
that priority-31 interrupts are interrupted by priority-31 interrupts. If level-activated inputs
request a priority-31 interrupt, it is necessary to save and clear the IMSK register when the
interrupt is taken. For interrupt inputs which are level activated, an interrupt-handler is typically
responsible for acknowledging the interrupt source, thus signalling the source to deactivate. If
this is not done, the interrupt controller will continue to detect the active level. Each time the
interrupt is detected, another priority-31 interrupt will be nested, preventing the first instruction
of the interrupt-handling procedure from being reached.

Optimizing Interrupt Latency and Throughput

The 80960CA controller provides several features aimed at reducing the time required to respond
to and service interrupts. The following section describes three features for reducing interrupt
latency: caching interrupt vectors on-chip; DMA suspension while servicing interrupts, and
caching of interrupt-handling-procedure code.

Vector Caching Option

To reduce interrupt latency, the 80960CA allows some vector entries in the interrupt table to be
cached in internal data RAM. When the caching option is selected, all interrupts with a vector
number with the four least-significant bit equal to 0010, are cached. When the vector option is
enabled, and an interrupt request is received for one of these interrupts, the controller fetches the
associated vector from internal RAM rather than from the interrupt table in memory. This option
is selected when programming the ICON register.

To use this feature, software must explicitly store the vector entries in internal RAM. Since the
internal RAM is mapped directly to the address space, this operation can be performed using the
core's store instructions. Table 6-1 shows the required mapping of the vectors to specific
locations in the internal RAM. For example, the vector entry for vector number 18 must be stored
at RAM location 04H, and so on. The NMI vector is also shown in Table 6-1, (remember this
vector is always cached in internal data RAM at location 0000H). The processor automatically
loads this location at initialization with the value of vector number 248 in the interrupt table.
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Table 6-1. Location of Cached Vectors in Internal RAM

Interrupt/NMI Internal RAM
Vector Number Address
NMI (248) 0000H
0001 0010, (18) 0004H
0010 0010, (34) 0008H
0011 0010, (50) 000CH
0100 0010, (66) 0010H
0101 0010, (82) 0014H
0110 0010, (98) 0018H
01110010, (114) 001CH
1000 0010, (130) 0020H
1001 0010, (146) 0024H
1010 0010, (162) 0028H
1011 0010,(178) 002CH
1100 0010, (194) 0030H
1101 0010, (210) 0034H
1110 0010, (226) 0038H
1111 0010, (242) 003CH

Note that the vectors that can be cached coincide with the vector numbers that can be selected
with the mapping registers and assigned to dedicated-mode inputs.

DMA Suspension on Interrupts

The core resources required to execute a DMA operation may affect the interrupt latency. A
DMA operation may be temporarily suspended to reduce the effects of the DMA when interrupt-
response time is critical. The DMA suspension option is programmed in the ICON register.
When the option is selected, the core suspends DMA processing while it is executing a call to an
interrupt-handling procedure for a hardware-requested interrupt. Once the core begins executing
the interrupt procedure, it restores DMA processing.

To improve interrupt throughput, DMA processing can be suspended until the execution of an
interrupt-handling procedure is complete. To accomplish this, the interrupt procedure must
explicitly suspend the DMA operation by clearing the channel enable field in the DMA
command (DMAC) register. (See Chapter 15, DMA Controller for more information on this
subject.)
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CACHING OF INTERRUPT-HANDLING PROCEDURES

The time required to fetch the first instructions of an interrupt-handling procedure affects the
interrupt response time and throughput. The controller allows this fetch time to be reduced by
caching interrupt procedures, or portions of the procedures, in the 80960CA's instruction cache.
This caching of interrupt procedures is done in the following way.

The instruction cache is divided into two 512-byte halves (Figure 6-8). One or both of these
halves can be used for storing interrupt-procedure code. Typically, one half is used as a normal
instruction cache, and the other half for caching of interrupt procedures.

Those sections of the interrupt-handling procedures that are to be cached must be placed in a
contiguous block of memory. The last instruction for each procedure in this block must be a
return from the interrupt procedure, or a branch to the remainder of the procedure, located in
another area of the address space. The maximum size of this block is 512 bytes or 1024 bytes,
depending on how the instruction cache is to be configured.

The sysctl instruction provides the mechanism for loading and locking this block of interrupt
procedures into the instruction cache. The sysctl instruction is issued with the configure
instruction cache message type. The address of the block of interrupt procedures in memory is
specified as an operand of the instruction.

The two least-significant bits of the interrupt vector must be set 1X, to specify that the interrupt
procedure will be fetched from the locked cache rather than the normal memory hierarchy. If the
procedure is in the cache, it begins executing it. If a miss at the locked cache occurs, the interrupt
procedure will be executed from the normal memory hierarchy. (See Chapter 5, Programming
Environment for a detailed description of the sysctl instruction, and how to configure the load-
and-lock features of the instruction cache.)
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Figure 6-8. Caching Interrupt-Handling Code
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Characterizing Interrupt Latency

The time required to perform an interrupt task switch is referred to as the interrupt latency. The
latency is the time measured between the activation of an interrupt source and the execution of
the first instruction for the interrupt-handling procedure for the source.

The interrupt controller in the 80960CA is designed to minimize latency for hardware-generated
interrupts. This is achieved by implementing the interrupt detection and the priority-evaluation
logic directly in hardware. The latency on the 80960CA depends on several components which
are inherent to the internal hardware and the architecture-defined interrupt mechanism. The
latency also depends on the hardware and software environment of a particular application. The
components of interrupt latency are as follows:

T (detect) - This latency component is the time taken by the interrupt controller for detecting a
valid interrupt and for signalling the core that the interrupt is to be serviced. This component
depends on the value of the sample-detection mode bit in the ICON register. The fast sample
mode results in several clocks less latency than the debounce sample mode.

T(ufiow) - This is the latency caused by the execution of the interrupt micro-flow routines. The
interrupt microcode performs a complete context switch and allocates a new set of local registers.
This latency component is reduced by selecting the vector caching option and the lowest for the
NMLI, since this is a highly time-critical interrupt.

T (prior_operations) - This is the latency component due to all non-interruptable instruction or
microcode sequences in an application program and the time for finishing pending bus requests.
This latency component depends on a system's external-bus performance, and the use of
microcoded instructions and functions in an application. Typically, the component is 0 if a
single-cycle instruction is interrupted, and the bus request queue is not full when the interrupt
occurs.

T (trame flush) - If an interrupt occurs when the on-chip local register cache is full, it is necessary

to flush local registers to memory. The time required to flush the registers is characterized by
T (rame_fuushy- 1ypically, no frame flush occurs for an interrupt, and this component is 0.
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T (vector fetch) - This is the time required for the processor to fetch the interrupt vector from
external memory. This component is always O if an interrupt vector is cached in internal data
RAM.

T (instruction fetch) - This is the latency component for fetching the first instruction for an interrupt
handler. It is O if the instruction is fetched from the on-chip instruction cache. The instruction
cache locking mechanism is provided to guarantee that the instruction will be fetched from
cache.

Table 6-2 lists the values for the dominant components of interrupt latency, the detect latency
(T (getecr)) and the micro-flow latency (T(ygow))- The other latency components listed above are

typically 0, or have the value O for certain interrupt controller configurations.

Table 6-2. Components of Interrupt Latency

Latency Component Latency Condition
(PCLK cycles)

T(detect) 5 Fast sample mode, NMI

9 Debounce sample mode, NMI

10 Fast sample mode, non-NMI

14 Debounce sample mode, non-NMI
Tutlow) 20 NMI

20 Non-NMI, cached vector

24 non-NMI, non-cached vector

Note: The detection latency (T(detecr)) for a dedicated interrupt is further reduced by 2 clocks when the input priority
is at least 16 and all other hardware interrupt priorities are less than 16.

The latency for an interrupt is the sum of the latency components described above. For example,
consider a typical dedicated-mode interrupt. The interrupt controller is configured for fast-
sample mode, cached-interrupt vectors; and the interrupt procedure is locked in the instruction
cache. In this case, the interrupt latency is 10+20=30 clocks. (This is a typical latency of 0.9 us
at 33 MHz.) A similar calculation yields a latency of 54+20=25 clocks for the NMI input. (This
is a typical NMI latency of .75 us at 33MHz.)
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External Interface Description

This section describes the physical characteristics of the interrupt inputs. The 80960CA provides

eight external interrupt pins and one non-maskable interrupt pin for detecting external interrupt
requests. The eight external pins can be configured as dedicated inputs, where each pin is capable
of requesting a single interrupt. The external pins can also be configured in an expanded mode,
where the value asserted on the external pins represents an interrupt vector number. In this mode,

up to 248 values can be directly requested with the interrupt pins. The external interrupt pins can

be configured in mixed mode. In this mode, some pins are dedicated inputs, and the remaining

pins are used in expanded mode.

Pin Descriptions
The interrupt controller provides nine interrupt pins:

XINT7-XINTO External Interrupt (Input) - The external interrupt pins cause interrupts to
be requested. These pins are software configurable for three different
modes: dedicated mode, expanded mode, and mixed mode. Each pin can
be programmed as an edge-detect input or as a level-detect input.
Additionally, a debouncing mode for these pins can be selected under
program control.

NMI Non-Maskable Interrupt (Input) This input causes a non-maskable
interrupt event to occur. NMI is the highest priority interrupt recognized.
The NMI pin is an edge-activated input. A debouncing mode for NMI
can be selected under program control. These pins are internally
synchronized.

The functions of the external-interrupt pins depend on the mode of operation (expanded,
dedicated, or mixed) and on several other options selected by setting bits in the ICON register.
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Interrupt Detection Options

When an external-interrupt pin is programmed for dedicated-mode operation, it can be
programmed for level-low detection or falling-edge detection in the ICON register. Also, all of
the dedicated inputs and theNMI pin can be programmed (globally) for fast sampling or

debounce sampling. Expanded-mode inputs are always sampled in the debounce mode.

When a pin is programmed for low-level detection, the input is detected whenever a logic O is
present on the pin. When a pin is programmed for edge detection, the input is detected only when
a 1 to O transition occurs. The debounce sampling mode requires that a low level is detected for
three consecutive samples before the input is detected. The inputs are sampled internally once
every two PCLK cycles. This feature provides a built-in filtering of noisy or slow-falling inputs.
Figure 6-9 shows how a signal is sampled in each mode. The debounce-sampling option adds

several clocks to an interrupt's latency due to the multiple clocks of sampling.

LEVEL
DETECT

EDGE
DETECT

FAST DETECT DEBOUNCE OPTION
PCLK XN XY X POLK $060d0bdo0ded
NPT slo_o[s tiilvidad) “sls s b bfs
PCLK XXX XXX X) PCLK 90é0do0do b
NPT b s [ NPor o Sls s o oS
S = Sample

D = Sample and Detect Interrupt

Figure 6-9. Level and Edge Detection Options
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Programmer's Interface

The programmer interfaces to the interrupt controller with four control registers, and two special
function registers: the ICON control register; the IMAPO-IMAP2 control registers; the IMSK
special-function register; and the IPND special function register. These registers are described in
the following sections.

Interrupt Control Register (ICON)

The ICON register (Figure 6-10) is a 32-bit control register that is used to set up the interrupt
controller. Software can load this register using the sysctl instruction. The ICON register is also
automatically loaded at initialization from the control table in external memory.
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INTERRUPT MODE - ICON.Im
(00) DEDICATED
(01) EXPANDED
(10) MIXED
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SIGNAL DETECTION MODE - ICON.sdm
(0) LEVEL-LOW ACTIVATED
(1) FALLING-EDGE ACTIVATED
GLOBAL INTERRUPTS ENABLE - ICON.gie
(0) ENABLED
(1) DISABLED
MASK OPERATION - ICON.mo
(00) UNCHANGED
(01) MOVE TO r3 AND CLEAR
FOR DEDICATED MODE
INTERRUPTS
(10) MOVE TO r3 AND CLEAR
FOR EXPANDED MODE
INTERRUPTS
(11) MOVE TO r3 AND CLEAR
FOR DEDICATED AND
EXPANDED MODE
INTERRUPTS
VECTOR CACHE ENABLE - ICON.vce
(0) FETCH FROM INTERNAL RAM
(1) FETCH FROM EXTERNAL MEMORY
SAMPLING MODE - ICON.sm
(0) DEBOUNCE
(1) FAST

DMA SUSPENSION - ICON.dmas
(0) RUN ON INTERRUPT
(1) SUSPEND ON INTERRUPT

» » 3 a| —

S|s|s|s|s|sys|s}| ]
s{YI™|I™|9 d|d|d|d|d]|d]d|d]| ]|
mlcial3[! ' [m|m|m{m|[m|[m|{m|m[™™
el el7]6|5]4]3]2]1]o]]°

28 24 20 16 12 8 4 0

INTERRUPT CONTROL REGISTER (ICON)
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(INITIALIZE TO 0)

Figure 6-10. Interrupt Control (ICON) Register

The interrupt-mode field (bits 0 and 1) of the ICON register determines the mode of operation for
the external-interrupt pins (XINTO through XINT7) - dedicated, expanded, or mixed.
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The signal-detection-mode bits (bits 2 through 9) determine whether the signals on the individual
external-interrupt pins (XINTO - XINT7) are level-low activated or falling-edge activated
Expanded-mode inputs are always level-detected, and the NMI input is always edge-detected
regardless of the value of this bit.

The global-interrupts enable bit (bit 10) globally enables or disables the external-interrupt pins
and the DMA inputs. It does not affect theNMI pin. This bit performs the same function as
clearing the mask register.

The mask-operation field (bits 11 and 12) determines the operation the core performs on the
mask register when a hardware-generated interrupt is serviced. On an interrupt, the IMSK
register is either unchanged; cleared for dedicated-mode interrupts; cleared for expanded-mode
interrupts; or cleared for both dedicated- and expanded-mode interrupts.

The vector cache enable bit (bit 13) determines whether or not the interrupt table vector entries
will be fetched from the interrupt table or from internal data RAM. Only the vectors with four
least-significant bits equal to 0010, may be cached in internal data RAM.

The sampling-mode bit (bit 14) determines whether the dedicated inputs and NMI pin are
sampled using debounce sampling or fast sampling. Expanded-mode inputs are always detected
using the debounce mode.

The DMA-suspension bit (bit 15) determines whether or not DMA continues running or is
suspended while an interrupt procedure is being called.

Bits 16 through 31 are reserved and should be set to O at initialization.

Interrupt Mapping Registers (IMAPO-IMAP2)

The IMAP registers (Figure 6-11) are three 32-bit registers IMAPO through IMAP2). The bits in
these registers are used to program the vector number associated with the interrupt source when
the source is connected to a dedicated-mode input. Registers IMAPO and IMAPI1 contain
mapping information for the external-interrupt pins (four bits per pin), and register IMAP2
contains mapping information for the DMA-interrupt inputs (four bits per input).
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Figure 6-11. Interrupt Mapping (IMAP2-IMAPO) Reglsters
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Each set of four bits contains the four most-significant bits of a vector number; the four least-
significant bits are always 0010;. In other words, each source can be programmed for a vector
number of PPPP 0010,, where "P" indicates a programmable bit. For example, bits 4 through 7
of IMAPO contain mapping information for theXINT1 pin. If these bits are set to 0110,, the pin
is mapped to vector number 0110 0010, (or vector number 98).

Software can load the mapping registers using the sysctl instruction. Note that bits 16 through 31
of each register are reserved and should be set to 0 at initialization.

INTERRUPT MASK AND PENDING REGISTERS (IMSK,IPND)

The IMSK and IPND registers (Figure 6-12) are special-function registers (sf1 and sf0,
respectively). Bits O through 7 of these registers are associated with the external-interrupt pins
(XINTO through XINT?7), and bits 8 through 11 are associated with the DMA-interrupt inputs
(DMAQO through DMA3). Bits 12 through 31 are reserved and should be set to O at initialization.

EXTERNAL INTERRUPT PENDING BITS — IPND.xip
(0) NO INTERRUPT
(1) PENDING INTERRUPT

DMA INTERRUPT PENDING BITS - IPND.dip
(0) NO INTERRUPT

(1) PENDING INTERRUPT y '
did|d]x|[x|x]x]x]|x]|x]|x
Pfifiipipififijififi
PIP|P|P[P{PIP|P|P|P|P
2l1jo0j7i{6i5f{413j2{1]0
28 24 20 16 12 8 4 0
INTERRUPT PENDING REGISTER (IPND) - SFO
EXTERNAL INTERRUPT MASK BITS — IMSK.xim
(0) MASKED
(1) NOT MASKED
DMA INTERRUPT MASK BITS — IMSK.dim
(0) MASKED
(1) NOT MASKED
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Figure 6-12. Interrupt Mask (IMSK) and Interrupt Pending (IPND) Registers
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The IPND register is provided to post dedicated-mode interrupts originating from the eight
external-dedicated sources (when configured in dedicated mode), or the four DMA sources.
Asserting one of these inputs causes a 1 to be latched into its associated bit in the IPND register.
Bits 0 through 7 of this register are not used in expanded mode; bits 0 through 4 are not used in
mixed mode.

The mask register provides a mechanism for masking individual bits in the IPND register. An
interrupt source is disabled if its associated mask bit is set to 0.

Bit O of the mask register has two functions. It masks interrupt pin XINTO in the dedicated mode,
and it globally masks all expanded-mode interrupts in the expanded and mixed modes. Bits 1
through 7 of this register are not used in expanded mode; bits 1 through 4 are not used in mixed
mode. When these bits are not being used, they must be cleared.

Software can read and write the IPND and IMSK registers, using any instruction that can use
special-function registers as operands.

When the core handles a pending interrupt, it clears the bit that has been latched for that interrupt
in the IPND register before it begins servicing the interrupt. If that bit is associated with an
interrupt source that is programmed for level detection, and the true level is still present, the bit
will remain set. Because of this, the interrupt routine for a level-detected interrupt must clear the
external interrupt source.

An alternative method of posting interrupts in the IPND register (other than through the external-
interrupt pins and DMA-interrupt inputs) is to sets bits in the register directly, using an
instruction (such as a move instruction). This operation has the same effect as requesting an
interrupt through the external-interrupt pins or DM A-interrupt inputs, provided that the bit set in
the IPND register is associated with an interrupt source that is programmed for dedicated-mode
operation.

Default and Reset Register Values

The ICON and IMAP2-0 registers are control registers and are loaded from the control table in
external memory when the processor is initialized or reinitialized. (The control table is described
in Chapter 2, Programming Environment.) The IMSK register is set to O when the processor is
initialized (RESET is deasserted). The value of the IPND register is undefined after a power-up
initialization. The user is responsible for clearing this register before any bits in the mask
register are set; otherwise, unwanted interrupts may be triggered. For a reset while power is on,
the value of the pending register is retained.
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Setting Up the Interrupt Controller

This section provides some examples of setting up the interrupt controller. Recall that the IMAP
and ICON registers are control registers. The entire control table is automatically read at
initialization, and the ICON and IMAP registers are loaded at that time with the values pre-
programmed in the table. In many applications, setting the values of these registers in the initial
control table is all of the setup required. The following examples describe how the interrupt
controller can be dynamically configured after initialization.

Example 6-1 sets up the interrupt controller for expanded-mode operation. Here, a value which
selects expanded-mode operation is loaded into the ICON register. The sysctl instruction is
issued with the load-control register message type (03H) and selecting group number O1H from
the control table. Group 01H contains the ICON and IMAP registers. Note that the IMAP
registers, as well as the ICON register, are reloaded with this operation.

Modifying the control table implies that the table, or part of the table, must reside in RAM. If the
control registers are modified after initialization, the control register must be relocated to RAM
by reinitializing the processor. (See Chapter 16, Initialization and System Requirements for a
description of relocating data structures after initialization.)

Example 6-1. Programming the Interrupt Controller for Expanded Mode

# Example expanded mode setup . . .

mov 0,sf1 # clear the IMSK register (mask all interrupts)

Idconst 0x01, g0

st g0,ctrl_table_ICON # store the mode information to the control table

1dconst 0x301,r4 # create operand for sysctl, selects load control
# register message type, selects register group 1

sysctl 4, 14, 14 # load control register

mov 1,sf1 # unmask expanded interrupts
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Software-Generated Interrupt Requests

Interrupts may be requested directly by a user's program. This mechanism is often useful for
requesting and prioritizing low-level tasks in a real time application.

Software can request interrupts in the following two ways:

1) With the sysctl instruction.

2) By the 80960CA, or another processor, posting an interrupt in the pending-interrupts, and
pending-priorities fields of the interrupt table.

SYSCTL Instruction

The sysctl instruction is typically used to request an interrupt in a program (Example 6-2). The H
request interrupt message type (OOH) is selected, and the interrupt vector number is specified in

the least-significant byte of the instruction operand. (See Chapter 5, Programming Environment

for a complete discussion of the sysctl instruction.)

Example 6-2. Requesting an Interrupt with the sysctl Instruction

ldconst 0x53,g5 # Vector number 53H is loaded
# into byte O of register g5 and
# the value is zero extended into
# byte 1 of the register

sysctl g5, 85, g5 # Vector number 53H is posted

A literal can be used to post an interrupt with a vector number from 8 to 31. Here, the required
value of OOH in the second byte of a register operand is implied.

The action of the core when it executes the sysctl instruction is as follows:

1) The core performs an atomic write to the interrupt table and sets the bits in the pending-
interrupts and pending-priorities fields that correspond to the requested interrupt.

2) The core updates the software-priority register with the value of the highest pending priority
from the interrupt table. This may be the priority of the interrupt that was just posted.
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The interrupt controller continuously compares the value in the software-priority register with the
current process priority and the priority of the highest pending, hardware-generated interrupt.
When the value in the software-priority register is the highest of the three, the following actions
are taken:

1) The interrupt controller signals the core that a software-generated interrupt is to be serviced.

2) The core checks the interrupt table in memory, determines the vector number of the highest
priority pending interrupt, and clears the pending-interrupts and pending-priorities bits in the
table that correspond to that interrupt.

3) Detects the interrupt with the next highest priority which is posted in the interrupt table (if
any), and writes that value into the software-priority register.

4) The core services the highest-priority interrupt.

If more than one pending interrupt is posted in the interrupt table at the same interrupt priority,
the core handles the interrupt with the highest vector number first.

The software-priority register is an internal register and is not visible to the user. The core only
updates the value in this register when a sysctl instruction requests an interrupt, and when a
software-generated interrupt is serviced.

Posting Interrupts Directly to the Interrupt Table

The 80960CA, or an external agent that is sharing memory with the 80960CA (such as an I/O
processor or another 80960CA), can post pending interrupts directly in the interrupt table by
setting the appropriate bits in the pending-priorities and pending-interrupts fields. This action,
however, does not ensure that the core will handle the interrupt immediately, nor does it cause
the core to update the value in the software-priority register. To do this, the sysctl instruction
should be used as described above.

Note: The sysctl instruction can be used at any time to explicitly force the core to check the interrupt table for
pending interrupts. This is done by specifying a vector number with a priority of zero (that is, vector numbers
0 to 7). For example, when an external agent is posting interrupts to a shared interrupt table, the sysctl
instruction could be executed periodically to guarantee recognition of pending interrupts which were posted in
the table by the external agent.
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CHAPTER 7
FAULTS

This chapter describes the fault-handling facilities of the 80960CA. The subjects covered include
the fault-handling data structures and the fault-handling mechanism. A reference section that
contains detailed information on each fault type is provided at the end of the chapter.

OVERVIEW OF THE FAULT-HANDLING FACILITIES

The architecture defines various conditions in code or in the processor's internal state that could
cause the processor to deliver incorrect or inappropriate results, or that could cause it to head
down an undesirable control path. These conditions are called "fault conditions". For example,
the architecture defines faults for divide-by-zero and overflow conditions on integer calculations,
for inappropriate operand values, and for invalid opcodes and addressing modes.

FAULT -
- - FAULT

PROCESSOR FAULT HANDLING

TABLE » | PROCEDURES

SYSTEM
PROCEDURE

TABLE ».| SUPERVISOR
> o STACK

> USER
STACK

Figure 7-1. Fault-Handling Data Structures

As shown in Figure 7-1, the architecture defines a fault table, a system procedure table, a set of
fault-handling procedures, and a stack (either a user stack or a supervisor stack or both) to handle
faults generated by the processor.
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The fault table contains pointers to the fault-handling procedures. The system-procedure table is
optionally used to provide an interface to any of the fault-handling procedures, and to allow
faults to be handled in supervisor mode. The stack frames for fault-handling procedures are
created on either the user or the supervisor stack, depending in which mode the fault is handled.

Once these data structures and the code for the fault procedures have been established in
memory, the processor handles faults automatically and independently from applications
software.

The processor can detect a fault at any time while it is executing instructions, including a
program, an interrupt-handling procedure, or a fault-handling. If a fault occurs when the
processor is executing a program, the processor determines the fault type and selects a
corresponding fault-handling procedure from the fault table. It then invokes the fault-handling
procedure by means of an implicit call. As described later in this chapter, the fault-handler call
can be a local call (call-extended operation); a system-local call (local call through the system-
procedure table); or a system-supervisor call (also through the system-procedure table).

As part of the implicit call to the fault-handling procedure, the processor creates a fault record on
the stack (i.e., the stack being used by the fault-handling procedure). This record includes
information on the fault and on the state of the processor when the fault was generated.

Following the creation of the fault record, the processor begins executing the selected fault-
handling procedure. If the fault-handling procedure is able to recover from the fault, the
processor can then restore itself to its state prior to the fault and resume work on the program
with no break in the control flow of the program. If the fault-handling procedure is not able to
recover from the fault, the fault handler can call a debug monitor or perform an action such as
resetting the processor.

The procedure-call mechanism described above is used to handle faults that occur while the
processor is servicing an interrupt, or that occur while the processor is working on another fault-
handling procedure.

FAULT TYPES

The 80960 architecture defines a basic set of faults which are categorized by type and subtype.
Each fault has a unique type number and a subtype number. When the processor detects a fault, it
records the fault type and subtype numbers in a fault record. It then uses the type number to
select a fault-handling procedure. The fault-handling procedure has the option of using the
subtype number to select a specific fault-handling action.
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The 80960CA recognizes faults defined in the 80960 architecture and a new fault subtype for
detecting unaligned memory accesses. Table 7-1 lists all the faults that the 80960CA detects,

arranged by type and subtype.

Table 7-1. 80960CA Fault Types and Subtypes

Fault Type Fault Subtype Fault Record
Number | Name Number/Bit | Name
Position
OH Parallel 2H-FFH Indicates number of faults XX00 XX02H
that occur in parallel XX00 XXFFH
1H Trace Bit 1 Instruction Trace XX01 XX02H
Bit2 Branch Trace XX01 XX04H
Bit 3 Call Trace XX01 XX08H
Bit 4 Return Trace XX01 XX10H
Bit 5 Prereturn Trace XX01 XX20H
Bit 6 Supervisor Trace XX01 XX40H
Bit7 Breakpoint Trace XX01 XX80H
2H Operation 1H Invalid Opcode XX02 XX01H
2H Unimplemented XX02 XX02H
3H Unaligned (see note) XX02 XX03H
4H Invalid Operand XX02 XX04H
3H Arithmetic 1H Integer Overflow XX03 XX01H
2H Arithmetic Zero-Divide XX03 XX02H
4H Reserved
(Floating Point)
SH Constraint 1H Constraint Range XX05 XX01H
2H Privileged XX05 XX02H
6H Reserved
TH Protection Bit 1 Length XX07 XX01H
8H-9H | Reserved
AH Type 1H Type Mismatch XX0A XX01H
BH -FH | Reserved
Note: The operation-unaligned fault is an 80960CA-specific extension.
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The first column of Table 7-1 gives the fault type numbers in hexadecimal, and the second
column gives the name of the fault type.

The third column gives the fault subtype number, either as a hexadecimal number or as a bit
position in the 8-bit fault subtype field in the fault record. The bit position method of indicating a
fault subtype is used for faults such as the trace faults, where it is possible for two or more fault
subtypes to be generated simultaneously.

The fourth column gives the name of the fault subtype. For convenience, individual faults are
referred to in this manual by their fault-subtype name. Thus an operation-invalid-operand fault is
referred to as simply an invalid-operand fault, or an arithmetic-integer-overflow fault is referred
to as an integer-overflow fault.

The fifth column of Table 7-1 shows the encoding of the word in the fault record that contains
the fault type and fault subtype numbers.

Note: Other 80960 implementations may provide different extensions that recognize different fault conditions. The
encoding of fault types and subtypes allows any of these additional faults to be included in the fault table
along with the basic faults. Space in the fault table will be reserved in such a way that specific
implementation-defined faults are encoded the same for each processor that uses them. For example, Fault
Type 4 is reserved for floating-point faults. Any processor based on the 80960 architecture that provides
floating-point operations will use Entry 4 to store the pointer to the floating-point-fault-handling procedure.

FAULT TABLE

The fault table (Figure 7-2) provides the processor with a pathway to fault-handling procedures.
It can be located anywhere in the address space. The processor obtains a pointer to the fault table
during initialization.

There is one entry in the fault table for each fault type. When a fault occurs, the processor uses
the fault type to select an entry in the fault table. From this entry, the processor obtains a pointer
to the fault-handling procedure for the type of fault that occurred. Once a fault-handling
procedure has been called, it has the option of reading the fault subtype or subtypes from the
fault record to determine the appropriate fault recovery action.

As shown in Figure 7-2, two types of fault-table entries are allowed: a local-call entry, and a
system-call entry. Each entry type is two words long. The entry-type field (bits O and 1 of the

first word of the entry) and the value in the second word of the entry determine the entry type.

A local-call entry (entry type 00) provides an instruction pointer (address in the address space)
for the fault-handling procedure. Using this entry, the processor invokes the specified procedure
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by means of an implicit local-call operation. The second word of a local-procedure entry is
reserved. It should be set to zero when the fault table is created and not accessed after that.

31 FAULT TABLE 0
PARALLEL FAULT ENTRY OH
TRACE FAULT ENTRY 8H

OPERATION FAULT ENTRY 10H

ARITHMETIC FAULT ENTRY 18H

20H

CONSTRAINT FAULT ENTRY 28H

30H

PROTECTION FAULT ENTRY 38H

40H

TYPE FAULT ENTRY 48H

50H

FCH

31 LOCAL-CALL ENTRY 210
FAULT-HANDLER PROCEDURE ADDRESS

31 SYSTEM-CALL ENTRY 210
FAULT-HANDLER PROCEDURE NUMBER | 1 | ofn
0000 027FH n+d

RESERVED (INITIALIZE TO 0)

Figure 7-2. Fault Table and Fault-Table Entries

A system-call entry provides a procedure number in the system-procedure table. This entry must
have an entry type of 10 and a value in the second word of 0000 027FH. Using this entry, the
processor invokes the specified fault-handling procedure by means of an implicit call-system
operation similar to that performed for the calls instruction. A fault-handling procedure in the
system-procedure table can be called with a system-local call or a system-supervisor call,
depending on the entry type in the system-procedure table.
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To summarize, a fault-handling procedure can be invoked through the fault table in any of three
ways: a local call, a system-local call, or a system-supervisor call.

STACK USED IN FAULT HANDLING

The architecture does not define a dedicated fault-handling stack. Instead, the processor uses the
stack that is active when the fault is generated (the user stack, the interrupt stack, or the
supervisor stack) to handle a fault, with one exception. If the user stack is active when a fault is
generated and the fault-handling procedure is called with an implicit supervisor call, the
processor switches to the supervisor stack to handle the fault.

FAULT RECORD

When a fault occurs, the processor records information about the fault in a fault record in
memory. The fault-handling procedure uses the information in the fault record to correct or
recover from the fault condition and, if possible, resume execution of the program. The fault
record is stored on the stack that the fault-handling procedure will use to handle the fault.

Fault Record Data

Figure 7-3 shows the structure of the fault record. In this record, the type number of the fault is
stored in the fault-type field and the subtype number (or bit positions for multiple subtypes) of
the fault subtype is stored in the fault-subtype field. The address-of-faulting-instruction field
contains the IP of the instruction that the processor faulted upon.

The values of the process-controls register and arithmetic-controls register at the time that a fault
is generated are stored in their respective fields in the fault record. This information is used to
resume work on the program after the fault has been handled. In the case of parallel instruction
execution, these fields contain the states of the registers when the processor has completed all
parallel and out-of-order instruction execution.
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PROCESS CONTROLS NFP-16

ARITHMETIC CONTROLS NFP-12
FAULT SUB-TYPE | NFP-8
ADDRESS OF FAULTING INSTRUCTION NFP—4

RESERVED

Figure 7-3. Fault Record

The optional-data field is defined for certain faults, and contains additional information about the
faulting conditions, usually to assist resumption. The parallel fault type is the fault that contains
optional data on the 80960CA. The processor can generate parallel faults when instructions are
executed in parallel. Parallel faults and the contents of the optional-data field for this fault type,
are described later in the section titled Multiple Fault Conditions. All of the bytes not used in the
fault record are reserved.

Return Instruction Pointer

When a fault-handling procedure is called, like any call, a return-instruction pointer is saved in
the RIP register (r2). The RIP is intended to point to an instruction where program execution can
be resumed with no break in the control flow of the program. It generally points to the faulting
instruction or to the next instruction to be executed. In some instances, however, the RIP is
undefined. The Fault Reference section, later in this chapter, defines the RIP content for each
fault.

When the RIP refers to a "next instruction”, this does not always mean the instruction directly
after the faulting instruction. Instead, it is an instruction to which the processor can logically
return to resume execution of the program.

Fault Record Location

The fault record is stored in the stack that the processor uses to execute the fault-handling
procedure. As shown in Figure 7-4, this stack can be the user stack, the supervisor stack, or the
interrupt stack. The fault record begins at the byte address NFP-1. NFP refers to the new frame
pointer which is computed by adding the memory size allocated for padding and the fault record
to the new stack pointer (NSP).
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The processor automatically determines the number of bytes required for the fault record and
increments the FP by that amount, rounding it off to the next highest 16-byte boundary. The size
of the fault record is variable and depends on the size of the optional fault-data portion of the
fault record.

Note: The alignment of stack frames is defined for each implementation of the 80960 architecture. This alignment-
boundary is calculated from the relationship SALIGN*16. For example, if SALIGN is selected to be 4, stack
frames are aligned on 64-byte boundaries. (In the 80960CA, SALIGN = 1)

CURRENT STACK
(USER, SUPERVISOR, OR INTERRUPT STACK) o
31
FP
CURRENT FRAME \

LOCAL STACK OR SUPERVISOR STACK?

o

31

NSP;
PADDING AREA
STACK
GROWTH
FAULT

N FAULT RECORD AN e
NFP—4
NFP

} NEW FRAME }

Figure 7-4. Storage of the Fault Record on the Stack
Note: 1) If the call to the fault-handler procedure does not require a stack switch, the new stack pointer (NSP) will

be the same as SP.
2) 1If the processor is in user mode and the fault-handler procedure is called with system-supervisor call, the
processor switches to the supervisor stack.

MULTIPLE AND PARALLEL FAULTS

Multiple fault conditions can occur in two circumstances: (1) during the execution of a single
instruction; and (2) during the execution of multiple instructions, when the instructions are
executed by parallel execution within the processor. The following sections describe how faults
are handled under these conditions.
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Multiple Faults

Multiple fault conditions can occur during the execution of a single instruction. For example, an
instruction can have an invalid operand and unaligned address. When this situation occurs, the
processor is required to recognize and generate at least one of the fault conditions. The processor
may not detect all of the multiple fault conditions and may not report all multiple faults that it
detects.

In a multiple fault situation, the fault condition which is reported is left to the implementation.
The architecture however, does define the criteria for determining which fault to report when
trace fault conditions are one or more of the fault conditions.

Multiple Trace Fault Conditions Only

Multiple trace-fault conditions which are generated by the execution of a single instruction will
be reported in a single trace fault. To support this multiple fault reporting, the trace fault uses bit
positions in the fault-subtype field to indicate the occurrence of multiple faults of the same type
(see Table 7-1).

For example, when instruction tracing is enabled, an instruction-trace fault condition is detected
on each instruction that is executed, along with other trace-fault conditions that are enabled (e.g.
a call-trace fault or a branch-trace fault.) The processor generates a trace fault after each
instruction and sets the appropriate bit (or bits) in the fault-subtype field to indicate the
instruction-trace fault and any other trace-fault subtypes that occurred. See Chapter 8, Tracing
and Debug for a detailed description of the trace fault.

Multiple Trace Fault Conditions with Other Fault Conditions

The execution of a single instruction can create one or more trace-fault conditions in addition to
multiple non-trace-fault conditions. When this occurs, the processor generates at least two faults:
a non-trace fault and a trace fault.

The non-trace fault is handled first and the trace fault is triggered immediately after executing the
return instruction (ret) at the end of the non-trace fault handler.

Parallel Faults

As described in Appendix A, 80960CA Internal Architecture, the 80960CA exploits the
architecture's tolerance of parallel and out-of-order instruction execution by issuing instructions
to multiple, independent execution units on the chip. The following sections describe how the
processor handles faults in this environment.
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Faults in One Parallel Instruction

When a fault occurs during the execution of a particular instruction, it is not possible to suspend
other instructions that are already executing in other execution units. To handle the fault, the
processor continues executing new instructions until each of the execution units has completed
executing its respective instruction and all out-of-order instructions have been executed.

For example, if an integer overflow occurs during the addition in the following code example,
the fault is detected before the load and the multiply have completed execution. Before invoking
the integer-overflow fault-handling procedure, the processor waits for the load and multiply to
complete.

1d (20), g1;
muli g2, g4, g6;
addi g8, g9, g10; # results in integer overflow

Faults in Multiple Parallel Instructions

When executing instructions in parallel, it is possible for faults to occur in more than one
currently executing instruction. In the code sequence above, for example, an integer overflow
fault could occur for both the muli and addi instructions, with the fault from the addi instruction
being recognized by the processor first. To report multiple parallel faults, the architecture
provides the parallel fault type.

In these parallel fault situations, the processor saves the fault type and subtype in the optional-
data field for each fault detected after the first fault. The fault-handling procedure for parallel
faults can then analyze the fault record and handle the faults. The fault record for parallel faults is
described in the next section.

The existence of multiple parallel faults is often catastrophic. Multiple parallel faults are
generated as imprecise faults, which means that recovery from the faults is normally not possible.
(Imprecise faults are described later in this chapter in the section titled Precise and Imprecise
Faults.) Unless precise faults are disallowed, a parallel-fault-handling procedure generally does
not attempt to recover from the faults, but instead calls a debug monitor to analyze the faults. If
recovery from every parallel fault is possible, the RIP allows the processor to resume executing
the program when the fault handling has completed.

Note: Even though multiple faults can be generated by multiple instructions executing in parallel, only one fault is
ordinarily generated per instruction, as described in the previous section titled Multiple Faults.
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Fault Record for Parallel Faults

Figure 7-5 shows the structure of the fault record for parallel faults.

FAULT SUBTYPE n NFP-8—((n+1)+32)

FAULT TYPE n

ADDRESS OF FAULTING INSTRUCTION (n) NFP—4—((n+1)+32)

N N

FAULT SUBTYPE 2 NFP-104
NFP-100

FAULT TYPE 2

ADDRESS OF FAULTING INSTRUCTION 2

| PARALLEL TYPE NO.

PROCESS CONTROLS
ARITHMETIC CONTROLS NFP-12

FAULT TYPE 1

ADDRESS OF FAULTING INSTRUCTION 1 NFP—4

NO. PARALLEL FAULTS | NFP-20
NFP-16

FAULT SUB-TYPE 1 NFP-8

RESERVED

Figure 7-5. Fault Record for Parallel Faults

Note: To calculate the byte offsets, “n” indicates the number of the fault. Thus, for the second fault recorded (n = 2),
the relationship (NFP-4 ((n+1)*32)) reduces to NFP-100.

When multiple parallel faults occur, the processor selects one of the faults and records it in the
first 16 bytes of the fault record, as described in the section titled Fault Record. The information
for the remaining parallel faults is then written to the optional-data field of the fault record, and
the fault-handling procedure for parallel faults is invoked.
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The first word in the optional-data field of the fault record (NFP-20) contains information about
the parallel faults. The byte at offset NFP-17 contains O0H (the encoding for the parallel-fault
type), and the byte at NFP-20 contains the number of parallel faults. The optional-data field also
contains a 32-byte parallel-fault record for each additional fault. These parallel-fault records are
stored incrementally in the fault record starting at byte offset NFP-97. The fault record for each
additional fault contains only the fault type, fault subtype, and address-of-faulting instruction
field. (The values of the arithmetic-controls and process-controls registers are not given for these
faults because they are already given in the fault record for the first fault.)

FAULT-HANDLING PROCEDURES

The fault-handling procedures can be located anywhere in the address space. Each procedure
must begin on a word boundary.

The processor can execute the procedure in the user mode or the supervisor mode, depending on
the type of fault table entry.

To resume work on a program at the point where a fault occurred (following the recovery action
of the fault-handling procedure), the fault-handling procedure must be executed in the supervisor
mode. The reason for this requirement is described in a following section titled Returning to the
Point in the Program Where the Fault Occurred.

Possible Fault-Handling Procedure Actions

Many of the faults that occur can be recovered from easily. When recovery from the fault is
possible, the processor's fault-handling mechanism allows the processor to automatically resume
work on the program or interrupt that it was working on when the fault occurred. The resumption
action is initiated with a ret instruction in the fault-handling procedure.

If recovery from the fault is not possible or not desirable, the fault-handling procedure can take
one of the following actions, depending on the nature and severity of the fault condition (or
conditions, in the case of multiple faults):

¢ Return to a point in the program or interrupt code other than the point of the fault.
¢ Call a debug monitor.

e  Explicitly write the processor state and fault record into memory and perform a shut-down
of the processor, or system.
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e Perform a shut down of the processor, or system, without explicitly saving the processor
state or the fault information.

When working with the processor at the development level, a common action of the fault-
handling procedure is to save the fault and processor state information and make a call to a
debugging device such as a debugging monitor. This device can then be used to analyze the fault
information.

Program Resumption Following a Fault

Because of the 80960CA's multi-stage execution pipeline, faults can occur prior to the execution
of the faulting instruction (i.e., the instruction that causes the fault), during the instruction
execution, or immediately following the execution. When the fault occurs before the faulting
instruction is executed, the faulting instruction may be re-executed on the return from the fault-
handling procedure.

When a fault occurs during or after execution of the faulting instruction, the fault may be
accompanied by a change in the state of the program such that the execution of the program can
not be resumed after the fault has been handled. For example, when an integer-overflow fault
occurs, the overflow value is stored in the destination. If the destination register is the same as
one of the source registers, the source value is lost, making it impossible to re-execute the
faulting instruction.

In general, resumption of program exccution with no changes in the program's control flow is
possible with the following fault types or subtypes:

e All Operation Subtypes
e Arithmetic Zero-Divide
e  All Constraint Subtypes
e All Trace Subtypes

e Length

Resumption of the program may or may not be possible with the following fault subtype:
e Integer Overflow

The effect that specific fault types have on a program is given in the fault reference section at the
end of this chapter under the heading Program State Changes.
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Returning to the Point in the Program Where the Fault Occurred

As described above, most faults can be handled so that the control flow of the program is not
affected. In this case, the processor allows work on a program to be resumed at the point where
the fault occurred, following a return from a fault-handling procedure (initiated with a ret
instruction). The resumption mechanism used here is similar to that provided for returning from
an interrupt handler.

To use this mechanism, the fault-handling procedure must be invoked using a supervisor call.
This method is required because to resume work on the program at the point where the fault
occurred, the saved process controls in the fault record must be copied back into the process-
controls register on the return from the fault-handling procedure. The processor only performs
this action if the processor is in the supervisor mode when the return is executed.

Returning to a Point in the Program Other Than Where the Fault Occurred

A fault-handling procedure can also return to a point in the program other than where the fault
occurred. To do this, the fault procedure must alter the RIP.

To predictably perform a return from a fault-handling procedure to an alternate point in the
program, the fault-handling procedure should perform the following four steps:

1) Flush the local register sets to the stack with a flushreg instruction,
2) Modify the RIP in the previous frame,

3) Clear the trace-fault-pending flag and the internal state field in the process-controls field of
the fault record before the return,

4) Execute a return with the ret instruction.

This technique should be used carefully and only in situations where the fault-handling
procedure is closely coupled with the application program. Also, a return of this type can only
be performed if the processor is in supervisor mode prior to the return.

FAULT CONDITIONS AND FAULT CONTROL

The processor generates faults implicitly when fault conditions occur, and explicitly at the
request of software. For several fault conditions, the programmer may control whether or not a
fault is actually signaled when the condition is recognized. The following sections describe the
conditions which cause faults, and the facilities for controlling faults which are optionally
generated.
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Implicit Generation of Faults

Most faults are generated implicitly. That is, they occur as a side effect of the execution of an
instruction which has encountered difficulty. The following paragraphs summarize the conditions
which cause faults. The Fault Reference section at the end of this chapter provides a detailed
description of each fault type and subtype.

Destination Overflow — When the result of an integer operation will not fit in the specified
destination, an integer-overflow fault is signaled. The integer-overflow fault-handling procedure
is invoked if the integer-overflow mask bit in the arithmetic-controls register is set to enable
these faults.

addi  subi

stib shli

muli  divi

Division by Zero — When the divisor of an integer or ordinal division is zero, the zero-divide
fault is generated.

divo divi
ediv remo
remi

Supervisor Protection Violations — If the application attempts to execute a supervisor-only
instruction while it is not in supervisor mode, the constraint-privileged fault is generated.

sdma udma
sysctl

If the application attempts to modify a supervisor-only resource while not in supervisor mode,
the type-mismatch fault is generated. On the 80960CA, the process-control register, on-chip data
RAM, and special-function registers are supervisor-only resources. The following actions if
attempted when the processor is not in supervisor mode generate a type-mismatch fault:

e Using modpc to modify the process-controls register. (Using modpc to read the register is
allowed in non-supervisor mode, and will not cause a fault.)

e  Writing to the protected on-chip data RAM.
e Reading or writing a SFR.,

Out-of-bounds System-Procedure Call — If the processor attempts to execute a calls with a

system-procedure number specified which is greater than the size of the system-procedure table,
the protection-length fault is generated.
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Invalid Instruction Encodings - If the processor encounters an invalid opcode, or an invalid
encoding of the addressing mode of a MEM-format instruction, it generates the operation-
invalid-opcode fault.

Unaligned Register Reference —If the processor detects any unaligned register reference in any
instruction which references long, triple, or quad groups of registers, the invalid-operand fault is
generated.

Unaligned Memory Access —If the processor attempts to issue a memory request to an unaligned
location, the operation-unaligned fault is signaled. The unaligned-fault mask bit located in the
fault-control word (PRCB) determines whether the fault-handling procedure will be invoked, or
whether the access will be handled transparently by the processor, without a fault. The fault-
controls word and PRCB are described in more detail in Chapter 14, Initialization and System
Requirements.

Referencing a Non-existent SFR - If the processor executes an instruction which references a
non-existent special-function register, the invalid-operand fault is generated. On the 80960CA,
only sf0, sf1 and sf2 are implemented.

Issuing a Bad System Control Command — If the processor executes an instruction which
specifies a non-existent sysctl command, the operation-invalid-operand fault is generated.

Execution from Internal Data RAM — An attempt to execute an instruction which was fetched
from the 80960CA's on-chip data RAM generates the operation-unimplemented fault.

Instruction Type is being Traced — When the processor executes an instruction selected for
tracing in the trace-controls register, and tracing is enabled by the trace-enable bit in the process-
controls register, a trace fault is generated. See Chapter 8, Tracing and Debugging for a
complete description.

Breakpoint Detected -—~When the processor executes an instruction at an instruction pointer
which matches one of the programmed instruction-address breakpoints and trace-faults are
enabled, a trace fault is generated.

When the processor issues a memory request that matches one of the programmed data-address
breakpoints and trace faults are enabled, a trace fault generated.

See Chapter 8, Tracing and Debugging for a complete discussion of the breakpoint registers.
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Explicit Generation of Faults

Two sets of instructions allow explicit generation of faults anywhere in a program. The fault-if
instructions (faulte, faultne, faultl, faultle, faultg, faultge, faulto, and faultno) allow a fault to
be generated conditionally. When one of these instructions is executed, the processor checks the
condition-code bits in the arithmetic-controls register, then generates a constraint-range fault if
the condition specified with the instruction is met.

The mark and force mark (fmark) instructions allows a breakpoint-trace fault to be generated
anywhere in the instruction stream.

Fault Controls

Certain fault types and subtypes have masks bits or flags associated with them that determine
whether or not a fault is generated when a fault condition occurs. Table 7-2 summarizes these
flags and masks, the data structures in which they are located, the fault subtypes they affect, and
where more information about them may be found.

Table 7-2. Fault Flags or Masks

Flag or Mask Name Location Faults Affected
Integer-Overflow Mask Bit Arithmetic-Controls Register Integer Overflow
No-Imprecise Faults Bit Arithmetic-Controls Register All Imprecise Faults
Trace-Enable Bit Process-Controls Register All Trace Faults
Trace-Mode Flags Trace-Controls Register All Trace Faults
Unaligned-Fault Mask Process-Control Block Unaligned fault

Note: The unaligned fault, unaligned-fault mask and the processor control block are 80960CA extensions to the
80960 architecture.

The integer-overflow mask bit inhibits an integer-overflow faults from being generated. The use
of this mask is discussed in the Fault Reference section at the end of this chapter.

The no-imprecise-faults (NIF) bit controls the synchronizing of faults for a category of faults
called imprecise faults. The function of this bit is described later in this chapter in the section
titled Precise and Imprecise Faults.

The trace-mode bits (in the trace-controls register) and trace-enable bit (in the process-controls
register) support trace faults. The trace-mode bits enable trace modes; the trace-enable bit
enables the generation of trace faults. The use of these bits is described in the Fault Reference
section on trace faults at the end of this chapter. Further discussion of these flags is provided in
Chapter 8, Tracing and Debugging.
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The unaligned-fault mask bit is located in the processor control block (PRCB), which is read
during initialization. It controls whether unaligned memory accesses are handled by the
processor, or generate a fault. (See the Chapter 10, Bus Controller.)

FAULT-HANDLING ACTION

Once a fault has occurred, the processor saves the program state; calls the fault-handling
procedure; and restores the program state (if this is possible) once the fault recovery action has
been completed. No software other than the fault-handling procedures is required to support this
activity.

Three different types of implicit procedure calls can be used to invoke the fault-handling
procedure according to the information in the selected fault-table entry: a local call, a system-
local call, and a system-supervisor call.

The following sections describe the actions the processor takes while handling faults. It is not
necessary to read these sections to use the fault-handling mechanism or to write a fault-handling
procedure. This discussion is provided for those readers who wish to know the details of the
fault-handling mechanism.

Local Fault Call

When the selected fault-handler entry in the fault table is an entry type 00, (local procedure), the
processor performs the same operation as is described in the section of Chapter 5, Procedure
Calls titled Generalized Call Operation, with the following exceptions:

e A new frame is created on the stack that the processor is currently using. The stack can be
the user stack, the supervisor stack, or the interrupt stack.

o The fault record is copied into the area allocated for it in the stack, beginning at NFP-1.
(See Figure 7-4.)

e  The processor gets the IP for the first instruction in the called fault-handling procedure from
the fault table.

e  The processor stores the fault-return code (001,) in the return-type field in the PFP.

If the fault-handling procedure is not able to perform a recovery action, it performs one of the
actions described in the section earlier in this chapter titled Program Resumption Following a
Fault.
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If the handler action results in a recovery from the fault, a ret instruction in the fault-handling
procedure allows processor control to return to the program that was being worked on when the
fault occurred. On the return, the processor performs the action described in the section of
Chapter 5, Procedure Calis titled Generalized Return Operation, except that the arithmetic-
controls field from the fault record is copied into the arithmetic-controls register. Since the call
made is local, the process-controls field from the fault record is not copied back to the process-
controls register.

System-Local Fault Call

When the fault-handler selects an entry for a local procedure in the system-procedure table (entry
type 10,), the processor performs the same action as is described in the previous section for a
local fault call or return. The only difference is that the processor gets the address of the fault-
handling procedure from the system-procedure table rather than from the fault table.

System-Supervisor Fault Call

When the fault-handler selects an entry for a supervisor procedure in the system-procedure table,
the processor performs the same action as is described in the section of Chapter 5, Procedure
Calis titled Generalized Call Operation, with the following exceptions:

e If the processor is in user mode when the fault occurs, it switches to supervisor mode, reads
the supervisor-stack pointer from the system-procedure table, and switches to the supervisor
stack. A new frame is then created on the supervisor stack.

e If the processor is already in supervisor mode when the fault occurs, the processor creates a
new frame on the current stack.

Note: If the processor is executing a supervisor procedure when the fault occurred, the current stack is the supervisor
stack; if it is executing an interrupt-handler procedure, the current stack is the interrupt stack. (The processor
switches to supervisor mode when handling interrupts.)

e The fault record is copied into the area allocated for it in the new stack frame, beginning at
NFP-1. (See Figure 7-4.)

e The processor gets the IP for the first instruction of the fault-handling procedure from the
system procedure table (using the index provided in the fault-table entry).

e  The processor stores the fault-return code (001,) in the return-type field in the PFP register.
If the fault is not a trace fault, it copies the state of the trace-control flag (byte 12, bit 0) of
the system-procedure table into the trace-enable bit of the process-controls register. If the
fault is a trace fault, the trace-enable bit is cleared.
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On a return from the fault-handling procedure, the processor performs the action described in the
section of Chapter 5, Procedure Calls titled Generalized Return Operation, with the following
exceptions:

e The arithmetic-controls field of the fault record is copied into the arithmetic-controls
register. If the processor is in supervisor mode prior to the return from the fault-handling
procedure (which it should be), the process-controls field in the fault record is copied into
the process-controls register. (Restoring the process-controls register causes the trace-fault-
pending flag and trace-enable bit to return their value before the fault occurred.) Also, if the
processor was in user mode when the fault occurred, the mode is set back to user mode;
otherwise, the processor remains in supervisor mode.

e The processor switches back to the stack it was using when the fault occurred. (If the
processor was in user mode when the fault occurred, this operation causes a switch from the
supervisor stack to the user stack.)

e If interrupts are pending that are higher than the priority of the program being returned to,
they are handled as if the interrupt had occurred at this point. If the trace-fault-pending flag
and trace-enable bit are set, the trace fault is also handled at this time.

The restoration of the process controls register causes any changes to the process controls caused
by the action of the fault-handling procedure to be lost. In particular, if the ret instruction from
the fault-handling procedure caused the trace-fault-pending flag in the process controls to be set,
this setting would be lost on the return.

Faults and Interrupts

If an interrupt occurs during an instruction that will fault, an instruction that has already faulted,
or during the selection of the fault-handling procedure, the processor handles the interrupt in the
following way: It completes the selection of the fault-handling procedure, then services the
interrupt just prior to executing the first instruction of the fault-handling procedure. On returning
from the interrupt, the fault is handled. Handling the interrupt before the fault reduces interrupt
latency.

PRECISE AND IMPRECISE FAULTS

As described earlier in this chapter in the section titled Parallel Faults, the 80960 architecture
allows some faults to be generated together and not in sequence to support parallel and out-of-
order execution of instructions. When this situation occurs, it may be impossible to recover from
some of the faults, because the state of the instructions surrounding the faulting instruction has
changed or the RIP is unpredictable.
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The processor provides two mechanisms for controlling the circumstances under which faults are
generated. These mechanisms are the no-imprecise-faults bit (NIF bit) in the arithmetic-controls
register and the synchronize-faults instruction (syncf). The following paragraphs describe how
these mechanisms can be used.

Faults are grouped into the following categories: precise, imprecise, and asynchronous. Precise
faults are those that are intended to be recoverable by software. For any instruction that can
generate a precise fault, the processor (1) does not execute the instruction if an unfinished prior
instruction will fault and (2) does not execute subsequent out-of-order instructions that will fault.
Also, the RIP points to an instruction where the processor can resume execution of the program
without breaking the control flow of the program. The following faults are always precise:

o trace

e  protection

Imprecise faults are those where the architecture does not guarantee that sufficient information is
saved in the fault record to allow recovery from the fault. For imprecise faults, the address of the
faulting instruction is correct, but the state of execution of the instructions surrounding the
faulting instruction may be unpredictable. Also, the architecture allows imprecise faults to be
generated out of order, which means that the RIP may not be of any value for recovery. The
faults that the architecture allows to be imprecise include the following:

e  operation
e  arithmetic

e  constraint

* type

Whether a specific fault is always precise, or not, is described later in the Fault Reference section
of this chapter.

Asynchronous faults are those whose occurrence has no direct relationship to the instruction
pointer. The 80960 architecture does not define any faults in this category, and the 80960CA
generates no such faults.

The NIF bit controls whether or not imprecise faults can be generated. When this bit is set, all
faults generated are precise. This means the following conditions hold true:

1) All faults are generated in order.

2) A precise fault record is provided for each fault (that is, the address of the faulting
instruction is correct, and the RIP provides a valid reentry point into the program).
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When the NIF bit is clear, imprecise faults are allowed to be generated (that is, in parallel and out
of order, and with an imprecise RIP). Here, the following conditions hold true:

1) When an imprecise fault occurs, the address of the faulting instruction in the fault record is
valid, but the saved IP is unpredictable.

2) [If instructions are executed out of order and parallel faults occur, recovery from some faults
may not be possible because the source operands of the faulting instructions may be
modified when subsequent instructions are executed out of order.

Controlling Fault Precision

The syncf instruction forces the processor to complete execution of all instructions that occur
prior to the syncf instruction and to generate all faults, before it begins work on instructions that
occur after the syncf instruction.

This instruction has two uses. One use is to force faults to be precise when the NIF bit is clear.
The other use is to ensure that all instructions are complete and all faults generated in one block
of code before the execution of another block of code begins. One example of where syncf might
be used is between the boundaries of ADA blocks, where the blocks have different exception
handlers.

Compiled code should execute with the NIF bit clear, using the syncf instruction where
necessary to ensure that faults occur in order. In this mode, imprecise faults are considered as
catastrophic errors from which recovery is not needed.

If recovery from one or more of the imprecise faults is required the NIF bit should be set. For
example, if a program needs to handle unmasked integer-overflow faults and recover from them,
and the fault-handling procedure cannot be closely coupled with the application to perform
imprecise fault recovery the NIF bit should be set.
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FAULT REFERENCE

This section describes each of the fault types and subtypes and gives detailed information about
what is stored in the various fields of the fault record. The section is organized alphabetically by

fault type. The following paragraphs describe the information that is provided for each fault type
and the notation used.

Fault Type and The fault-type section gives the number which appears in the fault-type

Subtype field of the fault record when the fault is generated. The fault-subtype
section lists the fault subtypes and their associated number for each fault
sub-type.

Function The function section gives a general description of the purpose of the

fault type, then describes the purpose of each of the fault subtypes in
detail. It also describes how the processor handles each fault subtype.

RIP The RIP section describes what value is saved in the RIP register of the
stack frame that the processor was using when the fault occurred.

Program State The program-state-changes section describes the effects that the fault
Changes subtypes have on the control flow of a program.
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Arithmetic Faults
Fault Type: 3H
Fault Subtype: Number Name
OH Reserved
1H Integer Overflow
2H Arithmetic Zero-Divide
3H-FH Reserved
Function: Indicates that there is a problem with an operand or the result of an
arithmetic instruction.
The integer-overflow fault is generated when the result of an integer
instruction overflows the destination, and the integer-overflow mask in
the arithmetic-controls register is cleared. Here, the n least-significant
bits of the result are stored in the destination, where n is the destination
size. The following instructions can generate this fault:
addi  subi
stib shli
muli  divi
The arithmetic zero-divide fault is generated when the divisor operand of
an ordinal or integer divide instruction is zero. The following instructions
can generate this fault:
divo  divi
ediv  remi
remo
RIP: IP for the instruction that would have been executed next, if the fault had

not occurred.

These faults may be imprecise when executing with the NIF bit cleared.

The integer-overflow fault may not be recoverable, because the result is
stored in the destination before the fault is generated. For example, the
faulting instruction can not be re-executed if the destination register was
also a source register for the instruction. The arithmetic zero-divide fault
is generated before the execution of the faulting instruction.
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Constraint Faults
Fault Type:

Fault Subtype:

Function:

RIP:

Program State
Changes:

5H
Number Name

OH Reserved

1H Constraint Range
2H Privileged
3H-FH Reserved

Indicates that a program or procedure has violated an architectural
constraint.

The constraint-range fault is generated when a fault-if instruction is
executed, and the condition code field in the arithmetic-controls register
matches the condition required by the instruction.

The privileged fault is also generated when a program or procedure
attempts to use a privileged (supervisor-mode only) instruction while the

processor is in user mode. The privileged instructions on the 80960CA
are:

sdma udma sysctl
No defined value.

These faults may be imprecise when executing with the NIF bit cleared.

No changes in the program's control flow accompany these faults. The
constraint-range fault is generated after the fault-if instruction has been
executed, but the program state is not affected. The privileged fault is
generated before the faulting instruction is executed.
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Operation Faults
Fault Type:

Fault Subtype:

Function:

RIP:

Number Name

OH Reserved

1H Invalid Opcode
2H Unimplemented
3H Unaligned

4H Invalid Operand
SH-FH Reserved

Indicates that the processor cannot execute the current instruction
because of invalid instruction syntax or operand semantics.

The invalid-opcode fault is generated when the processor attempts to
execute an instruction that contains an undefined opcode or addressing
mode.

The unimplemented fault is generated when the processor attempts to
execute an instruction which was fetched from the on-chip data RAM.

The unaligned fault is generated when the processor attempts to access
an unaligned word or group of words in memory, and the fault is enabled
by the unaligned-fault mask bit in the fault configuration word of the
PRCB.

The invalid-operand fault is generated when the processor attempts to
execute an instruction for which one or more of the operands have
special requirements which are not satisfied. Specifying a non-existent
special-function register, or a sysctl command which is not defined,
causes this fault. Referencing an unaligned long-, triple-, or quad-register
group will also cause this fault.

No defined value.
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Program State These faults may be imprecise when executing with the NIF bit cleared.
Changes:
A change in the program's control flow does not accompany the
operation faults, because the faults occur before the execution of the
instruction.
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Parallel Faults
Fault Type:
Fault Subtype:

Function:

RIP:

Program State
Changes:

OH (See the section titled Parallel Faults in this chapter.)

No subtypes. (See Figure 7-5.)

Indicates that one or more faults occurred when the processor was
executing instructions in parallel by different execution units. This fault
type can occur only when the NIF bit in the arithmetic-controls register is
cleared.

A fault record is saved for each other parallel fault that is detected. The
information contained in these records is the same as is described in this
section for the specific fault types.

IP of the instruction that would have executed next if faults had not been
generated.

The precision of faults recorded in a parallel fault record depends on the
type of faults detected.

A change in the program's control flow may or may not accompany
parallel faults, depending on the type of faults detected.
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Protection Faults

Fault Type: TH

Fault Subtype: Bit Number Name
Bit OH Reserved
Bit 1H Length
Bit 2H-FH Reserved

Function: Indicates that a program or procedure is attempting to perform an illegal
operation that the architecture protects against.
The length fault is generated when the index operand used in a calls
instruction points to an entry beyond the extent of the system-procedure
table.

RIP: Same as the address-of-faulting-instruction field.

Program State
Changes:

This fault type is always precise, regardless of the value of the NIF bit.

A change in the program's control flow does not accompany the length
fault, because the fault is generated before the faulting instruction.
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Trace Faults

Fault Type: 1H

Fault Subtype: Bit Number Name
Bit0 Reserved
Bit1 Instruction Trace
Bit2 Branch Trace
Bit3 Call Trace
Bit4 Return Trace
Bit5 Prereturn Trace
Bit6 Supervisor Trace
Bit 7 Breakpoint Trace

Function: Indicates that the processor has detected one or more trace events. The

architecture's event tracing mechanism is described in detail in Chapter
8, Tracing and Debugging.

A trace event is the occurrence of a particular instruction or type of
instruction in the instruction stream. The processor recognizes seven
different trace events (instruction, branch, call, return, prereturn,
supervisor, and breakpoint). It detects these events, however, only if a
mode bit is set for the event in the trace-controls register. If, in addition,
the trace-enable bit in the process-controls register is set, the processor
generates a fault when a trace event is detected.

The trace fault is generated following the instruction that causes a trace
event (or prior to the instruction for the prereturn trace event).

The following trace modes are available:
Instruction — Generates a trace event following every instruction.
Branch — Generates a trace event following any branch instruction

when the branch is taken. (The branch trace event does not occur on
branch-and-link or call instructions.)
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Call — Generates a trace event following any call or branch-and-link
instruction, or any implicit procedure call (i.e., fault- or interrupt-call).

Return — Generates a trace event following any ret (return)
instruction.

Prereturn — Generates a trace event prior to any ret (return)
instruction, providing the prereturn-trace flag in the PFP register is
set. (The processor sets this flag automatically when prereturn tracing
is enabled.)

Supervisor — Generates a trace event following any calls instruction
that references a supervisor procedure entry in the system-procedure
table, and on a return from a supervisor procedure where the return-
status type in the PFP register is 010, or 011,.

Breakpoint — Generates a trace event following any processor action
that causes a breakpoint condition (such as a mark or fmark
instruction, or a match of the instruction-address breakpoint register
or the data-address breakpoint register).

There is a trace-fault subtype and a bit in the fault-subtype field
associated with each of these modes. Multiple fault subtypes can occur
simultaneously, with the fault-subtype bit set for each subtype that
occurs.

When a fault type other than a trace fault is generated during the
execution of an instruction that causes a trace event, the non-trace-fault is
handled before the trace fault. An exception to this rule is the prereturn-
trace fault. The prereturn-trace fault will occur before the processor has a
chance to detect a non-trace-fault, so it is handled first.

Similarly, if an interrupt occurs during an instruction that causes a trace
event, the interrupt is serviced before the trace fault is handled. Again,
the prereturn trace fault is an exception. Since it is generated before the
instruction, it is handled before any interrupt that might occur during the
execution of the instruction.

The address-of-the-faulting-instruction field in the fault record contains
the IP for the instruction that causes the trace event, except for the
prereturn trace fault. For the prereturn trace fault, this field has no
defined value.
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RIP:

Program State
Changes:

IP for the instruction that would have been executed next, if the fault had
not occurred.

This fault type is always precise, regardless of the value of the NIF bit.

A change in the program's control flow accompanies all the trace faults
(except the prereturn trace fault), because the events that can cause a
trace fault occur after the faulting instruction is completed. As a result,
the faulting instruction cannot be re-executed upon returning from the
fault-handling procedure.

Since the prereturn-trace fault is generated before the ret instruction is
executed, a change in the program's control flow does not accompany
this fault, and the faulting instruction can be executed upon returning
from the fault-handling procedure.
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Type Faults
Fault Type:

Fault Subtype:

Function:

RIP:

Program State
Changes:

AH

Number Name

OH Reserved

1H Type Mismatch
2H-FH Reserved

Indicates that a program or procedure has attempted to perform an illegal
operation on an architecture-defined data type or a typed data structure.

The type-mismatch fault is generated when an attempt is made to modify
the process-controls register with the medpc instruction while the

processor is in the user mode.

The type-mismatch fault is also generated when an attempt is made to
write to the on-chip data RAM while the processor is in the user mode.

The type-mismatch fault is also generated when an attempt is made to
access a special-function register while the processor is in the user mode.

No defined value.

These faults may be imprecise when executing with the NIF bit cleared.

A change in the program's control flow does not accompany the type-
mismatch fault, because the fault occurs before the execution of the
faulting instruction.
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CHAPTER 8
TRACING AND DEBUGGING

This chapter describes the facilities of the 80960CA that allow monitoring of the run-time
activity of the processor.

OVERVIEW OF THE TRACE-CONTROL FACILITIES

The 80960 architecture provides facilities for monitoring the activity of the processor through the
generation of trace events. A trace event indicates a condition where the processor has just
completed executing a particular instruction or type of instruction, or where the processor is
about to execute a particular instruction. When the processor detects a trace event, it generates a
trace fault and makes an implicit call to the fault-handling procedure for trace faults. This
procedure can in turn call debugging software to display or analyze the state of the processor
when the trace event occurred. This analysis can be used to locate software or hardware bugs or
for general system monitoring during the development of a program.

Tracing is enabled by means of the trace-enable bit in the process-controls register and a set of
trace-mode bits in the trace-controls register. Alternately, the mark and force mark (fmark)
instructions can be used to generate trace events explicitly in the instruction stream.

The 80960CA also provides four hardware breakpoint registers that generate trace events and
trace faults. Two registers are dedicated to trapping on instruction execution addresses, while the
remaining two registers can trap on the addresses of various types of data accesses.

TRACE CONTROLS

To use the architecture's tracing facilities, software must provide trace-fault handling procedures,
perhaps interfaced with a debugging monitor. Software must also manipulate the following
registers and control bits to enable the various tracing modes, and to enable or disable tracing in
general. These controls are described in the following sections.

e Trace-controls register mode bits
e Trace-enable bit in the process-controls register.
e  Trace-fault-pending flag in the process-controls register.

e Prereturn-trace flag (bit 0) in the return-status field of the previous frame pointer register,
(PFP).
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e Trace-control bit in the supervisor-stack-pointer field of the system-procedure table.

e The breakpoint mode bits and enable bits in the breakpoint-controls (BPCON) register,
located in the control table.

e The address field in the instruction-address breakpoint (IPBO-IPB1) registers, located in the
control table.

e The address field and the enable bit in the data-address breakpoint (DABO - DABI)
registers, located in the control table.

Trace-Controls Register

The trace-controls register (Figure 8-1) allows software to define the conditions under which
trace events are generated.

TRACE-MODE BITS
INSTRUCTION TRACE MODE - TC.i
BRANCH TRACE MODE - TC.b
CALL TRACE MODE - TC.c
RETURN TRACE MODE - TC.r
PRE-RETURN TRACE MODE - TC.p
SUPERVISOR TRACE MODE - TC.s

BREAKPOINT TRACE MODE - TC.br
24 20 l Y
ildlda]o
of1fofr!FIRIF]5 '? s|pfrlc]b
ARIRA K

TRACE- I W 12 8 4 0
CONTROLS TRACE-EVENT FLAGS
REGISTER (TC) INSTRUCTION - TC.if

BRANCH - TC.bf
CALL - TC.cf
RETURN - TC.rf
PRE-RETURN - TC.pf
SUPERVISOR - TC.st
BREAKPOINT - TC.brf

HARDWARE BREAKPOINT-EVENT FLAGS
DATA-ADDRESS BREAKPOINT 0 - TC.dof
DATA-ADDRESS BREAKPOINT 1 - TC.d1f
INSTRUCTION-BREAKPOINT 0 - TC.iof
INSTRUCTION-ADDRESS BREAKPOINT 1 - TC.I1F

RESERVED
(INITIALIZE TO 0)

Figure 8-1. Trace-Controls (TC) Register
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This register contains the mode bits and the event flags. The mode bits define a set of tracing
conditions that the processor can detect. For example, when the call-trace mode bit is set, the
processor generates a trace event whenever a call or branch-and-link operation is executed. (The
trace modes are described later in this chapter in the section titled Trace Modes.) The processor
uses the event flags to keep track of which trace events have been generated.

A special instruction, the modify-trace-controls (meodtc) instruction, allows software to modify
in the TC register. On initialization, all the bits and flags in the TC register are cleared. The
modtc instruction can then be used to set or clear trace-mode bits as required.

Software can also access the event flags using the modtc instruction; however, there is generally
no reason to. The processor sets and clears these flags automatically as part of its trace-handling
mechanism.

Bits 0, 8 through 16, and 28 through 31 of the trace-controls register are reserved. Software
should initialize these bits to zero and not modify them afterwards.

Trace-Enable Bit and Trace-Fault-Pending Flag

The trace-enable bit and the trace-fault-pending flag, located in the process-controls register
control tracing. The trace-enable bit enables the processor's tracing facilities. When this bit is set
the processor generates trace faults on all trace events.

Typically, software selects the trace modes to be used through the TC register. It then sets the
trace-enable bit to begin tracing. This bit is also altered as part of some of the call and return
operations that the processor carries out, as described at the end of this chapter in the section
titled Tracing and Interrupt Procedures.

The trace-fault-pending flag allows the processor to keep track of the fact that a trace event has
been detected for an enabled trace condition. The processor uses this flag as follows. When the
processor detects a trace event and tracing is enabled, it sets the flag. Before executing an
instruction, the processor checks the flag. If the flag is set, and tracing is enabled, it signals a
trace fault. By providing a means of recording the occurrence of a trace event, the trace-fault-
pending flag allows the processor to service an interrupt or handle a faclt other than a trace fault,
before handling the trace fault. Software should not modify this flag.
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Trace Control on Supervisor Calls

The trace-control bit allows tracing to be enabled or disabled when a call-system instruction
(calls) is executed which results in a switch to supervisor mode. This action occurs independent
of whether or not tracing is enabled prior to the call.

When a supervisor call is executed (calls instruction that references an entry in the system-
procedure table with an entry type 110;), the processor saves the current state of the trace-enable
bit (from the process-controls register) in bit O of the return-type field of the PFP register. Then,
it sets the trace-enable bit in the process-controls register to the state of the trace-control bit in
the system-procedure table. The trace-control bit is located at bit 0 of byte 12 of the system-
procedure table. When the trace-control bit is set, tracing is enabled on supervisor calls; when it
is clear, tracing is disabled on supervisor calls.

On a return from the supervisor procedure, the trace-enable bit in the process-controls register is
restored to the value saved in the return-type field of the PFP register.

TRACE MODES
The following trace modes can be enabled through the trace-controls register:

e Instruction trace

e Branch trace

e Call trace

e Return trace

e  Prereturn trace

e  Supervisor trace

e  Breakpoint trace

These modes can be enabled individually or several modes can be enabled at once. Some of these
modes overlap, such as the call-trace mode and the supervisor-trace mode. The section later in

this chapter titled Handling Multiple Trace Events describes what the processor does when
multiple trace events occur.

The following sections describe each of the trace modes.
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Instruction Trace

When the instruction-trace mode is enabled, the processor generates an instruction-trace event
each time an instruction is executed. A debugging monitor can use this mode to single-step the
processor.

Branch Trace

When the branch-trace mode is enabled, the processor generates a branch-trace event any time a
branch instruction is executed and the branch is taken. A branch-trace event is not generated for
conditional-branch instructions that do not branch, or for branch-and-link, call, or return
instructions.

Call Trace

When the call-trace mode is enabled, the processor generates a call-trace event any time a call
instruction (call, callx, or calls) or a branch-and-link instruction (bal or balx) is executed. An
implicit call, such as the action used to invoke a fault-handling or an interrupt-handling
procedure, also causes a call-trace event to be generated.

When the processor detects a call-trace event, it also sets the prereturn-trace flag (bit 3 of the PFP
register) in the new frame created by the call operation or in the current frame if a branch-and-
link operation was performed. The processor uses this flag to determine whether or not to signal
a prereturn-trace event on a ret instruction.

Return Trace

When the return-trace mode is enabled, the processor generates a return-trace event any time a
ret instruction is executed.

Prereturn Trace

The prereturn-trace mode causes the processor to generate a prereturn-trace event prior to the
execution of any ret instruction, providing the prereturn-trace flag in the PFP register is set.
(Prereturn tracing cannot be used without enabling call tracing.) The processor sets the prereturn-
trace flag whenever it detects a call-trace event (as described above for the call-trace mode). This
flag performs a prereturn-trace-pending function.
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If another trace event occurs at the same time as the prereturn-trace event, the processor
generates a fault on the non-prereturn-trace event first. Then, on a return from that fault handler,
it generates a fault on the prereturn-trace event. The prereturn trace is the only trace event that
can cause two successive trace faults to be generated between instruction boundaries.

Supervisor Trace

When the supervisor-trace mode is enabled, the processor generates a supervisor-trace event any
time 1) a call-system instruction (calls) is executed, where the procedure table entry is for a
system-supervisor call, or 2) when a ret instruction is executed and the return-type field is set to
010, or 0115 (i.e., return from supervisor mode).

This trace mode allows a debugging program to determine the boundaries of kernel-procedure
calls within the instruction stream, when these procedures are called with supervisor calls.

Breakpoint Trace

The breakpoint-trace mode allows trace events to be generated at places other than those
specified with the other trace modes. This mode is used in conjunction with the mark and force-
mark (fmark) instructions, and the hardware breakpoint registers.

Software Breakpoints

The mark and fmark instructions allow breakpoint-trace events to be generated at specific
points in the instruction stream. When the breakpoint-trace mode is enabled, the processor
generates a breakpoint-trace event any time it encounters a mark instruction. The fmark causes
the processor to generate a breakpoint-trace event regardless of whether the breakpoint-trace
mode is enabled or not.

Hardware Breakpoints

The hardware breakpoint registers are provided to enable generation of trace events and trace
faults on instruction addresses, and data access addresses.
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Breakpoint-trace events can be generated when the processor executes an instruction with an IP
that matches one of the addresses programmed into the two instruction breakpoint registers
(IPBO - IPB1). Each instruction address breakpoint may be enabled or disabled individually by
programming the least significant bit in IPBO or IPB1. Figure 8-2 describes the instruction
address breakpoint registers.

INSTRUCTION-ADDRESS BREAKPOINT ENABLE - IPB.e

(0) DISABLE
(1) ENABLE
INSTRUCTION ADDRESS *
I
28 24 20 16 12 8 4

INSTRUCTION-ADDRESS BREAKPOINT
REGISTERS (IBPO-IPB1)

RESERVED
(INITIALIZE TO 0)

Figure 8-2. Instruction Address Breakpoint Registers (IPBO - IPB1)

Breakpoint-trace events may also be generated when a memory access is issued which matches
the conditions programmed in one of the two data address breakpoint registers (DABO - DAB1,
Figure 8-3). Each breakpoint register is programmed to fault when the address of an access
matches the breakpoint register and the access is one of four types: 1) any store, 2) any load or
store, 3) any data load or store or any instruction fetch, or 4) any memory access.

DATA ADDRESS l

I 1
28 24 20 . 16 12 8 4 0

DATA-ADDRESS BREAKPOINT

REGISTERS (DABO-DAB1)

Figure 8-3. Data Address Breakpoint Registers (DABO - DAB1)
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The programmer configures the breakpoint control (BPCON) register to set the data address
breakpoint mode which corresponds to one of these access types (Figure 8-4). Each data address
breakpoint may also be enabled or disabled individually by programming the enable bits in
BPCON.

L DATA-ADDRESS 0 BREAKPOINT ENABLE - BPCON.e0

(0) DISABLE
(1) ENABLE

DABO MODE (SEE TABLE)

DATA-ADDRESS 1 BREAKPOINT ENABLE - BPCON.e1
(0) DISABLE
(1) ENABLE

DAB1 MODE (SEE TABLE)

DATA-ADDRESS BREAKPOINT MODES
BREAK ON:

00 STORE ONLY

01 DATA ONLY (LOAD OR STORE)
10 DATA OR INSTRUCTION FETCH
INITIALIZE TO 0) 11 ANY ACCESS

Figure 8-4. Hardware Breakpoint Control Register (BPCON)

The instruction-address breakpoint, data-address breakpoint, and breakpoint control registers are
on-chip control registers. These registers are loaded from the control table in memory at
initialization or may be modified using the sysctl instruction. Control registers are described in
detail in Chapter 2, Programming Environment.

When the processor attempts an access which is set for detection (instruction or data breakpoint),
a breakpoint-trace event is signaled. If breakpoint-trace is enabled by the breakpoint trace mode
bit in the trace-controls register (T'C.br), the appropriate hardware breakpoint trace-event flags in
the trace controls register are set. If tracing is enabled, a trace fault is generated after the faulting
instruction completes execution.
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SIGNALING A TRACE EVENT

To summarize the information presented in the previous sections, the processor signals a trace
event when it detects any of the following conditions:

An instruction included in a trace-mode group is executed or about to be executed (in the
case of a prereturn trace event) and the trace mode for that instruction is enabled.

An implicit call operation has been executed and the call-trace mode is enabled.
A mark instruction has been executed and the breakpoint-trace mode is enabled.
An fmark instruction has been executed.

The processor is executing an instruction at an IP matching an enabled instruction-address
breakpoint register.

The processor has issued a memory access matching the conditions of an enabled data-
address breakpoint register.

When the processor detects a trace event and the trace-enable bit in the process-controls register
is set, the processor performs the following action:

D

2)

The processor sets the appropriate trace-event flag in the trace-controls register. If a trace
event meets the conditions of more than one of the enabled trace modes, a trace-event flag is
set for each trace mode condition that is met.

The processor sets the trace-fault-pending flag in the process-controls register.

Note: The processor may set a trace-event flag and the trace-fault-pending flag before it has completed execution of

the instruction that caused the event. However, the processor only handles trace events between the execution
of instructions.

If, when the processor detects a trace event, the trace-enable bit in the process-controls register is
clear, the processor sets the appropriate event flags, but does not set the trace-fault-pending flag.
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HANDLING MULTIPLE TRACE EVENTS

If the processor detects multiple trace events, it records one or more of them based on the
following precedence, where 1 is the highest precedence:

1) Supervisor-trace event

2) Breakpoint- (from mark or fmark instruction, or from a breakpoint register), branch-, call-,
or return-trace event

3) Instruction-trace event

When multiple trace events are detected, the processor may not signal each event; however, it
will at least signal the one with the highest precedence.

TRACE-FAULT-HANDLING PROCEDURE

The trace-fault-handling procedure (which the processor calls when it detects a trace event) is a
type of fault-handling procedure. The general requirements for fault-handling procedures are
given in Chapter 7, Faults.

The trace-fault-handling procedure must be involved in a specific way and is handled slightly
differently than other faults. A trace-fault-handler must be involved with an implicit system-
supervisor call. When the call is made, the trace-enable bit in the process-control register is
cleared. This disables trace faults when the trace-fault handler is executing. Recall that for all
other implicit or explicit system-supervisor calls, the trace-enable bit is replaced with the trace-
control bit located in the system-procedure table. The exceptional handling of the trace-enable
for trace-faults ensures that tracing is turned off when a trace-fault-handling procedure is being
executed. This is necessary to prevent an endless loop of trace-fault-handling calls.

TRACE-HANDLING ACTION
Once a trace event has been signaled, the processor determines how to handle the trace event,
according to the setting of the trace-enable bit and trace-fault-pending flags in the process-

controls register and to other events that might occur simultaneously with the trace event such as
an interrupt or a non-trace fault.

The following sections describe how the processor handles trace events for various situations.
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Normal Handling of Trace Events

Prior to executing an instruction, the processor performs the following action regarding trace
events:

1) The processor checks the state of the trace-fault pending flag. If this flag is clear, the
processor begins execution of the next instruction. If the flag is set, the processor performs
the following actions.

2) The processor checks the state of the trace-enable bit in the process-controls register. If the
trace-enable bit is clear, the processor clears any trace-event flags that have been set, prior to
starting execution of the next instruction.

3) If the trace-enable bit is set, the processor signals a trace fault and begins the fault-handling
action, as described in Chapter 7, Faults.

Prereturn-Trace Handling

The processor handles a prereturn-trace event the same as described above except when it occurs
at the same time as a non-trace fault. In this case, the non-trace fault is handled first.

On returning from the fault handler for the non-trace fault, the processor checks the prereturn-
trace flag in the PFP register. If this flag is set, the processor generates a prereturn-trace event,
then handles it as described above.

Tracing and Interrupt Procedures

When the processor invokes an interrupt-handling procedure to service an interrupt, it disables
tracing. It does this by saving the current state of the process-controls register, then clearing the
trace-enable bit and trace-fault-pending flag in that register.

On returning from the interrupt-handling procedure, the processor restores the process-controls
register to the state it was in prior to handling the interrupt, which restores the state of the trace-
enable bit and trace-fault-pending flag. If these two flags were set prior to calling the interrupt
procedure, a trace fault will be signaled on the return from the interrupt procedure.

Note: On a return from an interrupt-handling procedure, the trace-fault-pending flag is restored. If this flag was set
as a result of the interrupt procedure's ret instruction (i.e., indicating a return trace event), the detected trace
event is lost.

The action described above is also true on a return from a fault handler, when the fault handler has been called
with an implicit supervisor call.
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CHAPTER 9
INSTRUCTION SET REFERENCE

This chapter provides detailed information about each of the instructions for the processor. To
provide quick access to information on a particular instruction, the instructions are listed
alphabetically by assembly-language mnemonic. An explanation of the format and notation used
in this chapter is given in the following section titled Notation.

INTRODUCTION

The information in this chapter is oriented toward programmers who are writing assembly-
language code for the processor. The information provided for each instruction includes the
following:

e  Alphabetic reference

e Assembly-language mnemonic and name

e Assembly-language format

e Description of the instruction's operation

e  Action (or algorithm) and other side-effects of executing an instruction
e Faults that can occur during execution

e Assembly-language example

e Opcode and instruction-encoding format

e Related instructions

Additional information about the instruction set can be found in the following chapters and
appendices in this manual:

e  Chapter 4, Instruction Set Summary - Summary of the instruction set by group and
description of the assembly-language instruction format

e Appendix I, Instruction Set Quick Reference - A tabular quick-reference of each instruction's
operation and side-effects.

e Appendix D, Instruction Encoding Reference - A complete description of the opword
encodings of the instruction set. A quick-reference listing of instruction encodings is also
provided to assist debug with a logic analyzer.



intel INSTRUCTION SET REFERENCE

NOTATION

To simplify the presentation of information about the instructions, a simple notation has been
adopted in this chapter. The following paragraphs describe this notation.

Alphabetic Reference

The instructions are listed alphabetically by assembly-language mnemonic. If several instructions
are related and fall together alphabetically, they are described as a group on a single page.

The reference at the top of each page gives the assembly-language mnemonics for the
instructions covered on that page (e.g., subc). Occasionally it is not practical to give all the
mnemonics in the page reference. In these cases, the name of the instruction group is given in
capital letters (e.g., BRANCH or FAULT IF)

The 80960CA extensions to the 80960 instruction set are indicated with a box around the
instruction's alphabetic reference. The following 80960CA instructions are extensions:

eshro sdma

sysctl udma

Instruction set extensions are generally not portable to other 80960 implementations.

Mnemonic

The Mnemonic section gives the mnemonic (in bold-face type) and instruction name for each
instruction covered on the page, for example:

subi Subtract Integer

The CTRL and COBR format instructions also allow the optional .t or .f mnemonic suffixes for
branch prediction. The .t suffix indicates to the processor that the condition the instruction is
testing for is likely to be true. The .f suffix indicates that the condition is likely to be false. The
processor uses the programmer's prediction to prefetch and decode instructions along the most
likely execution path, when the actual path is not yet known. If the prediction was wrong, all
actions along the incorrect path are undone and the correct path is taken. For a detailed
discussion, see the section of Chapter 2, Programming Environment titled Branch Prediction,
and Appendix B, Optimizing Code for the 80960CA.
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When the programmer provides no suffix with an instruction which supports a suffix, the
assembler is free to make its own prediction.

When an instruction supports prediction, the mnemonic listing will include the notation {.t.f} to
indicate the option, for example:

be/{.tl.f} Branch If Equal

Format

The Format section gives the assembly-language format of the instruction and the type of
operands allowed. The format is given in two or three lines. The following is an example of a
two line format:

sub srcl, src2, dst
reg/lit/sfr  reg/lit/sfr  reg/sfr

The first line gives the assembly-language mnemonic (bold-face type) and the operands (italics).
When the format is used for two or more instructions, an abbreviated form of the mnemonic is
used. The "*" sign at the end of the mnemonic indicates that the mnemonic has been abbreviated.

The operand names are designed to describe the functions of the operands (e.g., src, len, mask).

The second line of the format shows what is allowed to be entered for each operand. The notation
used on this line is as follows:

reg Global (g0 ... g15) or local (10 ... r15) register

lit Literal of the range O ... 31

sfr Special Function Register (sf0 ... sf2)

disp Signed displacement of range -222] ... (222] - 1)

efa Address defined with the full range of addressing modes

targ A relative offset or displacement to the target of instruction. Usually specified

as a label in assembly code.

Note: For future implementations, the 80960 architecture allows up to a total of 32 Special Function Registers.
However, sf0, sfl and sf2 are the only Specific Function Registers implemented on the 80960CA.
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In some cases, a third line will be added to show specifically what will be in a register or
memory location. For example, it may be useful to know that a register is to contain an address.
The notation used in this line is as follows:

addr Address
disp Displacement
Description

The Description section is a narrative description of the instruction's function and operands. It
also gives programming hints when appropriate.

Action

The Action section gives an algorithm written in a pseudo-code that describes, in detail, the direct
effects and the possible side effects of executing and instruction. The algorithms document the
net effect of the instruction on the programming environment; they do not necessarily describe
how the processor actually implements the instruction. For example, the shli instruction requires
seven lines of pseudo-code to completely describe its function. Although it might appear from
the algorithm that the instruction should take multiple clocks to execute, the 80960CA
implementation executes the instruction in a single clock.

The following is an example of the action algorithm for the alterbit instruction:
if (AC.cc1=0)=0)
dst « src and not (2(bitpos mod 32));
else dst « src or (27(bitpos mod 32));
In these action statements, the term AC.cc means the condition-code field in the arithmetic

controls register. AC.ccl means bit 1 of this field. The symbol "A" indicates an exponent; for
example, 27(bitpos mod 32) is equivalent to 2(bitpos mod 32).
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Table 9-

1 lists the meaning of each abbreviation used in the instruction reference pseudo-code.

Table 9-2 explains the symbols used in the pseudo-code.

Note:

Since special function registers may change independent of instruction execution, the following distinctions
are important when interpreting the algorithm of any instruction which references an sfr.

(1) When a source operand is an sfr, and it is referenced more than once in an algorithm, the operand's value
at every reference is the same as the first reference. In other words, the instruction operates as if the sfr was
actually read only once, at the beginning of the instruction.

(2) When the same sfr is specified as the source for multiple operands of the same instruction, the instruction
will operate as if the source sfr was actually read only once, at the beginning of the instruction. When either
source operand appears in the action algorithm, the single operand value is used.

(3) When an sfr is specified as a destination, and the algorithm indicates more than one modification of the
destination, the instruction operates as if the sfr were written only once, at the end of the instruction.
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Table 9-1. Abbreviations in Pseudo-code

AC.xxx Arithmetic Controls Register fields
AC.cc Condition Code field (AC.cc2:0)
AC.ccO Condition Code Bit 0
AC.ccl Condition Code Bit 1
AC.cc2 ~ Condition Code Bit 2
AC.nif No Imprecise Faults flag
AC.of Integer Overflow flag
AC.om Integer Overflow Mask bit

PC.xxx Process Controls Register fields
PC.em Execution Mode flag
PC.s State Flag
PC.tfp Trace Fault Pending flag
PC.p Priority Field (PC.p5:0)
PC.te Trace Enable Bit

TC.xxx Trace Controls Register fields
TCi Instruction Trace-Mode Bit
TC.c Call Trace-Mode Bit
TCp Pre-return Trace-Mode Bit
TC.br Breakpoint Trace-Mode Bit
TCb Branch Trace-Mode Bit
TCr Return Trace-Mode Bit
TC.s Supervisor Trace-Mode Bit
TC.if Instruction Trace-Event flag
TC.ct Call Trace-Event flag
TC.pf Pre-return Trace-Event flag
TC.brf Breakpoint Trace-Event flag
TC.bf Branch Trace-Event flag
TC.rf Return Trace-Event flag
TC.sf Supervisor Trace-Event flag

PFP.xxx Previous Frame Pointer (r0)
PFP.add Address (PFP.add31:4)
PFP.rt Return Type Field (PFP.rt2:0)
PFP.p Pre-return Trace flag

SP Stack Pointer (r1)

FP Frame Pointer (g15)

RIP Return Instruction Pointer (r2)

SPT System Procedure Table

SPT.base Supervisor Stack Base Address
SPT(targ) Address of SPT Entry targ
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Table 9-2. Pseudo-code Symbol Definitions

— Assignment

=%, Comparison

<’ >’

<=, >=

<<, >> Logical Shift

A Exponentiation

and,or, Bitwise Logical Operations

not, xor

mod Modulo

+, - Addition, Subtraction

* Multiplication (Integer or Ordinal)

/ Division (Intéger or Ordinal)

#.. Comments

memory() Memory access of specified width
memory_{ bytelshortlwordllongltriplelquad } ()
memory() Width implied by context

Faults

The Faults section lists the faults that can be signaled as a direct result of execution of the
instruction.
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Two possible faulting conditions are common to the entire instruction set. These faults could

directly result from any instruction:
Fault Type

Trace

Operation

Sub-type/Description

Instruction. An Instruction Trace-Event is signaled
after completion of the instruction. A Trace fault is
generated if PC.te and TC.i are both set to 1.

Breakpoint. A Breakpoint Trace-Event is signaled
after completion of an instruction for which there is
a hardware breakpoint condition match, and TC.br
is set. A Trace fault is generated if PC.te and TC.br
are both set to 1.

Unimplemented. An attempt to execute any
instruction fetched from internal data-ram will cause
an operation unimplemented fault.

The above descriptions apply to the entire instruction set, and are abbreviated in the instruction

reference.

The following three possible faulting conditions are common to large subsets of the instruction

set.

Fault Type

Type

Operation

Sub-type/Description

Mismatch. Any instruction that references a special
function register while not in supervisor mode will
cause a type mismatch fault.

Mismatch. Any instruction that attempts to write to
internal data-ram while not in supervisor mode will
cause a type mismatch fault.

Unimplemented. Any instruction that causes an
unaligned memory access will cause an operation
unimplemented fault if unaligned faults are not
masked in the Processor Control Block.

Other instructions can generate faults in addition to above faults. If an instruction can generate a
fault, it is noted in the Faults section of the instruction reference.
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Example

The Example section gives an assembly-language example of an application of the instruction.

Opcode and Instruction Format

The "Opcode and Instruction Format" section gives the opcode and instruction-encoding format
for each instruction, for example:

subi 593H REG
The opcode is given in hexadecimal format. The instruction-encoding format is one of four

possible formats: REG, COBR, CTRL, and MEM. Refer to Appendix D, Instruction Encoding
Reference for more information on the formats.

See Also

The See Also section gives the mnemonics of related instructions, which can be found listed
alphabetically in this chapter.

INSTRUCTIONS

This section contains reference information on the processor's instructions. It is arranged
alphabetically by instruction or instruction group.
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addc
Mnemonic: addc Add Ordinal With Carry

Format: addc srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Description: Adds the src2 and srcl values, and bit 1 of the condition code (used here
as a carry in), and stores the result in dst. If the ordinal addition results in
a carry, bit 1 of the condition code is set; otherwise, bit 1 is cleared. If
integer addition results in an overflow, bit 0 of the condition code is set;
otherwise, bit 0 is cleared. Regardless of the results of the addition, bit2
of the condition codes always written to a 0.

The addc instruction can be used for either ordinal or integer arithmetic.
The instruction does not distinguish between ordinal and integer source
operands. Instead, the processor evaluates the result for both data types
and sets bits 0 and 1 of the condition code accordingly.

An integer overflow fault is never signaled with this instruction.
Action: dst < src2 + srcl + AC.ccl;

AC.ccO < 0CVy;

# V is 1 if integer addition would have generated an overflow.

# 0 otherwise

# C is carry out of the ordinal addition of src 2 and src /

Faults: Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.
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Example:

Opcode:

See Also:

# Example of double-precision arithmetic
# Assume 64-bit source operands
#in g0,g1 and g2,g3

cmpo 1,0 # clears Bit 1 (carry bit) of
# the AC.cc

addc g0, g2, g0 # add low-order 32 bits;
# g0 « g2 + g0 + Carry Bit

addc g1, g3, gl # add high-order 32 bits;
#gl < g3 + gl + Carry Bit
# 64-bit result is in g0, g1
addc SBOH REG

addi, addo, subc, subi, subo
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addi, addo

Mnemonic:

Format:

Description:
Action:

Faults:

Example:

Opcode:

See Also:

addi Add Integer

addo Add Ordinal

add* srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Adds the src2 and srcl values and stores the result in dst.

dst «— src2 + srcl;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Arithmetic Integer Overflow. Result is too large for the

destination register (addi only). If overflow occurs,
and AC.om is a 1, the fault is suppressed and AC.io
is set to a 1. The least significant 32-bits of the
result are stored in dst.

addird, g5,19 #r9« g5+14

addi 591H REG
addo 590H REG

addc, subi, subo, subc
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alterbit

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

alterbit  Alter Bit

alterbit  bitpos, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Copies the src value to dst with one bit altered. The bitpos operand
specifies the bit to be changed; the condition code determines the value
the bit is to be changed to. If condition code bit 1 is a 1, the selected bit is
set; otherwise, it is cleared.

if (AC.ccl = 0) dst « src and not 2N (bitpos mod 32));
else dst < src or 2\(bitpos mod 32);

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

# assume AC.cc =010,
alterbit 24, g4, g9  # g9 < g4, with bit 24 set

alterbit 58FH REG

chkbit, clrbit, notbit, setbit
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and, andnot
Mnemonic: and And
andnot  And Not
Format: and srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
andnot  srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
Description: Performs a bitwise AND (and instruction) or AND NOT (andnot
instruction) operation on the src2 and srcl values and stores the result in
dst. Note in the action expressions below, the src2 operand comes first,
so that with the andneot instruction the expression is evaluated as
{src2 andnot (srcl)}
rather than
{srcl andnot (src2)}.
Action: and: dst « src2 and srcl;
andnot:  dst « src2 and not (srcl);
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Example: and O0x17,g8,g2 # g2 « g8 AND 0x17
andnot r3,1r12, 19 #19 « r12 AND NOT r3
Opcode: and 581H REG
andnot 582H REG
See Also: nand, nor, not, notand, notor, or, ornot, xnor, xor
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atadd
Mnemonic:

Format:

Description:

Action:

Faults:

atadd Atomic Add

atadd srcldst, src, dst
reg/sfr reg/lit/sfr reg/sfr
addr

Adds the src value (full word) to the value in the memory location
specified with the src/dst operand. The initial value from memory is
stored in dst.

The read and write of memory are done atomically (i.e., other processors
must be prevented from accessing the quad-word of memory containing
the word specified by the the src/dst operand, until the operation has
been completed).

The memory location in src/dst is the address of the first byte (least
significant byte) of the word. The address is automatically aligned to a
word boundary. (Note that the src/dst operand maps to the src/ operand
of the REG format.)

tempa < src/dst and not(0x3); # force alignment to word boundary
temp < memory_word (tempa); # LOCK asserted at beginning of read
memory_word (tempa) « temp + src; # ordinal addition

# LOCK deasserted after
# memory write completes

dst « temp;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.
And/or, Non-supervisor attempt to write to internal
data RAM.
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Example:

Opcode:

See Also:

atadd r8, 12, rl11 # 18 « r2 + address r8, where r8
# specifies the address of a word
# in memory;
#1111 « initial value, stored at
# address r8 in memory

atadd 612H REG

atmod
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atmod

Mnemonic:

Format:

Description:

Action:

Faults:

atmod Atomic Modify

atmod sre, mask, srcldst
reg/sfr reg/lit/sfr reg/sfr
addr

Moves selected bits of the src/dst value into the memory location
specified in src. The bits set in the mask operand select the bits to be
modified in memory. The initial value from memory is stored in src/dst.

The read and write of memory are done atomically (i.e., other processors
must be prevented from accessing the quad-word of memory containing
the word specified with the src/dst operand, until the operation has been
completed).

The memory location in src is the address of the first byte (least
significant byte) of the word to be modified. The address is automatically
aligned to a word boundary.

tempa < src and not (0x3); # force alignment to word boundary

temp < memory_word(tempa); # LOCK asserted at

# beginning of memory read
memory_word(tempa) < (src/dst and mask) or (temp and not(mask));
# LOCK deasserted after the memory write completes
srcldst < temp;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.
And/or, Non-supervisor attempt to write to internal
data RAM.
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See Also:

INSTRUCTION SET REFERENCE

atmod g5, g7, g10 # g5 « g5 masked by g7, where g5
# specifies the address of a word
# in memory;
# g10 « initial value, stored at
# address g5 in memory

atmod 610H REG

atadd
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b, bx

Mnemonic:

Format:

Description:

Action:

b Branch
bx Branch Extended
b targ
disp
bx efa
addr
efa:
(reg) disp + 8(IP) disp [reg * scale]
offset disp (regl) [reg2 * scale]
offset (reg) disp (reg) disp (reg 1) [reg 2 * scale]

Branches to the specified target.

With the b instruction, the IP specified with the targ operand can be no
farther than -223 to (223 - 4) bytes from the current IP. When using the
Intel 80960 assembler, the targ operand must be a label, which specifies
the IP of the target instruction.

The bx instruction performs the same operation as the b instruction
except that the target instruction can be farther than -223 to (223 - 4) bytes
from the current IP. Here, the the target operand is an effective address,
which allows the full range of addressing modes to be used to specify the
IP of the target instruction. The "IP + displacement” addressing mode
allows the instruction to be IP-relative. Indirect branching can be
performed by placing the target address in a register and then using one
of the register-indirect addressing modes.

Refer to Chapter 3, Data Types and Memory Addressing Modes for a
complete discussion of the addressing modes.

b: IP < IP + displacement; # resume execution at new IP
bx: IP « efa; # resume execution at new IP
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Faults:

Example:

Opcode:

See Also:

Trace

Operation

b xyz

bx 1330 (ip)

b 08H
bx 84H

Instruction. Branch. Breakpoint.

Instruction and Branch Trace-Events are signaled
after completion of the instruction. If PC.te is a 1,
and, TC.i or TC.b is set to 1, a Trace fault is
generated.

Unimplemented. Execution from on-chip data
RAM.

Operand. An invalid operand value was
encountered. (bx only)

Opcode. An invalid operand encoding was
encountered (bx only).

#1P « xyz;

#IP « IP + 8 + 1330;
# this example uses IP-relative
# addressing.

CTRL
MEM

bal, balx, BRANCH IF, COMPARE AND BRANCH, bbc, bbs
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bal, balx

Mnemonic:

Format:

Description:

bal Branch And Link
balx Branch And Link Extended
bal targ
disp
balx efa, dst
addr reg
efa:
(reg) disp + 8(IP) disp [reg * scale]
offset disp (regl) [reg2 * scale]
offset (reg) disp (reg) disp (reg 1) [reg 2 * scale]

Stores the address of the instruction following the bal or balx then
branches to the specified target.

With the bal instruction, the address of the next instruction is stored in
register g14. The targ operand value can be no farther than -223 to (223 -
4) bytes from the current IP. When using the Intel 80960 assembler, the
targ operand must be a label, which specifies the IP of the target
instruction.

The balx instruction performs the same operation as the bal instruction,
except that the address of the next instruction is stored in dst. With the
balx instruction, the target instruction can be farther than -223 to (223 - 4)
bytes from the current IP. Here, the target operand is efa, which allows
the full range of addressing modes to be used to specify the target IP.
The "IP + displacement" addressing mode allows the instruction to be IP-
relative. Indirect branching can be performed by placing the target
address in a register and then using one of the register-indirect
addressing modes.

Refer to Chapter 3, Data Types and Addressing Modes for a complete
discussion of addressing modes.
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Action:

Faults:

Example:

Opcode:

See Also:

bal: gl4 « IP + 4, # destination of next IP is always gl4
IP « IP + displacement; # resume execution at the new IP

balx:  dst « IP +instlength;  # instruction length
#1is 4 or 8 bytes
IP « efa; # resume execution at the new IP

Trace Instruction . Branch. Breakpoint.
Instruction and Branch Trace-Events are signaled
after completion of the instruction. If PC.te is a 1,
and, TC.i or TC.br is set to 1, a Trace fault is
generated.

Operation Unimplemented. Execution from on-chip data
RAM.

Operand. An invalid operand value was
encountered.

Opcode. An invalid operand encoding was

encountered.
bal xyz #IP « xyz;
balx (g2), g4 #1P « (g2);

# address of return instruction
# is stored in g4; example of
# indirect addressing.

bal OBH CTRL
balx 85H MEM

b, bx, BRANCH IF, COMPARE AND BRANCH, bbc, bbs
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bbc, bbs

Mnemonic:

Description:

bbc{.t.f}  Check Bit and Branch If Clear
bbs{.t.f}  Check Bit and Branch If Set

bb*{(.t.f}  bitpos, sre, targ
reg/lit/sfr reg disp

Checks the bit in src (designated by bitpos) and sets the condition code
in the arithmetic controls according to the value found. The processor
then performs a conditional branch to the instruction specified with the
targ operand, according on the state of the condition code.

The optional .t or .f suffix may be appended to the mnemonic. Use the .t
suffix to speed-up execution when these instructions usually take the
branch. Use the .f suffix to speed-up execution when these instructions
usually do not take the branch. If a suffix is not provided, the assembler
is free to provide one.

For the bbc instruction, if the selected bit in src is clear, the processor
sets the condition code to 010, and branches to the instruction specified
with the targ operand; otherwise, it sets the condition code to 000, and
goes to the next instruction.

For the bbs instruction, if the selected bit is set, the processor sets the
condition code to 010, and branches to rarg; otherwise, it sets the
condition code to 000, and goes to the next instruction.

The targ operand can be no farther than -212 to (212 - 4) bytes from the

current IP. When using the Intel 80960 assembler, the targ operand must
be a label, which specifies the IP of the target instruction.
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Action:

Faults:

Example:

Opcode:

See Also:

bbc:

bbs:

Trace

Operation

Type

if ((sc and 2M(bitpos mod 32)) = 0)
{
AC.cc « 010y;
IP < IP + 4 + (displacement * 4);
# resume execution at the new IP
}

else AC.cc « 0005;

# resume execution at the next IP

if ((src and 27 (bitpos mod 32)) = 1)
{
AC.cc « 010y;
IP « IP + 4 + (displacement * 4);
# resume execution at the new IP
}

else AC.cc « 000,;

# resume execution at the next IP

Instruction. Branch (if taken). Breakpoint.
Instruction and Branch Trace-Events are signaled
after completion of the instruction. If PC.te is a 1,
and, TC.i or TC.b is set to 1, a Trace fault is
generated.

Unimplemented. Execution from on-chip data
RAM.

Mismatch. Non-supervisor reference of an sfr.

# assume bit 10 of r6 is clear
bbc 10, 16, xyz  # bit 10 of 16 is checked

bbc
bbs

# and found clear;
# AC.cc « 010
#1IP « xyz;

30H COBR
37H COBR

chkbit, b, bx bal, balx, COMPARE AND BRANCH, bbc, bbs,
BRANCH IF
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BRANCH IF

Mnemonic:

Format:

Description:

be(.tl.f) Branch If Equal/True
bne(.t.f}  Branch If Not Equal
bl{.t.f} Branch If Less

ble{.tl.f} Branch If Less Or Equal
bg/.t.f} Branch If Greater

bge{.t.f}  Branch If Greater Or Equal
bo{.tl.f} Branch If Ordered
bno{.t.f}  Branch If Unordered/False

b {.tl.f) targ
disp

Branches to the instruction specified with the targ operand, according to
the state of the condition code in the arithmetic controls.

The optional .t or .f suffix may be appended to the mnemonic. Use the .t
suffix to speed-up execution when these instructions usually take the
branch. Use the .f suffix to speed-up execution when these instructions
usually do not take the branch. If a suffix is not provided, the assembler
is free to provide one.

For all branch-if instructions except the bno instruction, the processor
branches to the instruction specified with the targ operand, if the logical
AND of the condition code and the mask-part of the opcode is not zero.
Otherwise, it goes to the next instruction.

For the bno instruction, the processor branches to the instruction
specified with targ, if the logical AND of the condition code and the
mask-part of the opcode is zero. Otherwise, it goes to the next
instruction.

For instance, the bno instruction (unordered) can be used as a branch-if
false instruction when it is coupled with chkbit. For the bno instruction,
the branch is taken if the condition code is equal to 000,. The be can be
used as a branch-if true instruction.

Note: The bo and bno instructions are provided for use by implementations that
include floating-point coprocessor. They are used for branch operations
involving real numbers. The bno instruction can be used as a branch-if-false
instruction when used after a chkbit. The be instruction can be used as a
branch-if-true instruction when following a chkbit.
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The rarg operand value or absolute addresses can be no farther than -223
to (223 - 4) bytes from the current IP. When using the Intel 80960
assembler, the farg operand must be a label, which specifies the IP of the
target instruction.

The following table shows the condition-code mask for each instruction.
The mask is in bits 0-2 of the opcode.

Instruction Mask Condition
bno 000, Unordered
bg 001, Greater
be 010, Equal
bge 011, Greater or equal
bl 100, Less
bne 101, Not equal
ble 110, Less or equal
bo 111, Ordered

Action: For All Instructions Except bno:

if ((mask and AC.cc) # 000,) IP « IP + displacement;
# resume execution at new IP

else; # resume execution at next IP;
bno:
if (AC.cc = 000,) IP « IP + displacement,
# resume execution at new IP
else #resume execution at next IP;
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Faults:

Example:

Opcode:

See Also:

Trace Instruction. Branch (if taken). Breakpoint.
Instruction and Branch Trace-Events are signaled
after completion of the instruction. If PC.te is a 1,
and, TC.i or TC.b is set to 1, a Trace fault is
generated.

Operation Unimplemented. Execution from on-chip data
RAM.

# assume (AC.cc AND 100;) #0
bl xyz #IP ¢« xyz;

be 12H CTRL
bne 15H CTRL
bl 14H CTRL
ble 16H CTRL
bg 11H CTRL
bge 13H CTRL
bo 17H CTRL
bno 10H CTRL

b, bx, bbc, bbs, COMPARE AND BRANCH, bal, balx, BRANCH IF
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call
Mnemonic:

Format:

Description:

Action:

Faults:

call Call
call targ
disp

Calls a new procedure. The targ operand specifies the IP of the first
instruction of the called procedure. When using the Intel 80960
assembler, the targ operand must be a label.

In executing this instruction, the processor performs a local call
operation as described in the section of Chapter 5, Procedure Calls titled
Local Calls. As part of this operation, the processor saves the set of local
registers associated with the calling procedure and allocates a new set of
local registers and a new stack frame for the called procedure. The
processor then goes to the instruction specified with the targ argument
and begins execution of the new procedure.

The targ operand can be no farther than -223 to (223 - 4) bytes from the
current IP.

wait for any uncompleted instructions to finish;

temp < (SP + 0x10) and not (0xf); # round to next boundary,

RIP ¢« next IP;

memory(FP) « r0:15 # these accesses are cached in the
# local register cache

PFP « FP;

PFP.rt < 000,;

FP « temp;

SP « temp + 64;

IP < IP + displacement;

Trace Instruction. Call. Breakpoint.
Instruction and Call Trace-Events are signaled after
completion of the instruction. If PC.te is a 1, and,
TC.ior TC.cis set to 1, a Trace fault is generated.

Operation Unimplemented. Execution from on-chip data
RAM.
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Example: call xyz #IP ¢ xyz
Opcode: call 0%9H CTRL
See Also: bal, calls, callx
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calls

Mnemonic:

Format:

Description:

Action:

calls Call System
calls src
reg/lit/sfr

Calls a system procedure. The targ operand gives the number of the
procedure being called.

For this instruction, the processor performs the system call operation
described in the section of Chapter S, Procedure Calls titled System
Calls. The targ operand provides an index to an entry in the system-
procedure table. From this entry, the processor gets the IP of the called
procedure.

The procedure called can be either a local procedure or a supervisor
procedure, depending on the entry type in the system-procedure table. If
it is a supervisor procedure, the processor also switches to supervisor
mode (if it is not already in this mode).

As part of this operation, the processor allocates a new set of local
registers and a new stack frame for the called procedure. If the processor
switches to the supervisor mode, the new stack frame is created on the
supervisor stack.

if (src> 259) Protection-length fault;
wait for any uncompleted instructions to finish;
temp_entry <~ memory_word(SPT(src));
# SPT(src) is the address of the system-procedure table entry targ.
RIP < next IP;
if ((temp_entry.type = local) or (PC.em = supervisor))
{ # no stack switch required
temp_FP « (SP + 0x10) and not(0xf); # round to next
boundary,
temp_rt < 000,; # return type is
local
}
else
{ # stack switch to supervisor stack required
temp_FP < memory_word(SPT.base + 12); # read
supervisor
# stack pointer
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Faults:

Example:

Opcode:

See Also:

# set return type
to supervisor
if (PC.te = 0) temp_rt < 010,; # with trace disabled

else temp_rt «— 011,; # with trace enabled

PC.em « supervisor;

PC.te « temp_FP.T; # Trace enable bit of the
supervisor
# stack pointer is written
to PC.te

}

memory(FP) « 10:15 # These accesses are cached in the local register
cache.

PFP « FP;

PFP.ft « temp_rt;

FP « temp_FP;

SP « temp_FP + 64;

IP « temp_entry and not (0x3);

Trace Instruction. Call. Supervisor. Breakpoint.
Instruction, Call and Supervisor Trace-Events are
signaled after completion of the instruction. If PC.te
isal, and, TC.i or TC.c or TC.s is set to 1, a Trace
fault is generated.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Protection Length. Specified a system procedure number

greater than 259.
callsr12  #IP « value obtained from
# procedure table for procedure
# number given in r12

calls 660H REG

bal, call, callx
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callx
Mnemonic: callx Call Extended
Format: callx efa
addr
efa:

(reg) disp + 8(IP) disp [reg * scale]

offset disp (regl) [reg2 * scale]

offset (reg) disp (reg) disp (reg 1) [reg 2 * scale]
Description: Calls a new procedure. The efa operand specifies the IP of the first

instruction of the called procedure.

In executing this instruction, the processor performs a local call
operation as described in the section of Chapter 5, Procedure Calls titled
Local Calls. As part of this operation, the processor allocates a new set
of local registers and a new stack frame for the called procedure. The
processor then goes to the instruction specified with the efa argument
and begins execution of the new procedure.

This instruction performs the same operation as the call instruction
except that the target instruction can be farther than -223 to (223 - 4) bytes
from the current IP.

The efa operand is an effective address, which allows the full range of
addressing modes to be used to specify the IP of the target instruction.
The "IP + displacement” addressing mode allows the instruction to be IP-
relative. Indirect calls can be performed by placing the target address in a
register and then using one of the register-indirect addressing modes.

Refer to Chapter 3, Data Types and Memory Addressing Modes for a
complete discussion of the addressing modes.

9-32



intel INSTRUCTION SET REFERENCE

Action: wait for any uncompleted instructions to finish;
temp < (SP + 0x10) and not (0Oxf); # round to next boundary
RIP ¢ next IP;
memory(FP) « r0:15 # these accesses are cached in the
# local register cache
PFP « FP;
PFP.1t « 000,
FP « temp;
SP « temp + 64;
IP « efa;
Faults: Trace Instruction. Call. Breakpoint.
Instruction and Call Trace-Events are signaled after
completion of the instruction. If PC.te is a 1, and,
TC.ior TC.cis set to 1, a Trace fault is generated.
Operation Unimplemented. Execution from on-chip data
RAM.
Operand. An invalid operand value was
encountered.
Opcode. An invalid operand encoding was
encountered.
Example: callx (g5) #IP « (g5), where the address
#1in g5 is the address of the new
# procedure
Opcode: callx 86H MEM
See Also: call, calls, bal
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chkbit

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

chkbit Check Bit

chkbit bitpos, src
reg/lit/sfr reg/lit/sfr

Checks the bit in src designated by bitpos and sets the condition code
according to the value found. If the bit is set, the condition code is set to

010,; if the bit is clear, the condition code is set to 000,.

if ((src and 27 (bitpos mod 32)) = 0) AC.cc « 000,;

else AC.cc < 010y;
Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
chkbit 13, g8 # checks bit 13 in g8 and

# sets AC.cc according to the result
chkbit 5AEH REG

alterbit, clrbit, notbit, setbit, cmpi, cmpo
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clrbit

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

clrbit Clear Bit

clrbit bitpos, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Copies the src value to dst with one bit cleared. The bitpos operand
specifies the bit to be cleared.

dst « src and not(2"\(bitpos mod 32));

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

clrbit 23, g3, g6 # g6 « g3 with bit 23
# cleared

cIrbit 58CH REG

alterbit, chkbit, notbit, setbit
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cmpdeci, cmpdeco

Mnemonic:

Format:

Description:

Action:

Faults:

cmpdeci Compare and Decrement Integer
cmpdeco Compare and Decrement Ordinal

cmpdec* srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Compares the src2 and srcl values and sets the condition code according
to the results of the comparison. The src2 operand is then decremented
by one and the result is stored in dst.

The following table shows the setting of the condition code for the three
possible results of the comparison.

Condition Comparison
Code
100, srcl < src2
010, srcl = src2
001, srcl > src2

These instructions are intended for use in ending iterative loops. For the
cmpdeci instruction, integer overflow is ignored to allow looping down
through the minimum integer values.

if (srcl < src2) AC.cc « 100y;
else if (srcl = src2) AC.cc « 010y;

else AC.cc « 001,;
dst & src2 - 1; #overflow suppressed for cmpdeci instruction
Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
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Example: cmpdeci 12, g7, gl  # compares g7 with 12 and sets
# AC.cc to indicate the result;
#egleg7-1
Opcode: cmpdeci SATH REG
cmpdeco 5A6H REG
See Also: cmpinco, cmpo, cmpi, cmpinci, COMPARE AND BRANCH
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cmpi, cmpo
Mnemonic: cmpi Compare Integer
cmpo Compare Ordinal
Format: cmp srcl, src2
reg/lit/sfr reg/lit/sfr
Description: Compares the src2 and srcl values and sets the condition code according
to the results of the comparison. The following table shows the setting of
the condition code for the three possible results of the comparison.
Condition Comparison
Code
100, srcl < sre2
010, srcl = sre2
001, srcl > src2
The cmpi instruction followed by one of the branch-if instructions is
equivalent to one of the compare-integer-and-branch instructions. The
latter method of comparing and branching produces more compact code;
however, the former method can result in faster running code if it is used
to take advantage of the pipelining in the architecture. The same is true
for the cmpo instruction and the compare-ordinal-and-branch
instructions.
Action: if (srcl < src2) AC.cc « 100,;
else if (srcl = src2) AC.cc < 010;;
else AC.cc < 001,;
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
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Example: cmpo 19, 0x10 # compares the value in r9 with 0x10
# and sets AC.cc to indicate the result
bg xyz # branches to xyz if the value of r9

# was greater than 0x10

Opcode: cmpi 5A1H REG
cmpo SAOH REG
See Also: COMPARE AND BRANCH, cmpdeci, cmpdeco,cmpinci, cmpinco,

concmpi, concmpo
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cmpinci, cmpinco

Mnemonic:

Format:

Description:

Action:

Faults:

cmpinci  Compare and Increment Integer
cmpinco Compare and Increment Ordinal

cmpinex  srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Compares the src2 and srcl values and sets the condition code according
to the results of the comparison. The src2 operand is then incremented by
one and the result is stored in dst.

The following table shows the setting of the condition code for the three
possible results of the comparison.

Condition Comparison
Code
100, srcl < sre2
010, srcl = sre2
001, srcl > src2

These instructions are intended for use in ending iterative loops. For the
cmpinci instruction, integer overflow is ignored to allow looping up
through the maximum integer values.

if (srcl < src2) AC.cc « 1005;
else if (srcl = src2) AC.cc « 010y;

else AC.cc « 0015;
dst « src2 + 1, # overflow suppressed for cmpinci instruction
Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
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Example: cmpinco r8, g2, g9 # compares the values in g2 and
# 18 and sets AC.cc to indicate
# the result;

#g9—g2+1
Opcode: cmpinci 5A5H REG
cmpinco 5A4H REG

See Also: cmpdeco, cmpo, cmpi, cmpdeci, COMPARE AND BRANCH
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COMPARE AND BRANCH

Mnemonic:

Format:

Description:

cmpibej.tl.f}
cmpibne{.t.f}
cmpibl{.tl.f}
cmpible{.t\.f}
cmpibg/.tl.f}
cmpibge(.t.f}
cmpibo{.tl.f}
cmpibno{.tl.f}

cmpobe;.t.f}
cmpobne{.t.f}
cmpobl{.ti.f}
cmpoble{.t.f}
cmpobg/.tl.f}
cmpobge(.ti.f}

cmpib*{.tl.f)

cmpob*{.tl.f}

Compare Integer And Branch If Equal

Compare Integer And Branch If Not Equal
Compare Integer And Branch If Less

Compare Integer And Branch If Less Or Equal
Compare Integer And Branch If Greater
Compare Integer And Branch If Greater Or Equal
Compare Integer And Branch If Ordered
Compare Integer And Branch If Unordered

Compare Ordinal And Branch If Equal

Compare Ordinal And Branch If Not Equal
Compare Ordinal And Branch If Less

Compare Ordinal And Branch If Less Or Equal
Compare Ordinal And Branch If Greater
Compare Ordinal And Branch If Greater Or Equal

srel, src2, targ
reg/lit/sfr reg/sfr disp
srcl, src2, targ
reg/lit/sfr reg/sfr disp

Compares the src2 and srcl values and sets the condition code in the
arithmetic controls according to the results of the comparison. If the
logical AND of the condition code and the mask-part of the opcode is not
zero, the processor branches to the instruction specified with the targ
operand; otherwise, the processor goes to the next instruction.

The optional .t or .f suffix may be appended to the mnemonic. Use the .t
suffix to speed-up execution when these instructions usually take the
branch. Use the .f suffix to speed-up execution when these instructions
usually do not take the branch. If a suffix is not provided, the assembler
is free to provide one.

The targ operand can be no farther than -212 to (212 - 4) bytes from the

current IP. When using the Intel 80960 assembler, the farg operand must
be a label, which specifies the IP of the target instruction.
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Action:

The following table shows the condition-code mask for each instruction.
The mask is in bits 0-2 of the opcode.

Instruction Mask Branch Condition
cmpibno 000, No Condition
cmpibg 001, srcl > src2
cmpibe 010, srcl = src2
cmpibge 011, srcl | sre2
cmpibl 100, srcl < src2
cmpibne 101, srcl # src2
cmpible 110, srcl < src2
cmpibo 111, Any Condition
cmpobg 001, srcl > src2
cmpobe 010, srcl = src2
cmpobge 011, srcl | src2
cmpobl 100, srcl < src2
cmpobne 101, srcl # src2
cmpoble 110, srcl < src2

The cmpibo instruction always branches; the cmpibno instruction never branches.

The functions that these instructions perform can be duplicated with a
cmpi or cmpo instruction followed by a branch-if instruction, as
described in the reference page for the cmpi and cmpo instructions in
this chapter.

if (srcl < src2) AC.cc « 100,;

else if (srcl = src2) AC.cc < 010y;
else AC.cc « 0015;

if ((mask and AC.cc) #000,) IP « IP + 4 + (displacement * 4);
# resume execution at the new IP

else IP < IP +4;  # resume execution at the next IP
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Faults:

Example:

Opcode:

See Also:

Trace

Operation

Type

# assume g3 < g9
cmpibl g3, g9, xyz

# assume 17 219
cmpobge 17, 19, xyz # 19 is compared with r7

cmpibe
cmpibne
cmpibl
cmpible
cmpibg
cmpibge
cmpibo
cmpibno
cmpobe
cmpobne
cmpobl
cmpoble
cmpobg
cmpobge

3AH
3DH
3CH
3EH
39H
3BH
3FH
38H
32H
35H
34H
36H
31H
33H

Instruction. Branch (if taken). Breakpoint.
Instruction and Branch Trace-Events are signaled
after completion of the instruction. If PC.te is a 1,
and, TC.i or TC.br is set to 1, a Trace fault is
generated.

Unimplemented. Execution from on-chip data
RAM.

Mismatch. Non-supervisor reference of an sfr.

# g9 is compared with g3;
#IP « xyz.

#IP < xyz.

COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR

BRANCH IF, cmpi, cmpo, bal , balx
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concmpi, concmpo

Mnemonic:

Format:

Description:

Action:

Faults:

concmpi Conditional Compare Integer
concmpo Conditional Compare Ordinal

concmp* srcl, src2
reg/lit/sfr reg/lit/sfr

Compares the src2 and srcl values if bit 2 of the condition code is not
set. If the comparison is performed, the condition code is set according to
the results of the comparison. Otherwise, the condition codes are not
altered.

These instructions are provided to facilitate bounds checking by means
of two-sided range comparisons (e.g., is A between B and C?). They are
generally used after a compare instruction to test whether a value is
inclusively between two other values.

The example below illustrates this application by testing whether the
value in g3 is between the values in g5 and g6, where g5 is assumed to
be less than g6. First a comparison (cmpo) of g3 and g6 is performed. If
g3 is less than or equal to g6 (i.e., condition code is either 010, or 001,),
a conditional comparison (concmpo) of g3 and g5 is then performed. If
g3 is greater than or equal to g5 (indicating that g3 is within the bounds
of g5 and g6), the condition code is set to 010,; otherwise, it is set to
001,.

if (AC.cc2 =0)
{
if (srcl src2) AC.cc « 010y;

else AC.cc « 001,;
b
Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfi.
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Opcode:

See Also:

cmpo g6, g3 # compares g6 and g3 and
# sets AC.cc

concmpo g5, g3 #if AC.cc # 1XX,
# g5 is compared with g3

concmpi 5SA3H REG
concmpo 5A2H REG

cmpo, cmpi, cmpdeci, cmpdeco, cmpinci, cmpinco, COMPARE AND
BRANCH
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divi, divo

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

divi Divide Integer

divo Divide Ordinal

div* srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Divides the src2 value by the srcl value and stores the quotient of the
result in dst. The remainder (if there is one) is discarded.

For the divi instruction, and integer-overflow fault can be signaled.
if (src2 = 0) Arithmetic Zero Divide fault;

dst < quotient(src2 / srcl);
# src2, srcl and dst are 32-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Arithmetic Zero Divide. The srcl operand is 0.

Integer Overflow. Result is too large for the
destination register (divi only). If overflow occurs,
and AC.om is a 1, the fault is suppressed and AC.io
is set to a 1. The least significant 32-bits of the
result are stored in dst.

divor3,r8,r13 #rl13 «r8/r3

divi 74BH REG
divo 70BH REG

ediv, mulo, muli, emul
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ediv
Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

ediv Extended Divide
ediv srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Divides src2 by srcl and stores the result in dst. The src2 value is a long
ordinal (i.e., 64 bits), which is contained in two adjacent registers. The
src2 operand specifies the lower numbered register, which contains the
least significant bits of the operand. The src2 operand must be an even
numbered register (i.e., 10, 12, 14, ... or g0, g2, ... or sf0, sf2, ...). The srcl
value is a normal ordinal (i.e., 32 bits).

The result consists of a one-word remainder and a one-word quotient.
The remainder is stored in the register designated by dst and the quotient
is stored in the next highest numbered register. The dst operand must be
an even numbered register (i.e., 10, r2, r4, ... or g0, g2, ... or sf0, sf2, ...).

This instruction performs ordinal arithmetic.

If this operation overflows (i.e., the quotient or remainder do not fit in
32-bits), no fault is raised and the result is undefined.

if (src2 = 0) Arithmetic Zero Divide fault;

dst < (src2 - (src2 [ srcl) * srcl); # remainder
dst + 1 « (src2 [ srcl); # quotient

# src2 is 64-bits; srcl, dst and dst+1 are 32-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Arithmetic Zero Divide. The srcl operand is 0.

ediv g3, g4, g10 # g10 « remainder of g4,g5/g3
# gl1 « quotient of g4,g5/g3

ediv 671H REG

emul, divi, divo
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emul
Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

emul Extended Multiply
emul srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Multiplies src2 by srcl and stores the result in dst. The result is a long
ordinal (i.e., 64 bits), which is stored in two adjacent registers. The dst
operand specifies the lower numbered register, which receives the least
significant bits of the result. The dst operand must be an even numbered
register (i.e., r0, 12, r4, ... or g0, g2, ... or sf0, sf2, ...).

This instruction performs ordinal arithmetic.

dst < src2 * srcl; # srcl and src2 are 32-bits; dst is 64-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

emul 14,15, 22 #g2.83 14 *15
emul 670H REG

ediv, muli, mulo
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eshro

Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

eshro Extended Shift Right Ordinal

eshro srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Shifts src2 right by (src/ mod 32) places and stores the result in dst. Bits
shifted beyond the least-significant bit are discarded.

The src2 value is a long ordinal (i.e., 64 bits), which is contained in two
adjacent registers. The src2 operand specifies the lower numbered
register, which contains the least significant bits of the operand. The src2
operand must be an even numbered register (i.e., r0, 12, r4, ... or g0, g2,
... or sf0, sf2, ...).

The srcl operand is a single 32-bit register where to lower 5-bits specify
the number of places that the src2 operand is to be shifted.

The least-significant 32-bits of the result of the shift operation is stored
in dst.

dst < src2 >> (srcl mod 32);
# src2 is 64-bits, srcl and dst are 32-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

eshro g3, g4, g1l  # gl1 « g4,5 shifted right by (g3 MOD 32)
eshro 5D8H REG

SHIFT, extract
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extract
Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

extract Extract

extract bitpos, len, srcldst
reg/lit/sfr reg/lit/sfr reg/sfr

Shifts a specified bit field in src/dst right and fills the bits to the left of
the shifted bit field with zeros. The bitpos value specifies the least
significant bit of the bit field to be shifted, and the len value specifies the
length of the bit field.

srcldst « (src/dst >> (bitpos mod 32)) and (2°(len mod 32) - 1);

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

extract 5, 12, g4 # g4 « p4 with bits 5 through 16
# shifted right

extract 651H REG

MODIFY
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FAULT IF

Mnemonic:

Format:

Description:

faulte(.t.f} Fault If Equal
faultne{.tl.f} Fault If Not Equal
faultl{.c.f) Fault If Less

faultle|.tl.f) Fault If Less Or Equal
faultg.tl.f} Fault If Greater
faultge|.t.f} Fault If Greater Or Equal
faulto{.tl.f} Fault If Ordered
faultno({.t.f} Fault If Unordered
fault={.t.f}

Raises a constraint-range fault if the logical AND of the condition code
and the mask-part of the opcode is not zero. For the faultno instruction
(unordered), the fault is raised if the condition code is equal to 0005.

The optional .t or .f suffix may be appended to the mnemonic. Use the .t
suffix to speed-up execution when these instructions usually fault. Use
the .f suffix to speed-up execution when these instructions usually do not
fault. If a suffix is not provided, the assembler is free to provide one.

The faulto and faultno instructions are provided for use by
implementations that include a floating-point coprocessor. They are used

for compare and branch (or fault) operations involving real numbers.

The following table shows the condition-code mask for each instruction.
The mask is in bits 0-2 of the opcode.

9-52



intgl INSTRUCTION SET REFERENCE

Instruction Msk Condition
faultno 000, Unordered
faultg 001, Greater
faulte 010, Equal
faultge 011, Greater or equal
faultl 100, Less
faultne 101, Not equal
faultle 110, Less or equal
faulto 111, Ordered

Action: For all instructions except faultno:

if ((mask and AC.cc) # 000,) Constraint-range fault;

faultno:
if (AC.cc = 000;) Constraint-range fault;
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Constraint Range. If condition being tested is true.
Example: # assume (AC.cc AND 110;) # 000,
faultle # Constraint Range Fault is generated
Opcode: faulte 1AH CTRL

faultne 1IDH CTRL
faultl ICH CTRL
faultle 1EH CTRL
faultg 19H CTRL
faultge 1IBH CTRL
faulto 1FH CTRL
faultno 18H CTRL

See Also: BRANCH IF, TEST
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flushreg
Mnemonic:
Format:

Description:

Action:

Faults:

Example:

Opcode:

flushreg Flush Local Registers
flushreg

Copies the contents of every cached register set, except the current set, to
its associated stack frame in memory. The entire register cache is then
marked as purged (or invalid). On a return to a stack frame for which the
local registers are not cached, the processor reloads the locals from
memory.

The flushreg instruction is provided to allow a compiler or applications
program to circumvent the normal call/return mechanism of the
processor. For example, a compiler may need to back-up several frames
in the stack on the next return, rather than using the normal return
mechanism that returns one frame at a time. Since the local registers of
an unknown number of previous stack frames may be cached, a flushreg
must be executed prior to modifying the PFP to return to a frame other
than the one directly below the current frame.

Write all cached local register sets, except the current set, to memory;
Invalidate the local registcr cache;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor attempt to write to
internal data RAM.

flushreg

flushreg 66D REG
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fmark

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

fmark  Force Mark
fmark

Generates a breakpoint trace-event. This instruction causes a breakpoint
trace-event to be generated, regardless of the setting of the breakpoint
trace mode flag, providing the trace-enable bit (bit 0) in the process-
controls register is set.

When a breakpoint-trace event is detected, the trace-fault-pending flag
(bit 10) in the process-controls register and the breakpoint-trace-event
flag (bit 23) in the trace-controls register are set. Then, before the next
instruction is executed, a breakpoint-trace fault is generated.

For more information on trace-fault generation, refer to Chapter 7,
Faults.

if PC.te =1)
{
PC.tfp < 1;
TC.bte < 1;
Trace Breakpoint-trace fault

}

Trace Instruction. Breakpoint. Instruction and Breakpoint
Trace-Events are signaled after completion of the
instruction. If PC.te is a 1 a Trace fault is generated.

Operation Unimplemented. Execution from on-chip data
RAM.

Id xyz, 14

addi r4, 5, r6

fmark

# Breakpoint trace event is generated at
# this point in the instruction stream.

fmark 66CH REG

mark
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LOAD
Mnemonic: 1d Load
ldob Load Ordinal Byte
1dos Load Ordinal Short
ldib Load Integer Byte
ldis Load Integer Short
1d1 Load Long
1dt Load Triple
ldq Load Quad
Format: Id* efa, dst
addr reg
efa:
(reg) disp + 8(IP) disp [reg * scale]
offset disp (regl) [reg2 * scale]
offset (reg) disp (reg) disp (reg 1) [reg 2 * scale]
Description: Copies a byte or string of bytes from memory into a register or group of

successive registers. The efa operand specifies the address of the first
byte to be loaded. The full range of addressing modes may be used in
specifying efa. (Refer to the section of Chapter 3 titled Addressing
Modes for a complete discussion of the addressing modes.)

The dst operand specifies a register or the first (lowest numbered)
register of successive registers.

The ldob and ldib, and ldes and ldis instructions load a byte and half
word, respectively, and convert it to a full 32-bit word. The data being
loaded is sign-extended during the integer loads, and zero-extended
during the ordinal loads.

The 1d, 1dl, 1dt, and ldq instructions copy 4, 8, 12, and 16 bytes,
respectively, from memory into successive registers.
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Action:

Faults:

Example:

Opcode:

See Also:

For the 1dl instruction, dst must specify an even numbered register (e.g.,
g0, g2, ... or 10, r2, ...). For the 1dt and ldq instructions, dst must specify
a register number that is a multiple of four (e.g., g0, g4, g8, ... or 10, r4,
18, ...). If the registers are not aligned on the required boundary, the
results are unpredictable. If the data extends beyond register g15 or r15
for the Idl, ldt, or ldq instruction, the results are unpredictable.

Id: dst < memory_word (efa);

ldob: dst < memory_byte (efa) zero-extended to 32-bits;
ldos: dst < memory_short (efa) zero-extended to 32-bits;
ldib: dst < memory_byte (efa) sign-extended to 32-bits;
ldis: dst « memory_short (efa) sign-extended to 32-bits;
1dl: dst < memory_long (efa);

1dt: dst < memory_triple (efa);

ldq: dst < memory_quad (efa);

Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.

Unimplemented. An unaligned efa was was
referenced, and unaligned support was disabled.

Operand. An invalid operand value was
encountered.

Opcode. An invalid opcode encoding was
encountered.

1d1 2450 (r3), r10 #7110, r11 « 13 + 2450 in memory

Id 90H MEM
ldob 80H MEM
ldos 88H MEM
1dib COH MEM
Idis C8H MEM

1d1 98H  MEM
1dt AOCH  MEM
ldq BOH  MEM
MOVE, STORE
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Ida
Mnemonic: lda Load Address

Format: Ida efa, dst
reg

efa:
(reg) disp + 8(IP) disp [reg * scale]

offset disp (regl) [reg2 * scale]

offset (reg) disp (reg) disp (reg 1) [reg 2 * scale]

Description: Computes the effective address (efa) and stores it in dsz. The value
computed is not checked for validity. Any addressing mode may be used
to calculate efa.

An important application of this instruction is to load a constant longer
than 5 bits into a register. (To load a register with a constant of 5 bits or
less, the move instruction (mov) can be used with a literal as the src
operand.)

Action: dst < efa;

Faults: Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Operand. An invalid operand value was
encountered.

Opcode. An invalid opcode encoding was
encountered.

Example: 1da 58 (g9), gl # gl « effective address of g9 + 58
1da 0x749,18 #18 « constant 0x749

Opcode: lda 8CH MEM
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mark

Mnemonic:

Format:

Description:

Action:

Faults:

mark Mark
mark

Generates a breakpoint-trace event if the breakpoint-trace mode has been
enabled. The breakpoint-trace mode is enabled if the trace-enable bit (bit
0) in the process-controls register and the breakpoint-trace mode bit (bit
7) in the trace-controls register have been set.

When a breakpoint-trace event is detected, the trace-fault-pending flag
(bit 10) in the process-controls register and the breakpoint-trace-event
flag (bit 23) in the trace-controls register are set. Then, before the next
instruction is executed, a breakpoint-trace fault is generated.

If the breakpoint-trace mode has not been enabled, the mark instruction
behaves like a no-op.

For more information on trace-fault generation, refer to Chapter 8,
Tracing and Debugging.

if (PC.te=1)and (TC.br=1))
{
PC.tfp « 1;
TC.bte « 1;
Trace Breakpoint-trace fault;

}

Trace Instruction. Breakpoint (if enabled).
Instruction and Breakpoint Trace-Events are
signaled after completion of the instruction. If PC.te
isal, and, TC.i or TC.br is set to 1, a Trace fault is
generated.

Operation Unimplemented. Execution from on-chip data
RAM.
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Example: # Assume that the breakpoint-trace mode is enabled.
1d xyz, r4
addi r4, 15, 16
mark
# Breakpoint-trace event is generated at this point
# in the instruction stream.

Opcode: mark 66BH REG

See Also: fmark, modpc, modtc
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modac
Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

modac  Modify AC

modac  mask, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Reads and modifies the arithmetic-controls register. The src operand
contains the value to be placed in the arithmetic-controls register and the
mask operand specifies the bits that may be changed. Only the bits set in
mask are modified. Once the arithmetic-controls register has been
changed, its initial state is copied into dst.

temp < AC

AC « (src and mask) or (AC and not (mask));

dst « temp;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfi.

modac g1, g9, g12 # AC « g9, masked by gl
# g12 « initial value of AC

modac 645H REG

modpc, modtc
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modi

Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

modi Modulo Integer

modi srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Divides src2 by srcl, where both are integers, and stores the modulo
remainder of the result in dst. If the result is nonzero, dst has the same
sign as srcl.

if (src1= 0) Arithmetic Zero Divide fault;

dst « src2 - ((src2/srcl) * srcl);

if ((src2 * srcl < 0) and (dst # 0)) dst « dst + srcl,;
# srcl, src2 and dst are 32-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sff.

Arithmetic Zero Divide. The srcl operand is 0.

modi 19,12, 15 #15 < modulo (r2/19)
modi 749H REG

divi, divo, remi
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modify
Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

modify Modify

modify mask, src, srcldst
reg/lit/sfr reg/lit/sfr reg/sfr

Modifies selected bits in src/dst with bits from src. The mask operand
selects the bits to be modified: only the bits set in the mask operand are

modified in src/dst.

srcldst « (src and mask) or (src/dst and not (mask));

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

modify g8, g10, 14  # r4 « g10 masked by g8
modify 650H REG

alterbit, extract
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modpc
Mnemonic:

Format:

Description:

Action:

Faults:

modpc  Modify Process Controls

modpc  src, mask, srcldst
reg/lit/sfr reg/lit/sfr reg/sfr

Reads and modifies the process-controls register as specified with mask
and src/dst. The src/dst operand contains the value to be placed in the
process-controls register and the mask operand specifies the bits that may
be changed. Only the bits set in the mask are modified. Once the process-
controls register has been changed, its initial value is copied into src/dst.
The src operand is a dummy operand that should specify a literal, or the
same register as the mask operand.

The processor must be in the supervisor mode to use this instruction with
a non-zero mask value. If the mask operand is set to 0, this instruction
can be used to read the process controls, without the processor being in
the supervisor mode.

If the action of this instruction results in the priority of the processor
being lowered, the interrupt table is checked for pending interrupts.

Changing the reserved fields of the process-controls register can lead to
unpredictable behavior, as described in Chapter 2, Programming
Environment.

if ((mask # 0)
{
if (PC.em # supervisor)) Type-mismatch fault;
temp « PC;
PC « (mask and src/dst) or (PC and not (mask));
srcldst < temp;
if (temp.p > PC.p) check_pending_interrupts;
}

else src/dst « PC;

Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
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Type Mismatch. Non-supervisor reference of an sfr.

Mismatch. Attempted to execute this instruction
with a non-zero mask value while not in supervisor

mode.
Example: modpc g9, g9, g8  # process controls « g8
# masked by g9
Opcode: modpc  655H REG

See Also: modac, modtc
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modtc
Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

modtc  Modify Trace Controls

modtc  mask, sre, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Reads and modifies the trace-controls register as specified with mask and
src. The src operand contains the value to be placed in the trace-controls
register and the mask operand specifies the bits that may be changed.
Only the bits set in the mask are modified. The mask operand must not
enable modification of reserved bits. Once the trace-controls register has
been changed, its initial state is copied into dst.

The changed trace controls may take effect immediately, or may be
delayed. If delayed, the changed trace controls may not take effect until
after the first non-branching instruction is fetched from memory, or after
four non-branching instructions are executed.

For more information on the trace controls, refer to Chapter 7, Faults
and Chapter 8, Tracing and Debugging.

temp « TGC;

TC « (mask and src) or (temp and not(mask));

dst < temp;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

modtc g12, g10, g2 # trace controls « g10 masked by
# g12; previous trace controls
# stored in g2

modtc  654H REG

modac, modpc
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MOVE

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

mov Move

movl Move Long

movt Move Triple
movq Move Quad

movs* sre, dst
reg/lit/sfr reg/sfr

Copies the content of one or more source registers (specified with the src
operand) to one or more destination registers (specified with the dsz
operand).

For the movl, movt, and movq instructions, the src and dst operands
specify the first (lowest numbered) register of several successive
registers. The src and dst registers must be even numbered (e.g., g0, g2,
... or 10, 12, ... or sf0, sf2, ...) for the movl instruction and an integral
multiple of four (e.g., g0, g4, ... or 10, r4, ... or sf0, sf4, ...) for the movt
and movq instructions.

When the src and dst operands overlap, the value moved is
unpredictable. Also, if registers are not properly aligned, the value
moved is unpredictable.

dst « src;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

movt g8, r4  # 14,15, 16 < g8, 29, g10
mov 5CCH REG
movl SDCH REG
movt SECH REG
movq SFCH REG

LOAD, STORE, lda
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muli, mulo

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

muli Multiply Integer
mulo Multiply Ordinal

mul* srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Multiplies the src2 value by the srcl value and stores the result in dst.

dst « src2 * srcl;
# srcl, src2 and dst are 32-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Arithmetic Integer Overflow. Result is too large for the

destination register (muli only). If overflow occurs,
and AC.om is a 1, the faultis and AC.iois setto a
1. The least significant 32-bits of the result are
stored in dst.

mulir3, 14,19 #19 < r4 TIMES r3

muli 741H REG
mulo 701H REG

emul, ediv, divi, divo
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nand

Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

nand Nand

nand srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Performs a bitwise NAND operation on the src2 and srcl values and
stores the result in dst.

dst < (not (src2)) or (not (srcl));

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

nand g5,13,17 #1717 < 13 NAND g5
nand 58EH REG

and, andneot, nor, not, notand, notor, or, ornot, xnor, xor
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nor
Mnemonic: nor Nor
Format: nor srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
Description: Performs a bitwise NOR operation on the src2 and srcl values and stores
the result in dst.
Action: dst < (not (src2)) and (not (srcl));
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Example: nor g8,28, 15 #15 ¢« 28 NOR g8
Opcode: nor 588H REG
See Also: and, andneot, nand, not, notand, notor, or, ornot, xnor, xor
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not, notand

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

not Not
notand Not And

not sre, dst
reg/lit/sfr reg/sfr

notand srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/str

Performs a bitwise NOT (not instruction) or NOT AND (notand
instruction) operation on the src2 and srcl values and stores the result in
dst.

not: dst < not (src);
notand: dst < (not (src2)) and srcl;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

not g2, g4 #g4 « NOT g2

notand r5, 16, r7 #17 < NOT r6 AND r5

not 58AH REG
notand 584H REG

and, andnot, nand, nor, notor, or, ornot, Xxnor, Xxor
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notbit
Mnemonic: notbit  Not Bit
Format: notbit  birpos, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr
Description: Copies the src value to dst with one bit toggled. The bitpos operand
specifies the bit to be toggled.
Action: dst « src xor 2M(bitpos mod 32);
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Example: notbit r3,r12,17  #17 « rl12 with the bit
# specified in 13 toggled
Opcode: notbit  580H REG
See Also: alterbit, chkbit, clrbit, setbit
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notor

Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

notor Not Or

notor srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Performs a bitwise NOT OR operation on the src2 and srcl values and
stores the result in dst.

dst < (not (src2)) or srcl;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

notor g2, g3, g6 #g6 < NOT g3 OR g12
notor 58DH REG

and, andnot, nand, nor, not, notand, or, ornot, xnor, xor
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or, ornot
Mnemonic: or Or

ornot Or Not
Format: or srcl, src2, dst

reg/lit/sfr reg/lit/sfr reg/sfr
ornot srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Description: Performs a bitwise OR (or instruction) or ORNOT (ornot instruction)

operation on the src2 and srcl values and stores the result in dst.
Action: or: dst <« src2or srcl;

ornot: dst < src2 or (not (srcl));
Faults: Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data

RAM.

Type Mismatch. Non-supervisor reference of an sfr.
Example: or 14, g9, g3 #g3 < g9 OR 14

ornotr3, r8, rl1 #r11 < r8 ORNOT 13
Opcode: or 587H REG

ornot 58BH REG
See Also: and, andnot, nand, nor, not, notand, notor, xnor, xor
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remi, remo

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

remi Remainder Integer
remo Remainder Ordinal

rems srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Divides src2 by srcl and stores the remainder in dst. The sign of the
result (if nonzero) is the same as the sign of src2.

if (src2 = 0) Arithmetic Zero Divide fault;
dst < src2 - ((src2 [ srcl) * srcl);
# srcl, src2 and dst are 32-bits

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Arithmetic Zero Divide. The srcl operand is 0

Integer Overflow. Result is too large for the
destination register (remi only). If overflow occurs,
and AC.om is a 1, the fault is suppressed and AC.io
is set to a 1. The least significant 32-bits of the
result are stored in dst.

remor4, 15,16 #16 < r5Sremr4

remi 748H REG
remo 708H REG

modi
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ret

Mnemonic:

Format:

Description:

Action:

ret Return
ret

Returns program control to the calling procedure. The current stack
frame (i.e., that of the called procedure) is deallocated and the FP is
changed to point to the stack frame of the calling procedure. Instruction
execution is continued at the instruction pointed to by the RIP in the
calling procedure's stack frame, which is the instruction immediately
following the call instruction.

As shown in the action statement below, the return-status field and
prereturn-trace flag determine the action that the processor takes on the
return. These fields are contained in bits O through 3 of register 1O of the
called procedure's local registers.

Refer to Chapter 5, Procedure Calls for further discussion of the ret
instruction.

wait for any uncompleted instructions to finish;
case return_type is

if (PFP.rt = 001;) or (PFP.rt = 1115))
{ # return from fault or interrupt handler
AC < memory(FP - 12);
if (PC.em = supervisor) PC <~ memory(FP - 16);
}
else if (PFP.rt = 010;) or (PFP.rt = 0115,))
{ # return to non-supervisor procedure
PC.te « PFP.rt0;
PC.em « user;

}

else Operation Unimplemented fault;

FP « PFP;

10:15 < memory(FP); # these accesses are cached in the local
register cache

IP « RIP;
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Faults:

Example:

Opcode:

See Also:

Trace Instruction. Return. Pre-Return. Breakpoint.
Instruction, Return and Pre-Return Trace-Events are
signaled after completion of the instruction. If PC.te
isal,and, TC.i or TC.r or TC.p is set to 1, a Trace
fault is generated.

Operation Unimplemented. Execution from on-chip data
RAM.

Unimplemented. Reserved return type encountered.

ret # program control returns to context of
# calling procedure

ret 0AH CTRL

call, calls, callx
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rotate
Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

rotate Rotate

rotate  len, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Copies src to dst and rotates the bits in the resulting dst operand to the
left (toward higher significance). (The bits shifted off the left end of the
word are inserted at the right end of the word.) The len operand specifies
the number of bits that the dst operand is rotated. The len operand can
range from O to 31.

This instruction can also be used to rotate bits to the right. Here, the
number of bits the word is to be rotated right is subtracted from 32 to get

the len operand.

dst < src rotate_left (len mod 32 );

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

rotate 13, 18, r12 #r12 « r8 with bits rotated
# 13 bits to left

rotate 59DH REG

SHIFT, eshro
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scanbit
Mnemonic: scanbit  Scan For Bit
Format: scanbit src, dst
reg/lit/sfr reg/sfr
Description: Searches the src value for the most-significant set bit (1 bit). If a most-
significant 1 bit is found, its bit number is stored in dst and the condition
code is set to 010,. If the src value is zero, all 1's are stored in dst and the
condition code is set to 000,.
Action: tempsrc ¢« src;
if (tempsrc = 0)
{
dst « O0xFFFFFFFF;
AC.cc « 000,;
}
else
{
i« 31; ’
while ((tempsrc and 2/i) = 0)
{
ie—i-1;
}
dst <1,
AC.cc « 010y;
}
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Example: # assume g8 is nonzero
scanbit g8, g10 # g10 « bit number of most-
# significant set bit in g8;
# AC.cc « 010,
Opcode: scanbit 641H REG
See Also: spanbit, setbit
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scanbyte
Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

scanbyte Scan Byte Equal

scanbyte srcl, src2
reg/lit/sfr reg/lit/sfr

Performs a byte-by-byte comparison of srcl and src2 and sets the
condition code to 010, if any two corresponding bytes are equal. If no
corresponding bytes are equal, the condition code is set to 000;.

tmpsrcl « srcl;

tmpsrc2 « src2;

if (((tmpsrc1 and 0x000000FF) = (tmpsrc2 and 0x000000FF)) or
((tmpsrc1 and 0x0000FF00) = (tmpsrc2 and 0x0000FF00)) or
((tmpsrc1 and 0xO0FF0000) = (tmpsrc2 and 0xO0FF0000)) or
((tmpsrc1 and 0xFF000000) = (tmpsrc2 and 0xFF000000)))
AC.cc « 010y;

else AC.cc « 000y;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

# assume r9 = 0x11AB1100
scanbyte 0x00AB0011,19  # AC.cc « 010,

scanbyte SACH REG
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sdma

Mnemonic:

Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

sdma Setup DMA Channel

sdma srcl, src2, src3
reg/lit/sfr reg/lit/sfr, reg/lit/sfr

The control for the DMA channel specified by src! is written with the
value in src2. The dedicated data RAM for the specified DMA channel is
written with the src3 value. The first two-bits of srcl specify the channel.
The src2 operand specifies the control parameters as a literal, or as a
single 32-bit register. The src3 operand specifies a single 32-bit register
if the channel is data-chaining. If the channel is not data-chaining, the
src3 operand specifies a quad-word, contained in src3, src3+1, src3+2
and src3+3. When not data chaining, src3 must specify a register with a
register number divisible by four.

dma_control_for_channel[src/ mod 4] « src2;
if (not chaining mode)

dma_ram[srcl mod 4] « src3; # quad-word store
else dma_ram[src/ mod 4] « src3; # word store
start_dma_channel[src/ mod 4];

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Constraint Privileged. Attempt to execute while not in
supervisor mode.

Idconst  3,r6; # set channel

Idconst  Channel_3_Modes,r7; # load controls

1dq Channel_3_transfer, r8; # load pointers

#and byte count from memory
sdma r6, 17, r8 # configure dma channel 3

sdma 630H REG

udma
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setbit
Mnemonic:

Format:

Description:

Action:

Faults:

Example:
Opcode:

See Also:

setbit Set Bit

setbit bitpos, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Copies the src value to dst with one bit set. The bitpos operand specifies
the bit to be set.

dst « src or 2°(bitpos mod 32);

Trace Instruction. Breakpoint

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

setbit 15,19, r1  #rl <« r9 with bit 15 set
setbit 583H REG

alterbit, chkbit, clrbit, notbit
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SHIFT

Mnemonic:

Format:

Description:

shlo Shift Left Ordinal

shro Shift Right Ordinal

shli Shift Left Integer

shri Shift Right Integer

shrdi Shift Right Dividing Integer

sh* len, src, dst
reg/lit/sfr reg/lit/sfr reg/sfr

Shifts src left or right by the number of bits indicated with the len
operand and stores the result in dst. Bits shifted beyond the register
boundary are discarded. For values of len greater than 32, the processor
interprets the value as 32.

The shlo instruction shift zeros in from the least-significant bit, and the
shro instruction shifts zeros in from the most-significant bit. These
instructions are equivalent to mulo and divo by the power of 2,
respectively.

The shli instruction shifts zeros in from the least-significant bit. If the
bits shifted out are not the same as the most-significant bit (bit 31), an
overflow fault is generated. If overflow occurs, dst will equal src shifted
left as much as possible without overflowing.

The shri instruction performs a conventional arithmetic shift-right
operation by shifting in the most-significant bit (bit 31). When this
instruction is used to divide an negative integer operand by the power of
2, it produces an incorrect quotient. (The discarding of the bits shifted
out has the effect of rounding the result toward negative.)

The shrdi instruction is provided for dividing integers by the power of 2.
With this instruction, 1 is added to the result if the bits shifted out are
non-zero and the src operand was negative, which produces the correct
result for negative operands.

The shli and shrdi instructions are equivalent to muli and divi by the
power of 2.

The eshro instruction is provided for extracting a 32-bit value from a
long ordinal (i.e., 64 bits), which is contained in two adjacent registers.

Refer to Instruction Set Reference titled eshro for details.

9-83



intel

INSTRUCTION SET REFERENCE

Action:

shlo:

shro:

shli:

shri:

shrdi:

if (len < 32) dst « src << len;
else dst < 0;

if (len < 32) dst « src >> len;
else dst « 0;

if (len > 32) i« 32;
else i « len;
temp « src;
while ((temp.31 = temp.30) and (i # 0))
{
temp ¢ temp << 1;
i—i-1;
}

dst « temp;

if (len >32) i « 32;
else i « len;
temp <« src;
while (i # 0)
{
temp < temp >> 1; # shift temp right one bit
temp.bit31 < temp.bit30;# extend temp's sign
bit
ie<i-1;
}

dst « temp;

i« len;
if 1>32)i« 32
temp « src;
s_sign < temp.bit31
lost_bit « O;
while (i # 0)
{
lost_bit <« lost_bit or temp.bitO;
temp « temp >> 1; # shift temp left one bit
temp.bit31 < temp.bit30; # extend temp's
sign bit
i—i-1;
}
if ((s_sign = 1) and (lost_bit = 1)) temp « temp + 1;
dst < temp;
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Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.

Arithmetic Integer Overflow. Result is too large for the destination
register (shli only). If overflow occurs, and AC.om is a 1, the fault is
suppressed and AC.io is set to a 1. After an overflow, dst will equal src
shifted left as much as possible without overflowing.

Example: shli 13,g4,16  # g6 < g4 shifted left 13 bits
Opcode: shlo 59CH REG

shro 598H REG

shli 59EH REG

shri 59BH REG

shrdi 59AH REG

See Also: divi, muli, rotate, eshro
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spanbit
Mnemonic: spanbit Span Over Bit

Format: spanbit src, dst
reg/lit/sfr reg/sfr

Description: Searches the src value for the most-significant clear bit (0 bit). If a most-
significant 0 bit is found, its bit number is stored in dst and the condition
code is set to 010,. If the src value is all 1's, all 1's are stored in dst and
the condition code is set to 000,.

Action: if (src = 0XFFFFFFFF)

{

dst < OxFFFFFFFF;

AC.cc < 000y;

}

else

{

¢ 31;

while ((src and 2M) # 0)
{
iei-1;
}

dst « i;

AC.cc « 010y;

}

Faults: Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

Type Mismatch. Non-supervisor reference of an sfr.

Example: # assume r2 is not Oxffffffff
spanbit 12, r9 #19 < bit number of most-
# significant clear bit in r2;
# AC.cc « 010,
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Opcode: spanbit 640H REG

See Also: scanbit
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STORE

Mnemonic:

Format:

Description:

st Store

stob Store Ordinal Byte

stos Store Ordinal Short

stib Store Integer Byte

stis Store Integer Short

stl Store Long

stt Store Triple

stq Store Quad

st src, efa

reg addr
efa:

(reg) disp + 8(IP) disp [reg * scale]
offset disp (regl) [reg2 * scale]
offset (reg) disp (reg) disp (reg 1) [reg 2 * scale]

Copies a byte or group of bytes from a register or group of registers to
memory. The src operand specifies a register or the first (lowest
numbered) register of successive registers.

The efa operand specifies the address of the memory location where the
byte or the first byte or a group of bytes is to be stored. The full range of
addressing modes may be used in specifying efa. (Refer to the section of
Chapter 3 titled Addressing Modes for a complete discussion.)

The stob and stib, and stos and stis instructions store a byte and half
word, respectively, from the low order bytes of the src register. The data
for ordinal stores is truncated to fit the destination width. If the data for
integer stores cannot be represented correctly in the destination width,
and Arithmetic Integer Overflow fault is signaled.

The st, stl, stt, and stq instructions copy 4, 8, 12, and 16 bytes,
respectively, from successive registers to memory.
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For the stl instruction, src¢ must specify an even numbered register (e.g.,
g0, g2, ... or 10, 12, ...). For the stt and stq instructions, src must specify a
register number that is a multiple of four (e.g., g0, g4, g8, ... or 0, r4, r8,

)

Action: st:  memory_word (efa) « src;
stob: memory_byte (efa) « src truncated to 8-bits;
stib: memory_byte (efa) < src truncated to 8-bits;
stos: memory_short (efa) < src truncated to 16-bits;
stis: memory_short (efa) < src truncated to 16-bits;
stl: memory_long (efa) « src;
stt: memory_triple (efa) « src;
stq: memory_quad (efa) < src;

Faults: Trace
Operation
Arithmetic
Type

Example: st g2, 1254 (g6)

Instruction. Breakpoint.

Unimplemented. Execution from on-chip data
RAM.

Unimplemented. An unaligned efa was was
referenced, and unaligned support was disabled.

Operand. An invalid operand value was
encountered.

Opcode. An invalid opcode encoding was
encountered.

Integer Overflow. Result is too large for the
destination (stib and stis only). If overflow occurs,
and AC.om is a 1, the fault is suppressed and AC.io
is set to a 1. After an overflow, the destination will
contain the least significant n-bits of the store,
where n is the transfer width (8-, or 16-bits).

Mismatch. Non-supervisor attempt to write to
internal data data RAM.

# word beginning at offset
#1254 + (g6) < g2
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See Also:

st
stob
stos
stib
stis
stl
stt
stq

92H

82H
8AH
C2H
CAH
9AH
A2H
B2H

LOAD, MOVE

MEM
MEM
MEM
MEM
MEM
MEM
MEM
MEM
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subc
Mnemonic: subc Subtract Ordinal With Carry
Format: subc srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
Description: Subtracts srcl from src2, then subtracts not(AC.ccl) and stores the result
in dst. If the ordinal subtraction results in a carry, AC.ccl is set to 1,
otherwise AC.ccl is set to O.
This instruction can also be used for integer subtraction. Here, if integer
subtraction results in an overflow, bit O of the condition code is set.
The subc instruction does not distinguish between ordinals and integers:
it sets bits 0 and 1 of the condition code regardless of the data type.
Action: dst « src2 - srcl - not(AC.ccl);
AC.cc « 0CVy;
#Vis 1 if integer subtraction would have generated an overflow,
# 0 otherwise
#Cis Carry out of the ordinal addition of src2 to not (srcl) and
carry in.
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Example: subc g5, g6, g7  # g7 < g6 - g5 - not( Carry Bit)
Opcode: subc 5B2H REG
See Also: addc, addi, addo, subi, subo
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subi, subo

Mnemonic: subi Subtract Integer
subo Subtract Ordinal

Format: sub* srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
Description: Subtracts srcl from src2 and stores the result in dst. The binary results

from these two instructions are identical. The only difference is that subi
can signal an integer overflow.

Action: dst « src2 - srcl;
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Arithmetic Integer Overflow. Result is too large for the
destination register (subi only). The least-significant
32-bits of the result is stored in dst. If overflow
occurs, and AC.om is a 1, the fault is suppressed
and AC.iois set to a 1. The least significant 32-bits
of the result are stored in dst.
Example: subi g6, 29, g12  #g12 < g9-g6
Opcode: subi 593H REG

subo 592H REG

See Also: addi, addo, subc, addc
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syncf
Mnemonic:
Format:

Description:

Action:

Faults:

Example:

Opcode:

See Also:

syncf Synchronize Faults
syncf

Waits for all faults to be generated that are associated with any prior
uncompleted instructions.

if (AC.nif # 1)
{
wait until no imprecise faults can occur associated with
instructions which have begun, but are not completed.;

}

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.

1d xyz, g6

addi r6, 8, 18

syncf

and g6, OxFFFF, g8

# the syncf instruction ensures that any faults
# that may occur during the execution of the
# 1d and addi instructions occur before the

# and instruction is executed

syncf 66FH REG

mark, fmark
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sysctl
Mnemonic: sysctl  System Control
Format: sysctl  srcl, src2, src3;
reg/lit/sfr reg/lit/sfr reg/lit/
message, type
Description: The processor control function specified by the message field of srcl is
executed. The type field of srcl is interpreted depending upon the
command. The remaining bits of src/ are reserved. The src2 and src3
operands are also interpreted depending upon the command.
The srcl operand is interpreted as follows:
31 16 15 8 7
srcl FIELD 2 MESSAGE TYPE FIELD 1
The following table lists the commands implemented on the 80960CA.
Message Srcl Src2 Src3
Type Field 1 Field2| Field 3 Field 4
Request 00OH | Vector No. N/U N/U N/U
Interrupt
Invalidate 01H | N/U N/U |NU N/U
Cache
Configure 02H | Cache Mode Configuration N/U Cache load | N/U
Cache (see table) N/U address
Reinitialize 03H | N/U N/U 1st Inst. PRCB
address address
Load Control | 04H | Register Group No. N/U N/U N/U
Register
Note: Sources and fields which are not used (designated N/U) are ignored.
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Cache Mode Configuration Table

Mode Fieldy) Mode Description
000, 1 KByte normal cache enabled
001, 1 KByte cache disabled (execute off-chip)
100, Load and lock 1 KByte cache (execute off-chip)
110, Load and lock 512 bytes, 512 bytes normal cache enabled
Note: 1) Modes which are not defined are reserved.
Action: temp « srcl;

tmpmessage < (temp and 0xf0) >> §;
switch (tmpmessage)
case 0:  # Signal an Interrupt
post_interrupt(temp and 0xf);
break;
case 1:  # Invalidate the Instruction Cache
invalidate_instruction_cache;
break;
case 2:  # Configure Instruction Cache
tmptype < (srcl and Oxff);
if (tmptype.bit0 = 1) disable_instruction_cache;
else if (tmptype = 0x0) enable_1k_instruction_cache;
else if (tmptype = 0x4)
{ # Load and freeze 1k cache
instr_cache < memory_1lk(src2); # load 1k bytes
freeze_1k_instruction_cache;
}
else if (tmptype = 0 x 6)
{ # Load and freeze 512 bytes of cache
instr_cache <~ memory_512(src2) # load 512 bytes
freeze_512_instruction_cache;
}
else Reserved;
break;
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Faults:

Example:

Opcode:

case 3: # Software Reset
temp « src2;
load PRCB pointed to by src3;
IP « temp;
break;
case 4:  # Load One Group of Control Registers
# from the Control Table
temp [0-3] ¢~-memory_quad (Control Table Base + group
offset);
for (i «0; i<3, i «-i+1 control_reg[i] «temp[i];
break

default: Operation invalid-operand fault;

Trace Instruction. Breakpoint.

Operation Unimplemented. Execution from on-chip data
RAM.
Unimplemented. Attempted to execute
unimplemented command.

ldconst Clear_cache, g6 # set the clear cache message

sysctl r6,r7,r8 # execute cache invalidation

# note: r7, r8 are dummies here
be uploaded_code # branch to code which was uploaded

sysctl  659H REG
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TEST

Mnemonic:

Format:

Description:

teste{.tl.f} Test For Equal

testne{.t.f} Test For Not Equal
testl{.tl.f) Test For Less

testle{.t.ff  Test For Less Or Equal
testg|.t.f) Test For Greater
testge{.t.f}  Test For Greater Or Equal
testo{.t.f} Test For Ordered
testno(.t.f)} Test For Unordered

tests{.tl.f} dst
reg/sfr

Stores a true (01H) in dst if the logical AND of the condition code and
the mask-part of the opcode is not zero. Otherwise, the instruction stores
a false (O0H) in dst. For the testno instruction (Unordered), a true is
stored if the condition code is 000,, otherwise a false is stored.

The following table shows the condition-code mask for each instruction.
The mask is in bits 0-2 of the opcode.

Instruction Mask Condition
testno 000, Unordered
testg 001, Greater

teste 010, Equal

testge 011, Greater or equal
testl 100, Less

testne 101, Not equal

testle 110, Less or equal
testo 111, Ordered

The optional .t or .f suffix may be appended to the mnemonic. Use the .t
suffix to speed-up execution when these instructions usually store a true
(1) condition is dst. Use the .f suffix to speed-up execution when these
instructions usually store a false (0) condition in dst. If a suffix is not
provided, the assembler is free to provide one.
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Action:

Faults:

Example:

- Opcode:

See Also:

For All Instructions Except testno:

testno:

Trace

Operation

Type

if ((mask and AC.cc) #000,) dst « Ox1; # dst set for true
else dst < 0x0; # dst set for false

if (AC.cc =000,) dst < 0x1; #dst set for true
else dst « 0xO0; # dst set for false

Instruction. Breakpoint.

Unimplemented. Execution from on-chip data
RAM.

Mismatch. Non-supervisor reference of an sfr.

# assume AC.cc = 100,
testl g9 # g9 < 0x00000001

teste
testne
testl
testle
testg
testge
testo
testno

22H
25H
24H
26H
21H
23H
27H
20H

COBR
COBR
COBR
COBR
COBR
COBR
COBR
COBR

cmpi, cmpdeci, cmpinci
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udma
Mnemonic: udma  Update DMA-Channel Ram
Format: udma
Description: The current status of the DMA channels is written to the dedicated DMA
ram.
Action: for (i = 0 to 3) dma_ram([i] <~ dma_status_channel[i];
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Constraint Privileged. Attempt to execute while not in
supervisor mode.
Example: udma # update status to dma ram
ldq Channel_3_ram,r4 # read current pointers
# and byte count for dma channel 3
Opcode: udma  631H REG
See Also: sdma
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xnor, xor
Mnemonic: xnor Exclusive Nor
xor Exclusive Or
Format: xnor srcl, src2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
xor srcl, sre2, dst
reg/lit/sfr reg/lit/sfr reg/sfr
Description: Performs a bitwise XNOR (xnor instruction) or XOR (xor instruction)
operation on the src2 and srcl values and stores the result in dst.
Action: XNor: dst < not (src2 or srcl) or (src2 and srcl);
Xor: dst « (src2 or srcl) and not (src2 and srcl);
Faults: Trace Instruction. Breakpoint.
Operation Unimplemented. Execution from on-chip data
RAM.
Type Mismatch. Non-supervisor reference of an sfr.
Example: xnor 13, 19, r12 #r12 « 19 XNOR 13
xor gl, g7, g4 #g4 < g7 XOR gl
Opcode: xnor 589H REG
xor 586H REG
See Also: and, andnot, nand, nor, not, notand, notor, or, ornot
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CHAPTER 10
THE BUS CONTROLLER

This chapter discusses the attributes and programming of the 80960CA high performance,
integrated bus controller.

OVERVIEW

The bus controller supports a synchronous, 32-bit-wide, demultiplexed external bus, which
consists of 30 address lines, four byte enables, 32 data lines, a clock output, and control and
status signals. The bus controller manages: instruction fetches; data loads and stores; DMA-
transfer requests; and accesses to unaligned memory. Management of the bus is accomplished by
queuing bus requests which effectively decouples instruction execution speed from external
memory access time.

Load and store instructions are the programs interface to the bus controller and work on ordinal
(unsigned) or integer (signed) data. A single load or store instruction can move from one to 16
bytes of data. Instruction fetches are also handled by the bus controller. An instruction fetch
reads either the 8-bytes (two words) or 16-bytes (four words).

The bus controller divides the flat 4 GByte memory space into 16 regions. Each region has
independent software programmable parameters that define the data-bus width, ready control,
number of wait states, pipeline read mode, byte ordering and burst mode. These parameters are
stored in the memory-region configuration table. Each memory region is 228 bytes (256 MBytes)
long. The purpose of configurable memory regions is to provide system hardware interface
support. Regions are transparent to the software. The upper four bits of the address (A31:28)
indicate which region is enabled.

A data-bus width parameter in the region table configures the external data bus as an 8-, 16-, or
32-bit bus for a region. This parameter determines the encoding of the byte enable signals and
the physical location of the data on the data-bus pins.

When a burst bus mode is enabled, a single address cycle can be followed with up to four data
cycles. This mode enables very high-speed data-bus transfers. When disabled, accesses appear as
one data cycle per address cycle. The burst bus mode can be enabled or disabled on a region-by-
region basis.
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A programmable wait-state generator inserts a programmed number of wait states into any
memory access. Wait states can be specified between the address and data cycles, between
consecutive data cycles of burst accesses, and between the last data cycle and the address cycle
of the next access for each of the memory regions. These wait states are programmable
independently by region.

An external, memory-ready input is provided to permit the user’s hardware to insert wait states
into any memory cycle. This pin works with the wait-state generator and is enabled or disabled
on a region-by-region basis.

The pipelined read mode provides the highest data bandwidth for reads and instruction fetches.
When a region is programmed for pipelined reads, the address cycle for the next read overlaps
the data cycle of the current read.

The bus controller supports two byte orders, big endian and little endian. A little-endian region
stores the least significant byte of a data word at the lowest byte address within the word. A big-
endian region stores the least significant byte of a data word at the highest byte address within
the word. Each memory region is independently configured for either byte order.

BUS TERMINOLOGY: REQUESTS, TRANSFERS, AND ACCESSES

It is necessary to define bus requests, bus transfers and bus accesses as they apply to the
80960CA. These terms are all used to describe the operation of the Bus Controller Unit. (See
Figure 10-1.)

Transfer A bus transfer is the movement of code or data between a memory system and the
80960CA. A write transfer occurs when a memory system is the destination of the
transfer; a read transfer occurs when a memory system is the source of the
transfer; a single access contains one to four transfers.

Access A bus access is an address cycle followed by one or more data transfers. Burst
accesses may consist of an address cycle followed by one or more data transfers.
Non-burst accesses consist of an address cycle and a single-data transfer. A single
request may result in multiple accesses.

Request A bus request is issued by the core or the DMA controller to the Bus Controller. It
is generated by a load or store instruction, an instruction fetch, or a DMA-transfer
request.
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ADDRESS [ 3 VALID X VALID X VALID X VALID x
o [ === - (OO (O---

BUS REQUEST [

BUS ACCESS [

DATA TRANSFER [

Figure 10-1. Terminology

ACCESSING INTERNAL DATA RAM

One KByte of user-visible internal data RAM is integrated on the 80960CA. This internal data
RAM is mapped into the first 1K of the address space (addresses OOH - 3FFH). Data RAM is
accessed only by loads, stores, or DMA transfers. Instruction fetches directed to these addresses
will cause an operation-unimplemented fault to occur. Some of the internal data RAM is
optionally used to store DMA status, cached interrupt vectors, and in some applications, cached
local registers. The remaining data RAM can be used by the application software. A detailed
discussion of the internal data RAM can be found in Chapter 2, Programming Environment.

The internal data RAM interfaces directly to an internal 128-bit bus. This bus is the pathway
between the registers and the data RAM. Because of the wide internal path, a quad word read or
write is usually performed in a single clock.

MEMORY REGION CONFIGURATION

Programmable memory-region configurations simplify the external memory system design and
reduce the system parts count. As noted before, the upper four bits of the address (A31:28)
indicate which of the 16 regions is currently selected. The memory-region configuration effects
all accesses to the addressed memory region. Loads, stores, DMA transfers, and instruction
fetches all use the parameters defined in the region table. The memory-region configuration table
options are:

e Selectable 8-, 16-, or 32-bit-wide data bus

e  Programmable high-performance burst access
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e A 5-parameter wait-state generator'
¢  Memory-ready and burst-cycle terminate for dynamic access control
e  Programmable pipelined reads

o  Selectable big- or little-endian byte ordering

Wait States

The 80960CA bus controller translates a bus request into one or more memory accesses. A
memory access consists of an address cycle, one or more data cycles, and the associated wait
states. If the burst mode is enabled, an access consists of 1, 2, 3, or 4 data cycles. The number of
data cycles depends on the data-bus width and the width of the request (byte, short, word, triple,
or quad).

The 80960CA can generate wait states internally. Five parameters for each region define the
wait-state-generator operation. Figures 10-2 and 10-3. along with the following text, describe
each parameter.

NRrAD (Number of wait cycles for Read Address-to-Data). The number of wait states
between the address cycle and the first-read data cycle. Ngap can be programmed
for 0-31 wait states.

NgrpD (Number of wait cycles for Read Data-to-Data). The number of wait states
between consecutive data cycles of a burst read. Nrpp can be programmed for 0-
3 wait states.

Nwab (Number of wait cycles for Write Address-to-Data). The number of wait states
that data is held after the address cycle and before the first write data cycle. Nwap
can be programmed for 0-31 wait states.

Nwpp (Number of wait cycles for Write Data-to-Data). The number of wait states that
data is held between consecutive data cycles of a burst write. Nwpp can be
programmed for 0-3 wait states.

Nxpa (Number of wait cycles for X (read or write) Data to Address). The number of
wait states between the last data cycle of an access to the address cycle of the next
access. Nxpa applies to both read and write accesses. Nxpa is considered the bus
turn-around time. The external device's ability to relinquish the bus on a read
access (read deasserted to data-float) determines the number of Nxpa cycles.
DRAM designs can make use of Nxp4 to guaranteed RAS pre-charge time. Nxpa
can be programmed for 0-3 clocks.
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Memory Ready and Burst Terminate Control

The 80960CA provides two control signal inputs that can dynamically alter memory accesses.
The ready input (READY) extends accesses by forcing wait states. The burst-terminate input
(BTERM ) breaks a burst access into a series of non-burst accesses. The memory-region table
can be programmed to enable or disable these inputs for each region. These options work with
the programmed internal wait states and burst mode. If READY and BTERM are enabled in a
region, these pins are sampled only after the programmed number of wait states has expired
(Figure 10-4).

The READY input signal indicates to the 80960CA that read data on the bus is valid or that a
write data transfer has completed. If the READY pin is asserted (low), wait states continue to be
inserted until READY is deasserted (high). This is true for the Nrap, NrpDs NwaDp, and Nwpp
wait states. The Nxpa wait states cannot be extended by READY.

The burst-terminate signal BTERM) breaks up a burst access. Asserting BTERM (low) invokes
another address cycle. This allows a burst access to be dynamically broken into smaller accesses
which may still be bursts, with no data lost. Read data is accepted on the clock edge that BTERM
is asserted, and write data is assumed written. WhenBTERM is asserted the READY input is
ignored, therefore the memory is assumed to be ready. .

If BTERM is asserted after the first word of a quad-word burst, the bus controller issues another
address cycle. The new address is the address of the second word of the burst access (A3:2 =
01;). The bus controller then attempts to burst the remaining three words. The BLAST (Burst
Last) signal indicates the last data transfer of an access. This signal is asserted at the end of the
complete burst access.
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Figure 10-4. BTERM and READY
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Data Bus Width

The data-bus width of each region is programmed in the memory region configuration table. The
80960CA allows an 8-, 16-, or 32-bit-wide data bus for each region. The 80960CA justifies the
8- and 16-bit data on the proper data pins. This greatly simplifies the interface to external
devices. Eight-bit data is placed on D7:0; 16-bit data is placed on D15:0; and 32-bit data is
placed on D31:0 (Figure 10-5).

80960CA

Figure 10-5. Data Width and Byte Enable Encodings

The four byte-enable signals are encoded in each region to generate the proper address ﬂg_als
for 8-, 16-, or 32-bit memory systems. In an 8-bit region, BEO is address line A0; and BEI is
address line Al. In a 16-bit region, BElis address line Al; BE3 is the byte high-enable signal
(BHE); and BEQ is the byte low-enable signal (BLE). In a 32-bit region, the byte enables are not
encoded. Byte enables BE3:0 select byte 3 to byte O respectively. Address lines A31:2 provide
the most significant portion of the address. (See Table 10-1.)
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Table 10-1. Byte Enable Encoding

8-Bit Bus Width

BYTE BE3 BE2 BE1 BEO
X) X) (A1) (A0)
0 X X 0 0
1 X X 0 1
2 X X 1 0
3 X X 1 1
16-Bit Bus Width
BYTE BE3 BE2 BEI BEO
(BHE) X) (A1) (A0)
0,1 0 X 0 0
2,3 0 X 1 0
0 1 X 0 0
1 0 X 0 1
2 1 X 1 0
3 0 X 1 1
32-Bit Bus Width
BYTE BE3 BE2 BE1 BEO
0,1,2,3 0 0 0 0
2,3 1 1
0,1 1 1 0 0
0 1 1 1 0
1 1 1 0 1
2 1 0 1 1
3 0 1 1 1
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Burst Enable Control

A burst access is an address cycle followed by two to four data transfers. Burst accesses may be
enabled or disabled in each region, and they are always aligned. (See the section titled Data
Alignment later in this chapter.) The two least-significant address signals automatically increment
during the burst access. The maximum burst size is four data transfers. This maximum is
independent of bus width. A byte-wide bus has a maximum burst size of four bytes; a word-wide
bus has a maximum burst size of four words. If a quad-word load request (e.g., 1dq) is made to
an 8-bit data region it results in four, four-byte burst accesses. (See Table 10-2.)

Table 10-2. Burst Transfers and Bus Widths

Number of Number of
Request Bus Width Burst Transfers/ Number of
Accesses Burst Transfers
8 Bit 4 4-4-4-4 16
Quad Word 16 Bit 2 4-4 8
32 Bit 1 4 4
8 Bit 3 4-4-4 12
Triple Word 16 Bit 2 4-2 6
32 Bit 1 3 3
8 Bit 2 4 8
Double Word 16 Bit 1 4 4
32 Bit 1 2 2
8 Bit 1 4 4
Word 16 Bit 1 2 2
32 Bit 1 1 1
8 Bit 1 2 2
Short 16 Bit 1 1 1
32 Bit 1 1 1
8 Bit 1 1 1
Byte 16 Bit 1 1 1
32 Bit 1 1 1
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Pipelined Reads

The 80960CA provides an address pipelining mode that improves read-data bandwidth. When
address pipelining is enabled, the next read address is asserted in the last data cycle of the current
read access. Pipelining makes the address cycle invisible for back-to-back read accesses.
Pipelining may be enabled or disabled in each memory-region.

If pipelining is enabled, the READY and BTERM inputs are ignored during read accesses to that
region. The Nxpa wait states are forced to O for pipelined reads. READY, BTERM and the
Nxpa wait-states behave as programmed for write accesses. (See Chapter 11, External Bus
Description for more information about pipelined reads.)

Byte Ordering

The bus controller supports big-endian and little-endian byte ordering for memory operations.
Byte ordering determines which memory location contains the least significant byte of an
operand. Little-endian systems store the least significant byte of an operand at the lowest byte
address in memory. Big-endian systems store the least significant byte at the highest address in
memory.

The 80960CA uses little-endian byte ordering internally, and data-in registers follow the little-
endian convention. Data-in memory (including the internal data RAM) is arranged as either little
or big endian. Both byte ordering arrangements are supported for short-word and word data-
types. Any region may be defined to be a big- or little-endian region. Data and instructions can
be located in either big- or little-endian regions.

Multiple word bus requests (bursts) to a big-endian region are handled as individual words. The
bytes in each word are swapped, but the relationship between the words remains the same. Big-
endian data types of greater than 32-bits are not supported.

10-11
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PROGRAMMING THE BUS CONTROLLER

The Bus Controller is programmed using 17 control registers. Sixteen of these control registers
make up the region table; the remaining register is the Bus Configuration (BCON) Register.
Control registers are modified by using the load-control-registers message of the system-control
(sysctl) instruction. (See Chapter 2, Programming Environment for a thorough description of
control registers.)

The Region Table

The region table contains 16 entries, with each entry stored in a control register. The region table
entry specifies the number of wait states; data bus width; byte ordering; burst mode; pipeline
mode; byte order; and the external-ready mode for the region that it controls. The four most-
significant bits of an address indicate which region is being accessed. A region-table entry is 32-
bits wide (Figures 10-6 and 10-7); however, not all of the bits are currently used.

ADDRESS  ADDRESS SPACE

FFFF FFFFH MEMORY REGION
REGION 15 CONFIGURATION
256 MBYTES, TABLE
F000 0000H| " ) ‘\\ TABLE ENTRY
~d ENTRY 15 ] ‘
e [T
~ -
E000 0000H|__¢ ) o EntRva I
REGION13 [ RSPl
256 MBYTES S~ -
D000 0000H|_" ) ENTRY 13
° e

N + N T .

ENTRIES 121
REGIONS 121
.1 EnTRYO
1000 0000H e
’
REGIONO &
(256 MBYTES)

0000 0000H

Figure 10-6. Region Table Configures External Memory
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BURST ENABLE
(0) DISABLED
(1) ENABLED

READY/BTERM ENABLE
(0) DISABLED
(1) ENABLED

READ PIPELINING ENABLE
(0) DISABLED
(1) ENABLED

NRap WAIT STATES
0-31 WAIT STATES
NpRpp WAIT STATES
0-3 WAIT STATES
Nypa WAIT STATES
0-3 WAIT STATES
NwaD WAIT STATES i

0-3 WAIT STATES

28 24 20 I

) —1—s 12 8 4 0

T—— NwpD WAIT STATES

0-3 WAIT STATES
BUS WIDTH

(00) 8-BIT BUS

(01) 16-BIT BUS

(10) 32-BIT BUS

RESERVED (11) RESERVED
(INITIALIZE TO 0) BYTE ORDER

(0) LITTLE ENDIAN
(1) BIG ENDIAN 1(Q

Figure 10-7. Region Table Entry

An entry in the memory-region configuration table is described below and shown in Figure 10-7.

Burst Enable (Bit 0 ) - Enables or disables burst accesses for the region.

READY/BTERM Enable (Bit 1) - Enables or disables the READY and BTERM inputs for the
region. If disabled, the READY and BTERM signals are ignored.

Read Pipelining Enable Bit (Bit 2) - Enables or disables address pipelining of read accesses for
the region. READY and BTERM are ignored during pipelined reads.
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NRrap Wait States (Bits 3-7) - Number of Read Address-to-Data wait states in the region.
(Programmed for 0-31 Wait States)

Ngrpp Wait States (Bits 8-9) - Number of Read Data-to-Data wait states in the region.
(Programmed for 0-3 Wait States)

Nxpa Wait States (Bits 10-11) - Number of X (read or write) Data-to-Address wait states in the
region. (Programmed for 0-3 Wait States)

Nwap Wait States (Bits 12-16) - Number of Write Address-to-Data wait states in the region.
(Programmed for 0-31 Wait States)

Nwpp Wait States (Bits 17-18) - Number of Write Data-to-Data wait states in the region.
(Programmed for 0-3 Wait States)

Bus Width (Bits 19-20) - Determines the data-bus width for the region. Effects the encoding of
the byte-enable signals (BE3:0).

Byte Ordering (Bit 22) - Selects the byte ordering for the region, little endian or big endian.

10-14



intal THE BUS CONTROLLER

The Bus Configuration Register BCON

The Bus Configuration Register (BCON) is a 32-bit register. It controls the region-configuration
table and the internal data RAM protection.

The bus configuration register is described below and shown in Figure 10-8.

CONFIGURATION TABLE VALID ( BCON.ctv)
(0) PROTECTION OFF
(1) PROTECTION ON

INTERNAL RAM PROTECTION ENABLE (BCON.irp) 1

(0) TABLE NOT VALID

(1) TABLE VALID

28 24 20 16 12 8 4 0

BUS CONFIGURATION
REGISTER (BCON)

Figure 10-8. BCON Register

Configuration Table Valid (Bit 0) - When the BCON.ctv bit is clear, all memory is accessed as
defined by Region Table Entry 0. When the BCON.ctv bit is set, the entire region table is used.

Internal RAM Protection (Bit 1) - Enables supervisor write protection for internal data RAM at
address 100H to 3FFH.

Configuring the Bus Controller

The bus controller is configured automatically when the processor is initialized. All values for
the region table are loaded from the control table, and the BCON.ctv bit is set (table valid) before
the first instruction of application code is executed. The user only has to supply the correct value
in the control table in external memory. (See Chapter 14, Initialization and System Requirements
for more details on the processor's actions at initialization.)

The value in the region table may be altered after initialization by using the sysctl instruction. It
is important to avoid altering an enabled region table entry while a bus access to that region is in
progress. It is acceptable, however, to write the same data to an enabled region table entry while
a bus access to that region is in progress. This consideration is especially important for Region
Table Entry 0, when it is the master entry (BCON.ctv = 0).
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Data Alignment

Aligned data transfers are accesses made to data types which fall on a data type's natural
boundaries. Quad words and triple words are aligned on 16-byte boundaries; double words are
aligned on 8-byte boundaries; words are aligned on 4-byte boundaries; short words are aligned
on 2-byte boundaries; and bytes are aligned on 1-byte boundaries.

Unaligned requests to little-endian memory regions are allowed but cause a performance penalty.
Unaligned requests can generate a maskable fault. If the fault is masked, the bus controller
breaks the non-aligned access into a number of smaller-aligned accesses using microcode. CPU
cycles are used to align the unaligned request, and more bus cycles are used to transfer the
unaligned data.

If the fault is not masked, an unaligned request will result in an operation-unaligned fault. The
alignment fault can be used as a debug feature. Removing unaligned memory accesses from an
application increases performance. The unaligned bus-access fault mask is located in the fault-
configuration word of the processor control block (PRCB).

If a little-endian word read request from address XXXXXXXOH is issued, a single word-load
bus cycle occurs. If a little-endian word read request from address XXXXXXX1H (unaligned) is
issued, and the alignment fault is masked, then four single-byte load bus cycles occur. All
aligned and unaligned little-endian transfers are summarized in Figure 10-9.
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WORD
LOAD/STORE

DOUBLE-WORD
LOAD/STORE

BYTE OFFSET 0

WORD OFFSET 0

SHORT-WORD
LOAD/STORE

™ r

- SHOHT REQUEST (ALIGNED)

L

BYTE BYTE REQUESTS
' SHORT REQUEST (ALIGNED)

BYTE, BYTE REQUESTS|

WORD REQUEST (ALIGNED)

|
| | |envie RiIEQUESTS

ONE DOUBLE-WORD REQUEST (ALIGNED)

BYTE, BYTE, BYTE, WORD, BYTE REQUESTS
ﬁ BYTE, BYTE, WORD, BYTE, BYTE REQUESTS
v ‘ BYTE, WORD, BYTE, BYTE, BYTE REQUESTS

WORD, WORD REQUESTS

ONE DOUBLE-WORD REQUEST (ALIGNED)

Figure 10-9. A Summary of Aligned and Unaligned Transfers for Little Endian Regions
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BYTE OFFSET 0 4 8 12 16 20 24
1 l 1 1 | | T | [ | 1 l | I ] I
WORD OFFSET 0 1 2 3 4 5 6
BYTE, BYTE, WORD, WORD, BYTE, BYTE REQUESTS
TRIPLE-WORD e
LOAD/STORE
BYTE, WORD, WORD, BYTE, BYTE, BYTE REQUESTS
WORD, WORD, WORD REQUESTS
WORD, WORD, WORD REQUESTS
[ | |
ONE Foua-wlono REQUES}' (ALIGNED)
BYTE, BYTE, BYTE, WORD, WORD, WORD
BYTE REQUESTS
]
BYTE, BYTE, WORD, WORD, WORD, BYTE,
QUAD-WORD BYTE ?EQUESTS '
LOAD/STORE ﬁ BYTE, WORD, WORD, WORD, BYTE,
BYTE, BYTE REQUESTS
1
WORD, WORD, WORD,
WORD REQUESTS
DOUBLE-WORD,
DOUBLE-WORD
REQUESTS

Figure 10-9. A Summary of Aligned and Unaligned Transfers for Little Endian Regions (cont..)

Unaligned Transfers and Big Endian Byte Ordering

Unaligned little-endian requests are either aligned by microcode or cause a fault. Unaligned big-
endian requests can only cause a fault. They will not be properly aligned by microcode. If both
types of byte ordering are present in a system and microcode is to be used for unaligned little-
endian accesses, unaligned accesses to big-endian regions must not be allowed.
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BUS CONTROLLER IMPLEMENTATION

The bus controller consists of four units: the queue; the packing unit; the translation unit; and the
sequencer (Figure 10-10). The 80960CA's instruction fetch unit, execution unit and DMA unit all
pass memory-access requests to the bus controller unit. The bus controller arbitrates, queues and
executes these requests.

QUEUE UNIT
STORE DATA —1;22->
- 32, o PACKING A 32 , DATA
128 7 1 UNIT ‘e
LOAD DATA ~—p~—
[} 32, ADDRESS
Cd
Y
32 PIN
ADDRESS
ADDRESS =41 SEQUENCER CONTROL f=——t BUS
TRANSLATION freei UNIT <
UNIT - DATA
BUS
prru— A
CONTROL l <= CONTROL
B A31 :28’/
CONFIGURATION
DATA
\
MEMORY REGION
16 ENTRIES CONFIGURATION TABLE

Figure 10-10. Block Diagram of the Bus Controller

The Bus Queue

The Bus Controller has a queue which contains entries for up to three bus requests. Each queue
entry consists of a 32-bit address, up to 128-bits of data (four words), and control information.
The bus queue decouples the high bandwidth (128-bit-wide data) internal data busses from the
lower bandwidth (32-bit-wide data) external bus.
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Two of the queue entries are reserved for bus requests generated from the user's code. The third
queue entry is used by the DMA controller. If no DMA channels are set up, the third slot is also
used by the user program. The user requests are serviced in a first-in, first-out (FIFO) manner.
The DMA does not issue back-to-back requests, therefore the CPU is guaranteed access to the
external bus between DMA accesses, thus allowing the user and DMA process to execute
concurrently while sharing the external bus.

The depth of the queue effects the latency of bus requests and the interrupt latency. The queued
requests must be serviced before the pending request can be serviced. If an interrupt occurs when
all three bus entries are full, the three outstanding requests must be serviced before the first
interrupt instruction may be fetched from memory.

The Data Packing Unit

The packing unit handles data movement between the queues and the external bus. The packing
unit controls data alignment and data packing. Data is unpacked when the width of data-store
request exceeds the width of the physical bus; data is packed when the width of data-load request
exceeds the width of the physical bus.

If a word load is issued to an 8-bit bus, the bus controller issues four 1-byte reads, and the
packing unit assembles the incoming data into a single word. If a quad word-store is issued to an
8-bit bus, the Bus Controller issues four one-word reads, and packing unit unpacks the outgoing
data.

The Bus Translation Unit and Sequencer

The bus translation unit is responsible for looking up the memory configuration in the region
table. The look-up is based on the address of the bus request. The bus request and the data from
the region table are passed to the bus sequencer when the external bus is available. The
sequencer then breaks the request into a set of bus accesses, generating the signals on the
external bus pins.
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CHAPTER 11
EXTERNAL BUS DESCRIPTION

This chapter discusses the 80960CA bus pins, bus transactions, and bus arbitration. It also
describes waveforms and the effects of the programmable memory region configuration table.

OVERVIEW

The 80960CA’s integrated bus controller and external bus provide a flexible, easy-to-use
interface to memory and peripherals. All of the bus transactions are synchronized with the
processor clock output (PCLK); therefore, most memory-system control logic can easily be
implemented as state machines. The internal, programmable wait-state generator; external ready
control signals; bus arbitration signals; data-transceiver control signals; and programmable bus-
width parameters all combine to reduce the system component count and ease the design task.

PIN DESCRIPTIONS

The 80960CA bus signals consist of 30 address signals, four byte enables, 32 data lines, and
various control signals. A description of the bus signals is given below. All bus signals are TTL
compatible.

PCLK2, PCLK1 Processor Output Clocks (outputs) - PCLK1 and PCLK?2 are identical
clock outputs for the processor's synchronous bus. All other bus
operations are synchronized to PCLK1 and PCLK2. Two output pins are
provided for additional drive capability, PCLK is one-half the frequency
of CLKIN (the input clock).

D31:D0 32-Bit Data Bus (input/output) - 32-, 16-, and 8-bit values are transmitted
and received on these lines. When a memory region is configured as an
8-bit bus, data is transferred on D7:0 only. When a memory region is
configured as a 16-bit bus, data is transferred on D15:0 only. The data
bus floats during HOLDA, ONCE, and read operations.

A31:2 30-Bit Address (outputs) - The 30-bit address bus identifies all external
addresses to word (4-Byte) boundaries. The byte-enable lines indicate the
selected byte in each word. A3:2 increment during 32-bit burst accesses.
The address bus floats during HOLDA and ONCE operations.
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ADS

DT/R

DEN

WAIT

Byte Enable (outputs) - The byte enables select which of four addressed
bytes are active in a_32-bit memory access. BE! BEO applies to D7:0;

BE1 applies to D15:8; BE2 applies to D23:16; ‘BE3 applies to D31:24,

When a memory region is configured for an 8-bit data-bus width,

BEO and BE1 act as the lower two bits of the address (A1:0). For a 16-
bit memory region, BE3, BE1, and BEO are encoded as BHE, Al, and
BLE respectively. The byte enables are put into a high-impedance state
during HOLDA and ONCE operations.

Write/Read (output) - This signal is low for read accesses and high for
write accesses. The W/R signal changes in the same clock cycle as
ADS and it remains valid for the entire access in non-pipelined regions.
In pipelined regions, W/R is not valid in the last cycle of a read access.
W/R is put into a high-impedance state during HOLDA and ONCE
operations.

Address Strobe (output) - This signal indicates valid address and the start
of a new bus access. ADS is asserted for the first clock of a bus access.
ADS is put into a high-impedance state for HOLDA and ONCE
operations.

Data Transmit/Receive (output) - DT/R is used for direction control for
data transceivers. DT/R is low when the 80960CA is reading data, and
high when it is writing data. DT/R is guaranteed not to change while
DEN is asserted. DT/R is put into a high impedance state for HOLDA
and ONCE operations.

Data Enable (output) - DEN is asserted (low) after the first address cycle
of a bus access and it is deasserted at the end of the last data-cycle of the
access (before the NxpA cycles). DEN is used to control external data
transceivers. DEN will remain asserted for sequential accesses to
pipelined regions. DEN is is put into a high impedance state during
HOLDA and ONCE operations.

Wait (output) - This signal indicates that during a bus access, the internal
wait-state generator is inserting either NRAp, NRDD> NwAD, or Nwpp
wait states. WAIT is not asserted during Nxpa wait states. WAIT is put
into a high-impedance state during HOLDA and ONCE.
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BTERM

D/C

DMA

SUpP

BLAST

Ready (input) - The READY input signal indicates that read data on the
bus is valid, or that a write-data transfer has completed. The READY
signal works in conjunction with the internally programmed wait-state
generator. f READY and BTERM are enabled in a region, the READY
pin is sampled after the programmed number of wait states has expired.
If the BTERM pin is not asserted (high), and the READY pin is asserted
(low), wait states will continue to be inserted until READY is deasserted
(high). This is true for the NRAD, NRDD> NWAD, and Nwpp wait-
states. The Nxpa wait states cannot be extended by READY. To satisfy
the READY setup and hold times found in the data sheet, READY must
be externally synchronized.

Burst Terminate (input) - The burst-terminate signal breaks-up a burst
access and causes another address cycle to occur. The BTERM signal
works in conjunction with the internally programmed wait-state
generator. f READY and BTERM are enabled in a region, the BTERM
pin is sampled after the programmed number of wait states has expired.
When BTERM is asserted, READY is ignored. BTERM must be
externally synchronized to satisfy the BTERM setup and hold times
found in the data sheet.

Data/Code (output) - D/C indicates that the current access is a data
transfer or a code fetch. It has the same timing as W/R. D/C is put into a
high-impedance state during HOLDA and ONCE operations.

CPU/DMA (output) - This signal indicates that the current bus access
was requested by the DMA. It has the same timing as W/R DMA is put
into a high-impedance state during HOLDA and ONCE operations.

User/Supervisor (output) - SUP indicates that the current bus access was
requested by a supervisor-mode process. It has the same timing as
W/R. SUP is put into a high-impedance state during HOLDA and ONCE
operations.

Burst Last (output) - BLAST indicates that the data transfers of an access
are complete. This signal is asserted in the last data transfer of every bus
access, burst and non-burst. BLAST is put into a high-impedance state
during HOLDA and ONCE operations.
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HOLDA

LOCK

BREQ

ONCE

Hold (input) - HOLD is used by an external bus master to request access
to the bus. The processor asserts HOLDA and relinquishes the bus after
the current bus request has completed. HOLD may be generated by
external bus-arbitration logic that monitors the HOLDA, BREQ and
LOCK signals. It must be externally synchronized to satisfy the timings
found in the 80960CA Data Sheet.

Hold Acknowledge (output) - HOLDA indicates to a bus requester that
the processor has relinquished control of the bus. It is asserted in the
same clock that the bus goes into the high-impedance state. HOLDA is
put into a high-impedance state during ONCE operation.

Lock (output) - This signal indicates that an atomic memory operation
(atadd, atmod) is in progress. Atomic memory operations are read-
modify-write operations. The LOCK signal indicates that other
processors or peripherals should not write data to any address that falling
within the quad word boundary of the address on the bus when LOCK
was asserted. The LOCK signal is deasserted after the write portion of an
atomic access. A HOLD request will be acknowledged by HOLDA
during locked cycles. It is the responsibility of external arbitration logic
to monitor the LOCK pin and enforce its meaning for atomic memory
operations.

Bus Request (output) - While HOLDA is asserted, BREQ indicates that
the 80960CA bus controller wishes to perform an external memory
operation. BREQ can be used with external bus-arbitration logic to
regain control of the bus. It is put into a high-impedance state during
ONCE operation.

On Circuit Emulation (input) - This signal is pulled-up internally and
should be left unconnected by the user for normal operation. If ONCE is
asserted (low) while RESET is asserted (low), all the output pins float,
and all the internal pull-ups and pull-downs are turned off. This allows
in-circuit testing by external testers and allows ICE systems to emulate
in-circuit devices.
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Access-Request Status Signals

The D/C, DMA, and SUP signals provide information about the source of an access request. D/C
indicates that the current access is data or code. The DMA signal indicates that the current access
is a DMA access. The SUP signal indicates that the current access was requested by a supervisor
mode process. When used with a logic analyzer, these signals aid in software debugging.

The D/C signal can also be used to implement separate external data and instruction caches,
while the SUP pin can be used to protect hardware from accesses while the processor is not in the
supervisor mode.

BUS TRANSACTIONS

All bus accesses begin by asserting ADS and end by asserting BLAST. The bus is synchronous
with PCLK, so all address, data, and control signals (with the exception of DT/R) are qualified
by the rising edge of PCLK.

In between bus accesses, the bus is in the idle state. The idle bus state begins one cycle after the
BLAST signal is asserted, and ends when ADS is asserted. The ADS and LOCK signals are
guaranteed to remain deasserted during the idle state. The following bus signal are invalid during
idle: D31:0; A31:2; BE3:0; BLAST; W/R; WAIT; DT/R; DEN; DMA; SUP; and BREQ.
HOLD/HOLDA bus arbitration is independent of the idle state and will function properly.

All accesses on the bus are aligned by the bus controller. Non-aligned accesses are translated into
a series of smaller-aligned accesses by the bus controller. A detailed description of alignment can
be found in Chapter 10, Bus Controller.
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Non-Burst Accesses

A basic (non-burst, non-pipelined) access (Figure 11-1) is an address cycle followed by a single
data-cycle, including any optional wait states associated with the access. The wait states may be
generated internally by the wait-state generator or externally, using the 80960CA's' READY
input.

Non-burst accesses and non-pipelined-reads are the most basic form of memory access. Non-
burst regions may be used to memory-map peripherals and memory that cannot support burst-
accesses. Ready control may be enabled or disabled for the region.

Basic accesses are controlled by the NRAp, NwaD and Nxpa wait-state fields of a region table
entry. NRAD specifies the number of wait states between the address cycle and the data cycle for
read accesses. NwaD specifies the number of wait states between the address cycle and the data
cycle for write accesses. NxpA specifies the number of wait states between the data cycle and
the next address cycle. Data-to-data wait states NRpD, NwDD) are not used if burst accesses are
not enabled.

The read access begins by asserting the proper address and status signals (ADS A31:2;
BEO:3; SUP; D/C; DMA; W/R) on the rising edge that begins the address cycle (marked as "A"
on the figures). The assertion of ADS indicates the beginning of an access.

DT/E is driven on the next falling edge of the clock. This signal is asserted early to ensure that
DT/R does not change while DEN is asserted. DEN is asserted on the next rising edge of the
clock (the rising edge that ADS is deasserted and the address cycle ends). The DEN signal can
be used to control external data transceivers.

The cycles that follow are the NRAp wait states. TheWAIT signal is asserted while the internal

wait-state generator is counting. If READY/BTERM control is enabled in this region, and
READY is not asserted after the wait-state generator has finished counting, wait states will
continue to be inserted until the READY signal is asserted.

The assertion of BLAST indicates the end of the data-transfer cycles for this access. The DEN
signal is deasserted.

The NxpA wait states (turn-around wait states) follow BLAST, and a new address cycle may
start after the Nxpa cycles have expired. The Nxpa states allow slow devices time to get off the
bus.
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Figure 11-1. Basic Read Access, Non-Pipelined, Non-Burst, Wait-States
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Figure 11-2. Basic Read and Write Accesses, Non-Pipelined, Non-Burst, No Wait States
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Figure 11-3. Basic Write Access, Non-Pipelined, Non-Burst, Wait States
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Burst Accesses

Burst accesses increase the bus bandwidth over non-burst accesses. The 80960CA burst access
allows up to four consecutive data cycles to follow a single address cycle. Burst-mode memory
systems can get greater performance out of slower memory than non-burst mode memory.
SRAM, interleaved SRAM, Static-Column-Mode DRAM, and Fast-Page-Mode DRAM may be

easily designed into burst-mode memory systems.
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g h'd Y Y Y jr Y "Extern;r A
B Bu Pipe-
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bits 31-23] _ bit 22 bit 21| bits 20-19 ] bits 18-17 | bits 16-12| bits 11-10] bits 9-8 | bits7-3 | bit2 bit 1 bit 0
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Figure 11-4. Burst-Read Access, Non-Pipelined, with Wait States
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A burst read or write access consists of: a single address cycle; O to 31 address-to-data wait states
(NrAD or NwaD); one to four data cycles, separated by zero to three data-to-data wait states
(NRDD or Nwpp); and zero to three turn-around wait states (Nxpa). If READY/BTERM
control is enabled in the region, the NrR Ap, NwAD, NRDD and Nwpp wait states may all be
extended by not asserting the READY signal. BTERM may be used to break a burst access into
smaller accesses.

The two least-significant bits of the address automatically increment for each consecutive burst
data access. This is true for 8-, 16- and 32-bit-wide data buses. When a memory region is
configured for a 32-bit data-bus width, address pins A2 and A3 increment. For a 16-bit memory
region, BE1 is encoded as A1, and address pins A2 and A1 increment. When a memory region is
configured for an 8-bit data bus width, BEO and BE1 acting as the lower two bits of the address

increment. The maximum burst size is four data transfers per access.

Multiple data-cycle burst accesses on a 32-bit bus are always aligned to even-word boundaries.
Quad-word and triple-word accesses always begin on quad-word boundaries (A3:2 = 00);
double-word transfers always begin on double-word boundaries (A2=0); and single-word
transfers occur on single word boundaries. (See Figure 11-5.)

00 . 01 ) 10 B 11

QUAD-WORD BURST

32-BIT BURST BUS

TRIPLE-WORD BURST

DOUBLE-WORD BURST

DOUBLE-WORD BURST

B e
32-BIT

Figure 11-5. 32-Bit-Wide Data-Bus Bursts
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Multiple data-cycle burst accesses for a 16-bit bus are always aligned to even short-word
boundaries. Data is only transferred on data pins D15:0 for a 16-bit bus. A four short-word burst
access always begins on a four short-word boundary (A2 = 0, A1 = 0). Two short-word burst
accesses always begin on an even short-word boundary (Al = 0). Single short-word transfers
occur on single short-word boundaries. (See Figure 11-6.)

A2:1 = (A2, BE1)
00 o1 , 10 1

16-BIT BURST BUS 4 SHORT-WORD BURST

2 SHORT-WORD BURST

2 SHORT-WORD BURST

I I
I I
! I
I 1
16-BIT 1 i

Figure 11-6. 16-Bit Wide Data-Bus Bursts
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Multiple data-cycle burst accesses for an 8-bit bus are always aligned to even byte boundaries.
Data is only transferred on data pins D7:0 for an 8-bit bus. Four-byte burst-accesses always begin
on a 4-byte boundary (Al = 0, AO = 0). Two-byte burst-accesses always begin on an even-byte

boundary (A0 = 0). (See Figure 11-7.)

00

8-BIT BURST BUS

e
8-BIT

A1:0 = (BE1, BEO)
01 , 10 , M

4-BYTE BURST

2-BYTE BURST

2-BYTE BURST

Figure 11-7. 8-Bit Wide Data-Bus Bursts
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Figure 11-8 shows a quad-word read on a 32-bit bus. The burst access begins by asserting the
proper address and status signals (ADS, A31:2,BE3:0, SUP, D/C, DMA, W/R). This.is done on

the rising edge that begins the address cycle ("A" on the figures). The word read asserts all the
byte enable signals (BE3:0). The assertion of ADS indicates the beginning of an access.

DT/R is driven on the next falling edge of the clock to ensure that DT/R does not change while
DEN is asserted.

DEN is asserted on the next rising edge of the clock (the rising edge that ends the address cycle).
ADS is deasserted on this clock edge. The DEN signal is used to control external data
transceivers. DEN and DT/R remain asserted throughout the burst access.

The wait-state cycles that follow are the address and the NRAD wait states. The WAIT signal is
asserted while the internal wait-state generator is counting. If READY/BTERM control is
enabled in this region, andREADY and BTERM are not asserted after the wait-state generator
has finished counting, wait states will continue to be inserted until the READY signal is asserted.
If BTERM is asserted, then READY is ignored. The data is then read, and a new address cycle is
generated. (See the section title Ready and Burst Terminate Control later in this chapter.)

The data cycle is followed by the NRDD wait states. These wait states separate burst data cycles.
They can be used to extend the data access time of reads, and the data setup and hold times, for
writes.

The assertion of BLAST indicates the end of the data-transfer cycles for this access. At this time,
the DEN signal is deasserted.

The NXDA wait states (turn-around wait states) follow BLAST. A new address cycle may start
after the NXpDA cycles have expired. The NXDA states allow slow devices to get off the bus.
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Figure 11-8. Detailed Waveforms 32-bit bus, Burst, Non-Pipelined, Read with wait states
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Figure. 11-9. Detailed Waveforms 32-Bit Burst, Non-Pipelined, Write with wait states
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Pipelined Reads

Pipelined-read accesses provide maximum data bandwidth. For pipelined reads, the next address
is output during the current data cycle. This effectively removes the address cycle from
consecutive pipelined accesses.

A pipelined-read memory system is implemented by adding an address latch to the design. (See
Figure 11-11.) The address latch holds the address for the current read access, while the
processor outputs the address for the next access. This allows the next address to be available
during the data cycle of the current access. Overlapping the address and data cycles improves the
data bandwidth .
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Figure. 11-10. Simple Pipelined-Read Waveform

PIPELINE INTERFACE

‘ADDRESS

i

PCOLK et ADDRESS LATCH

MEMORY ARRAY

DATA =

UMO00C13-11

Figure 11-11. Pipelined-Read Memory System
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Figure 11-12. Non-Burst Pipeline-Read Waveform
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Figure 11-13. Burst Pipelined-Read Waveform
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When pipelining is enabled in a region, the READY and BTERM inputs are ignored during read
accesses to that region. The NXpA wait states are forced to O for read accesses.
READY, BTERM and NxpA behave as programmed for write accesses.

Write accesses to a pipelined region act the same as writes to a non-pipelined region. This means
that the address for a write access is not pipelined. Similarly, the address for a read access
following a write is not pipelined.
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Figure 11-14. Pipelined to Non-Pipelined Transitions

Ready and Burst Terminate Control

The READY (memory ready) and BTERM (burst terminate) inputs allow the external memory
system to dynamically control the memory access. READY extends the number of wait states in
a data transfer. The assertion of READY indicates that either valid read data is on the bus, or a
write transfer has completed. BTERM terminates a burst access by causing another address
cycle (ADS asserted) to be generated. The BTERM input is provided for peripherals that need to
control bursting dynamically. Most systems will not need to use the BTERM input.
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Figure 11-15. READY and BTERM Waveform
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Both READY and BTERM work with the internal wait-state generator. They are not sampled
until the programmed number of wait states has expired. READY may be used to extend these
wait states: Nrap, NrRDD» NwaDs 0 Nwpp. READY cannot be used to extend the Nxpa wait
states; the desired number of Nxpa wait states must be programmed in the region table.

If READY is not asserted when the internal wait-state counter expires, additional wait states will
be inserted until READY is asserted. The behavior is the same for burst and non-burst regions.
When pipelining is enabled in a region, the READY and BTERM inputs are ignored during read
accesses to that region.

BLAST is asserted when the programmed number of wait states prior to the last data cycle of an
access has expired. When READY and BTERM are enabled, BLAST will remain asserted until
READY is asserted, and the data transfer completes.

The BTERM input is used to break up, or terminate a burst access. When
BTERM is asserted, READY is ignored, and ADS is asserted. The assertion of ADS indicates
the beginning of a new access. Data is not lost if a burst access is terminated. (Read data is
accepted on the clock edge that BTERM is asserted. Writes are assumed to be complete.) The
bus controller will continue to issue burst accesses for the remaining data. This may result in a
non-aligned burst access, such as a three-word burst, starting at an odd address.

External Bus Arbitration

The 80960CA provides a shared bus protocol (HOLD, HOLDA) for another bus master to gain
access to the 80960CA’s bus. The HOLD input signal indicates that another processor or
peripheral wishes to take control of the bus. The HOLDA (Hold Acknowledge) output signal is
the acknowledgment that the 80960CA has relinquished the bus. The 80960CA will signal the
other processor or peripherals that it needs to access the bus by using the bus request signal
(BREQ). The 80960CA can also generate an atomic read-modify-write access (LOCK).

Hold and Hold Acknowledge Handshaking

When another bus master wishes to gain control of the bus, it must get permission from the
80960CA. The external master must first assert the HOLD signal. This forces the 80960CA to
relinquish control of the bus at the end of the current bus access. The HOLD request will be
acknowledged between internal-DMA load and store operations, atomic requests (read-modify-
write accesses that assert LOCK), and if the bus controller queue is not empty.

The 80960CA acknowledges that it has relinquished the bus by asserting HOLDA, which is
asserted in the same cycle that the bus enters the high-impedance state. The processor will
continue to run until it needs to access the external bus. The 80960CA will assert the bus request
signal (BREQ) when it needs to access the bus.
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When HOLD is removed, HOLDA is deasserted on the following cycle, and the bus and control
signals are driven. The HOLD signal is a synchronous input and must be synchronized with
PCLK in order to meet the required set up and hold times.
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Figure 11-16. HOLD, HOLDA and BREQ Bus Arbitration
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THE BUS REQUEST SIGNAL

The bus request signal (BREQ) indicates that the 80960CA needs to regain control of the
external bus. Once the 80960CA has transferred control of the bus to an external bus master,
there is a danger that the control of the bus may not be regained by the 80960CA for a long time.
The BREQ output indicates that the 80960CA has pending bus access. These accesses may be
the result of load or store instructions, pending instruction fetches, or an internal-DMA operation.
BREQ is provided so that an external bus arbitrator can evaluate the system priorities and then
give the bus to the appropriate bus master. '

RESET CONSIDERATIONS

The HOLD and HOLDA arbitration can function even during the reset state. The bus controller
will acknowledge HOLD while RESET is asserted. This effects the timing of BLAST, which is
first asserted as a result of asserting RESET . Then if the bus is relinquished while RESET is
asserted, BLAST floats with the assertion of HOLDA.

If RESET is asserted while the 80960CA has asserted HOLDA (acknowledged the HOLD), the
processor will remain in the HOLDA state. The processor will not go into the reset state until
HOLD is removed, and the processor removes HOLDA.

The Lock Signal

The assertion of the LOCK output indicates that the 80960CA is executing an atomic read-
modify-write operation. These atomic instructions (atadd, atmod) require indivisible memory
access.

LOCK is asserted in the address cycle of the read transfer. It is deasserted in the first cycle after
the write transfer has completed. HOLD and DMA bus requests will be acknowledged while
LOCK is asserted. The LOCK signal indicates that other agents should not write data to any
address falling within the quad-word boundary of the address that was on the bus when LOCK
was asserted. The LOCK signal is deasserted after the write portion of an atomic access. It is the
responsibility of external arbitration logic to monitor the LOCK pin and enforce its meaning for
atomic memory operations. (See Figure 11-17.)
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Figure 11-17. The LOCK Signal
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CHAPTER 12
BUS INTERFACE EXAMPLES

This chapter describes how to interface the 80960CA to external memory systems. Also
discussed are non-pipelined and pipelined burst SRAM; non-pipelined burst DRAM; slow 8-bit
memory systems; and high-performance pipelined burst EPROM. All examples in this chapter
assume a 33 MHz bus, and issues discussed in each example are independent of operating
frequency.

NON-PIPELINED BURST SRAM INTERFACE

This chapter uses a simple SRAM design to demonstrate how the 80960CA bus and control
signals are used. The design also demonstrates the internal wait-state generator. The basic SRAM
interface provides the fundamental information needed to design most I/O and memory
interfaces; the design supports both burst and non-burst bus accesses. The SRAM interface is
important for shared memory systems; variations can be used to communicate with external
memory-mapped peripherals.

Background

SRAM devices come in a wide variety of packages and densities. The SRAM’s address pins are
always dedicated as inputs. The data pins may be dedicated as input or output, or one set of data
pins may be used for both data-in and data-out. The control signals usually found on SRAM
include: Chip Enable (CE), Output Enable (OE) and Write Enable (WE). The following example
deals with a SRAM that has CE, OE and WE control signals, address inputs, and data
input/output pins.

When CE and OE are asserted, andWE is not asserted, the memory is read. When CE and WE
are asserted, the memory is written. The OE input becomes don't care when WE is asserted.
However, it is recommended that the OE signal is not asserted at the beginning or end of a write
cycle, because this can lead to bus contention.

Implementation

The following example illustrates a 32-bit-wide burst-access SRAM interface. The design may
be simplified if burst-access modes are not required, and the design is easily modified for 8-bit,
or 16-bit-wide buses.

The WAIT signal, generated by the internal wait-state generator, is used to generate write strobes
at the proper place in the write cycle. WAIT is used in the address-generation circuit to generate
the mid-burst addresses. External address generation improves performance in burst accesses.
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Block Diagram

The 32-bit burst SRAM interface consists of the chip-select logic; a state-machine PLD; and the

write-enable logic.
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Figure 12-1. Non-Pipelined Burst SRAM Interface
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CHIP SELECT LOGIC

The chip-select logic is a simple asynchronous data selector; it can be implemented with a
demultiplexer or a PLD. The chip select (CS) is based only on the address and is not qualified
with any other signals. The state-machine PLD qualifies CS with ADS. (See the Waveforms
section for more discussion on chip-select generation.)

STATE-MACHINE PLD

The SRAM state-machine PLD generates the CE and OE signals to the SRAM. This PLD also

contains the next-address generation logic. The next-address generation logic improves the
performance of burst accesses. This improvement occurs because the worst-case address valid
delay of the 80960CA is longer than the worst-case delay of the PLD.

WRITE-ENABLE GENERATION LOGIC

The write-enable generation logic generates the WE signal to the SRAM. Thc_W_E signals are
conditioned on the 80960CA byte-enables (BE3-BEO), the write-read signal (W/R), and the wait
signal (WAIT).

There is a write-enable signal, WE3-WEQ, for each byte position corresponding to the byte
enable signals, BE3-BEOQ, respectively; this allows byte, short-word and word-wide writes. Read-
accesses to this memory system always result in word reads. The 80960CA, in the case of byte-
or short-word reads, reads the data from the correct place on the data bus.

CHIP SELECT GENERATION
The assertion of the ADS signal during the rising edge of PCLK indicates that the address is
valid. The address setup time to this clock edge is the period of PCLK (Tpp), minus the address

output-delay (Toy). The CS-signal generation time (T¢s_gen) must satisfy the input setup-time
of the State-Machine PLD(TpLp_getup)- Therefore:

Tcs _gen= Tep - Tov - TPLD_setup
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Waveforms
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Figure 12-2. Non-Pipelined SRAM Read Waveform
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Figure 12-3. Non-Pipelined SRAM Write Waveform
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WAIT STATE SELECTION

The 80960CA incorporates an internal wait-state generator; the selection of wait states is dictated
by the memory system.

The number of Nrap Wait states required is a function of the output-enable access time, the chip-
enable access time, or the address access time. Nrap must be selected so that the wait-states and
the data cycle accommodate the longest of these times. It is important to consider the PLD output
delay.

The number of Nypp wait states required is a function of the address access time. Ngpp must be
selected so that the wait states and the data cycle accommodate the address to data time of the
memory system. If the memory system is using the burst-addresses provided by the 80960CA,
then it is important to consider the address output delay from the 80960CA. If external address
generation is used, the PLD delay is important.

The number of Nwap and Nypp wait states required is a function of the memory write-cycle
time.

The number of Nxpa wait-states required is a function of the output-to-float time of the memory
system. Nyxp, determines how soon the read data from the memory must be off the data bus
before any other device asserts data on the data-bus. This could be a read from another memory
system or a write from the 80960CA.
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THE OUTPUT-ENABLE AND WRITE-ENABLE LOGIC
The output-enable signal is simply:
OE = WR

The PLD is used to buffer the W/R signal; this may be necessary to reduce the load on the W/R
signal.

The write-enable signals are:

WE = |(WRITE & WAIT & BE);
or

WEOQ = |W/R | | WAIT || BEO;
WEI = !W/R || WAIT || BE[;
WE2 = |W/R || WAIT || BE2;
WE3 = |W/R || WAIT || BE3;

The WAIT signal is used to create the write _strobe. When W/ﬁ indicates a write, and
BEx and WAIT are asserted, the logic asserts WE. The 80960CA data sheet guarantees a
relationship from WAIT high to write data invalid.

12-7



intel BUS INTERFACE EXAMPLES

STATE-MACHINE DESCRIPTIONS

The state-machine PLD incorporates two state machines: one controls the SRAM chip enable
(CE); the other generates the A3:2 address signals for multiple-word burst accesses.

The chip-enable state machine controls the CE _signal. CE is normally not enabled, but when
both ADS and the BSRAM_CS are asserted, the CE signal is asserted. CE remains asserted until
BLAST is asserted; BLAST indicates the access is complete. The CE signal is the output of the

state register; therefore, the CE output delay is the clock-to-output time of the PLD. Minimizing
the CE delay provides more memory access time.

ADS & CS

ASSERT CE

Figure 12-4. Chip-Enable State Machine
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The A3:2 address generation state-machine generates consecutive addresses for multiple-word
burst accesses. The address generation state machine is not necessary if the memory region is
defined in the region configuration table as non-burst.

The burst address outputs (BA3:2) correspond to the registers within the PLD. The address
generation time then corresponds to the clock-to-output time of the PLD. The BA3:2 signals are
forced to 0 when BLAST is asserted.

(A (ADS & CS & 13 & A2)I(CE &IWAIT & | BLAST) (A) ACCESS 01 FIRST OR NEXT ACCESS
(B) ADS & CS & A3 & A2 (®) AccESS 01

(©) ADs & Cs & A28 A3 (©) Access 11

(© BLasT (D) ACCESS COMPLETED

(E) CE & WAIT & IBLAST (E) NEXT ACCESS

Figure 12-5. A3:2 Address Generation State Machine
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The pseudo-code description below is provided only to describe the state machine diagram. It is
notintended to be PLD equations. A trailing # indicates a signal is asserted low.

Pseudo-code key:

! logical NOT;
&& logical AND;
Il logical OR;

== equality test;
= value assignment;

STATE_O: /* BA3:2 =00 */
IF /* access 01 OR Next access */
(ADS && SRAM_CS && (A3:2==01)) Il (CE & !WAIT & !BLAST);

THEN
next state is STATE_1;

ELSE IF /* access 10 */
ADS && SRAM_CS && (A3:2 == 10);

THEN
next state is STATE_2;

ELSE IF /* access 11 */
ADS && SRAM_CS && (A3:2 ==11);

THEN
next state is STATE_3;

ELSE /* Idle or access 00 */

next state is STATE_O;

STATE_1: /* BA3:2 =01 */
IF /* Next access */
CE & !WAIT & !BLAST;

THEN
next state is STATE_2;

ELSE IF | /* Done */
BLAST;

THEN
next state is STATE_O;

ELSE /* Just Wait */

next state is STATE_1;
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STATE_2: /* BA3:2 =10 */
IF /* Next access */
CE & !WAIT & !BLAST;

THEN
next state is STATE_3;

ELSE IF /* Done */
BLAST;

THEN
next state is STATE_O;

ELSE /* Just Wait */

next state is STATE_2;

STATE_3: /* BA3:2=11 #%/
IF /* Done */
BLAST; '
THEN
next state is STATE_O;

ELSE
next state is STATE_3;

In the pseudo-code description the assertion of ADS and SRAM_CS indicates the beginning of
an access. The state machine jumps to the proper state based on A3:2. The assertion of CE
indicates that an access is underway. The assertion of CE, !WAIT, and !BLAST indicates that the
current transfer is complete, and it is time to generate the next address. The assertion of BLAST

indicates the access is complete.
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Trade-offs and Alternatives

The SRAM example which was just described demonstrates a burst SRAM memory interface. If
a non-burst interface is desired, the address-generation section of the state machine PLD may be
removed. The design is also easily expanded to accommodate multiple banks of SRAM.

The 80960CA integrated bus controller simplifies external-memory system design. The internal
wait-state generator decouples the memory speed from the memory controller. The memory-
control PLD does not use any of the memory-access parameters. So, operation of the memory -
control PLD is independent of the memory-access times. - The memory-access parameters are
entered into the Memory Region Configuration Table via software.

PIPELINED-READ SRAM INTERFACE

Interfacing to pipelined SRAMThe following example illustrates the implementation of a
pipelined-read SRAM system. A zero wait-state pipelined-read memory system will have a 20
percent improvement in read-data bandwidth over a non-pipelined memory system using the
same memory devices. The pipelined-read memory system is similar in design to the burst-
memory system; the only major addition is an address latch.

A pipelined-read memory system is the highest-performance memory system that can be
interfaced to the 80960CA. The address cycle of consecutive accesses is overlapped with the
data-cycle of the previous access. This results in the maximum bandwidth utilization of the bus.
(See Figure 12-6.)

on LK XX
MEMORY ADR [W{ o X i
X

Figure 12-6. Pipelined Read Address and Data
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Block Diagram

The same SRAM used in a non-pipelined-read memory system is used in a pipelined-read
memory system. Figure 12-7 shows a 32-bit-wide burst read-pipelined memory system. Burst
mode is used to speed write accesses.

A31:4 PA . 4 . = -9 2
LATCH
80960CA CHIP
SELECT
LOGIC
WA OF
PCLK
D
cs PA3:2 Y Y Y Y
STATE ADR ADR ADR ADR
A3:2 MA'S:JNE SRAM SRAM SRAM SRAM
ADS CE q CE —q CE —q CE —q CE
BLAST 2dee  |dE |d=® |[d=
WAIT (19— -d We - We dwe wE
WR |4-@
D7:0 D7:.0 D7:0 D7:0
PCLK &
A [ A A
WEO
‘BEO
BET
WE2
‘BE2
. w D WES
BE3 D7:0 D15:8 D23:16 D31:24
Y \ \ y
D31:0 J ] 4

Figure 12-7. Pipelined SRAM Interface Block Diagram
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The design of a pipelined-read SRAM interface is very similar to the design of a non-pipelined
SRAM interface. The difference is that an address latch and a W/R latch have been added.

The chip-select logic is a simple asynchronous data selector. The chip select (CE) is based only
on the address and is not qualified with any other signals. (See the section in this chapter titled
Non-Pipelined 1-Burst SRAM example for more information on chip-select generation.)

THE ADDRESS LATCH

During pipelined-reads, the 80960CA outputs the next address during the last data cycle of the
current access. This requires either an address latch, or memory devices that are designed to
work with the pipelined bus.

THE STATE MACHINE PLD

The state-machine PLD contains logic to control the CE signal and the address signals A3:2. The
CE signal is controlled by a simple state-machine; A3:A2 automatically increment during burst
accesses. The A3:2 signals are pipelined, so they must be latched for read accesses. Write
accesses are not pipelined; therefore it is necessary to latch A3:2 on reads and pass A3:2 through,
for burst writes. The A3:2 generation is implemented as a state machine to achieve the minimum
address delay out of the PLD. The PA3:2 (pipelined address 3:2) outputs are also the state bit of
the PLD. This ensures that the address delay is only the clock-to-output time for the PLD.

THE WRITE ENABLE LOGIC

The write-enable logic uses the byte-enable signals (BE3:0); the WAIT signal; and a latched
version of the W/R signal (OE). Therefore:

WE = !(I0E & WAIT & BE);
or:

WEO = |OE || WAIT | | BEO;

WEI = |0E || WAIT || BEl;

WE2 = |OE | | WAIT || BE2;

WE3 = |OE | | WAIT | | BE3;
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Waveforms
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Figure 12-8. Pipelined Read waveform

The DEN signal remains asserted as long as consecutive pipelined-read accesses continue. DEN
and DT/R are related to the data, not the address; therefore, DEN and DT/R are not pipelined
and retain the same timing for pipelined- and non-pipelined reads.

In the pipelined read mode, a series of non-burst accesses results in the ADS signal remaining
asserted for several clock cycles. Similarly, BLAST remains asserted for several clock cycles.

The WR signal behaves slightly differently for pipelined reads than for non-pipelined reads. The
W/R signal is not valid for the last cycle of a pipelined read. This requires that the W/R signal be
latched for pipelined reads similar to A31:2. The following signals are pipelined during
pipelined-read accesses: A31:2,BE3:0, SUP, DMA, and D/C. All of these pipelined signals are
invalid during the last cycle of a pipelined read.

The address delay time for the pipelined read is a the clock-to-Q time of the address latch (or the
PA3:2 generation PLD). Minimizing the address delay maximizes access time.
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THE STATE MACHINES

ADS & PSRAM-CS

BLAST & ! (ADS & PSRAM-CS)

ASSERT CE

Figure 12-9. Pipelined-Read Chip-Enable State Machine

The chip enable signal (&) _is controlled by a simple state machine. The state machine is
normally in the idle state and CE is not asserted. When ADS and PSRAM_CS are asserted, the
CE state machine goes to the active state. CE remains active until BLAST is asserted.
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® buast STATE BITS
() WAIT & 1BLAST X A3 A2
(®) ADs WRCS 1A3 1A2

(B) ADS WRCS A3 A2

(© Aps WRCS A3 12

(D) ADS WRCS A3 A2

Figure 12-10. Pipelined Read PA3:2 State-Machine Diagram

The PA3:2 state machine latches the A3:2 address bits on read and generates the low address bit
for writes. During read, PA3:2 is a latched version of A3:2. If a write access occurs, the state
machine generates the proper PA3:2 addresses.
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The pseudo-code description below is provided only to describe the state machine diagram. It is
not intended for use directly as PLD equations.

Pseudo-code key:

! logical NOT;
&& logical AND;
Il logical OR,;

== equality test;
= clocked assignment;
= value assignment;

READ_STATE: /*PA3:2:=A3:2%/

IF

ADS && WR && PSRAM_CS && (A3:2 ==0);
THEN

the next state is WRITE_O;
ELSE IF

ADS && WR && PSRAM_CS && (A3:2==1);
THEN

the next state is WRITE_1;
ELSE IF

ADS && WR && PSRAM_CS && (A3:2 ==2);
THEN

the next state is WRITE_2;
ELSE IF

ADS && WR && PSRAM_CS && (A3:2 == 3);
THEN

the next state is WRITE_3;
ELSE

PA3 := A3;

PA2 := A2,

the next state is the READ_STATE,;

WRITE_O: [*A3:2=0%

IF

BLAST; -
THEN

the next state is the READ_STATE;
ELSE IF

'WAIT & !'BLAST;
THEN

the next state is WRITE_1;
ELSE

the next state is WRITE_O;
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WRITE_1: [*A32=1%

IF

BLAST;
THEN

the next state is the READ_STATE,;
ELSE IF

IWAIT & !BLAST;
THEN

the next state is WRITE_2;
ELSE

the next state is WRITE_1;

WRITE_2: ¥ A3:2=2%/

IF

BLAST;
THEN

the next state is the READ_STATE;
ELSE IF

IWAIT & !BLAST;
THEN

the next state is WRITE_3;
ELSE

the next state is WRITE_2;

WRITE_3: [*A3:2=3%*/
IF
BLAST;
THEN
the next state is the READ_STATE;
ELSE
the next state is WRITE_3;

In the READ_STATE, the state machine simply latches A3:2, and outputs them as PA3:2. On a
write, the state machine jumps to the appropriate state based on the value of A3:2. When in a
write state, the state machine will advance to the next write state if WAIT and BLAST are not
asserted. The state machine can advance from any write state to the READ_STATE.
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Trade-offs and Alternatives

The example described above demonstrates a burst pipelined-read SRAM memory interface. The
burst mode is used to improve the write performance. If the write performance is not critical (i.e.,
if the region is used only for code), the next-address generation PLD can be removed. The design
is easily expanded to accommodate multiple banks of SRAM.
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INTERFACING DYNAMIC RAM (DRAM) WITH THE 80960CA

This section provides an overview of DRAM and DRAM access modes; details of an 80960CA-
specific DRAM interface; and two specific design examples are also included. One design uses
the integrated DMA unit to refresh the DRAM,; the other example uses the CAS-before-RAS
method of refresh. Both designs illustrate the advantage of the burst bus on the 80960CA and the
fast-column address access times available on many modern DRAMs.

The burst-bus and the memory-region configuration tables simplify interfacing DRAM to the
80960CA. The DRAM systems can be designed in many ways; there are memory access options,
memory system configuration options, and refresh mode options.

OVERVIEW OF DRAM

DRAM’s offer high-data density, fast access times, and low cost per bit. DRAM’s are available
in a wide variety of packages, making it easy to pack a lot of memory into a small space. The
DRAM features described here are provided as general information. (See specific data sheets for
detailed information.)

The burst mode bus of the 80960CA is well suited to the high-speed multiple-column access
modes found in DRAM. The nibble, fast-page, and static-column modes of DRAM can easily be
exploited to improve 80960CA memory-system performance.

All DRAM’s have a multiplexed address bus; two address strobes (RAS, CAS); and a write-
enable input (WE). Some DRAM’s also have an output-enable input (OE). DRAM’s are
accessed by placing a valid-row address on the address input pins and asserting RAS; then the
column address is driven onto the DRAM address pins and CAS asserted. The write-enable
(WE) input on the DRAM determines whether the access is a read or a write. The output-enable
input (OE), found on some DRAM’s, is used to control the DRAM output buffers, and can be
useful for multi-banked and interleaved designs.
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DRAM ACCESS MODES

Nibble-mode DRAM allows up to four consecutive columns, within a selected row, to be read or
written at a high data rate. A read or write cycle starts by asserting RAS (row-address strobe).
Strobing the CAS (column-address strobe) input accesses the consecutive column data. The input
address is ignored after the first column access.

o[ X X,
m[ T\ /
o[ S\ S
w[ 7 -

DATA[ HI-Z I CO) I C1 \ “ c2 " “ Cc3 t'

Figure 12-11, Nibble Mode Read
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Fast-page mode DRAM is similar to nibble-mode DRAM, but fast-page mode allows any
column within a selected row to be read or written at a high-data rate. A read or write cycle starts
by asserting RAS. Strobing the CAS input accesses the selected column data. During reads, the
falling edge of CAS latches the address (internal to the DRAM) and enables the output. The
80960CA four-word burst bus can easily take advantage of the faster column-access times
provided by fast-page mode DRAM.

ADK[ ROW X coLo x coLt X coL2 X coLs X
W[ T\ S

e[ N\
= _/ N
DATA[ HI-Z \f co) {01 ) @——@—

Figure 12-12, Fast-Page Mode DRAM Read
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Static-column mode, DRAM write accesses are similar to fast-page mode writes. Static-column
read cycles start by asserting RAS. Accesses to any of the columns within the selected row may
be treated as static RAM, using CAS as an output enable. The fastest DRAM-read accesses are

achieved with static-column DRAM. The 80960CA four-word burst bus can easily take
advantage of the faster column-access times provided by nibble mode, fast-page mode, or static-
column mode DRAM.

X A X X

DATA HI-Z ( co X C1 X c2 X C3

Figure 12-13. Static Column Mode DRAM read
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DRAM REFRESH MODES

All DRAM’s require periodic refreshing in order to retain data. DRAM’s may be refreshed in
one of two ways: RAS-only refresh, or CAS-before-RAS refresh. RAS-only refresh is realized by
asserting a row address on the address pins and asserting RAS. CAS is not asserted. A single,
RAS-only refresh cycle refreshes all the columns within the selected row. CAS-before-RAS
refreshes do not require an address to be generated; the DRAM generates the row address with an
internal counter.

S ———

o —

Figure 12-14. RAS only DRAM Refresh

L
[ \ /
[T\ —

Figure 12-15. CAS-before-RAS DRAM Refresh

DRAM’s may be refreshed in either a distributed or a burst manner. Burst refresh does not refer
to the burst access bus. The term simply means that all the memory rows are sequentially
accessed when the refresh interval time expires. Distributed refresh implies that the refresh
cycles are distributed within the refresh interval required by the memory.

Distributed refresh cycles are spread out over the refresh interval, reducing the possible access
latency. Burst refreshing may lock the processor out of the DRAM for a longer period of time,
so may be inappropriate for some applications. Burst refreshing, however, guarantees that no
refresh activity will occur between the refresh intervals. Some application may be able to make
use of this to burst-refresh the DRAM during a time it will not be accessed, making refresh
invisible to the application.
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ADDRESS MULTIPLEXER INPUT CONNECTIONS

The address multiplexer inputs can be ordered so that 256 KByte through 4 MByte DRAM can
be supported. Interleaving the upper address signals provides compatibility with all these
memory densities. (Figure 12-16 illustrates this arrangement.) The availability of DRAM
modules with standard pin-outs makes this an attractive way to ensure future memory expansion.

PROCESSOR ADDRESS
DRAM ADR coL ROW
0 T T T A2 A1
1 A3 A12
2 A4 A13
3 A5 A14
4 256K 1M 4M A6 A15
5 A7 A16
6 A8 A17
7 A9 A18
8 4 A10 A19
9 - A20 A21
10 J A22 A23

Figure 12-16. Address Multiplexer Inputs
SERIES-DAMPING RESISTORS

Series-damping resistors are recommended on all the DRAM control and address inputs. Series-
damping resistors prevent overshoot and undershoot on the DRAM input lines. Damping is
required because of the large capacitive load present when many DRAM’s are connected
together, combined with the inductance of the circuit-board traces. The values of damping
resistors are typically between 15 and 100 Ohms, depending on the load; the lower the load, the
higher the required damping-resistor value. If the damping-resistor value is too high, the signal
will be over-damped, extending the memory-cycle time. If the damping resistor value is to low,
overshoot or undershoot will not be sufficiently damped.

SYSTEM LOADING

The 80960CA can drive a large capacitive load. However, systems that have many banks of
DRAM may require data buffers (and multiplexers for interleaved designs) in order to isolate the
DRAM load from the 80960CA, or other system components with less drive capability (e.g.,
high-speed SRAM).

The RAS and CAS control inputs to the DRAM should also be designed with consideration for

capacitive load. When many DRAM’s are connected to a common RAS or CAS signal, the
capacitive load can become considerable.
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Design Example: Burst DRAM with Distributed RAS-Only Refresh Using DMA

The goal of this design is to illustrate a DRAM interface controller that provides good memory
performance while maintaining controller independence with respect to memory speed and
processor-clock frequency. One of the four, on-chip integrated DMA channels is used for DRAM
refresh. The region table, DMA, and the 80960CA bus signals are used to develop a transparent
DRAM controller that does not require any information about the memory subsystem.

Figure 12-17 shows the DRAM system design. The DRAM is configured as a single byte-
accessible, 32-bit-wide bank. The RA_S_§ignal is common to the entire bank; the CASO - CAS3
serve as byte selects within the bank. WE is common to all the DRAM. The byte accessible bank
can be built from four 8-bit-wide DRAM modules; eight 4-bit-wide DRAM modules; eight 4-bit-
wide DRAM chips; or 32, 1-bit wide DRAM dram chips.

ADR o A10:4, A21:13
I 21 o—MA
COLADR|  Mux Wy
cs
LoGic
cs A32, A12:11
ADR
LOGIC
poLkPELK PCLK
P LILEL BLAST
e M . WATT
L COLADR COLADR
DRAM X8
DRAW
— conTROL
LoGlc I
ke = k] g
A |l Al A |l Al
—_ RAS i — — —
ADS — MWy AS P | RAS | RAS I
— WE — — — —
R AV WE o | WE I We |
- RN N | G i VG [ M
30 =t A = CAST | = =
DACKS o 41_ o b J? o b | o b
DREGO REFTEG * *
REFRESH
] REQUEST 4070 A4 D58 4 D2a:t6 A D31:24
LOGIC
D31:0

Figure 12-17. DRAM System with DMA Refresh
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The control logic is divided down into three logical blocks: the DRAM control logic, the DRAM
address-generation logic, and the refresh request timer logic. The DRAM control logic is the
main controller. It controls the address multiplexer and all of the DRAM control lines during
normal and refresh accesses. The address generation logic serves as a multiplexer and an address
generator. The refresh request timer logic generates the periodic refresh request.to the DMA unit.

DRAM ADDRESS GENERATION

The DRAM address-generation logic speeds burst accesses for static-column mode and fast-page
mode DRAM. This is accomplished by reducing the time required to present the consecutive
column addresses during a burst access. If the address generator is not present, the address-valid
delay time consists of the worst-case 80960CA address-valid delay time (Tqgy), plus the worst-
case propagation delay through the input address multiplexer.

The DRAM address-generation logic must control the two least-significant bits of the DRAM
address. During the initial DRAM access, the address-generation logic acts like a multiplexer.
During column accesses within a burst, the address-generation logic generates consecutive
addresses. Therefore, the DRAM address-generation logic is designed to function as a
multiplexer and an address generator.

If an address-generator is used, the address-valid delay time is equal to the address generation
time. The address-generation delay time consists of the clock-to-feedback and feedback-to-
output delays for the device selected.

The following state-machine description illustrates the requirements for the address-generation
logic. Signals going into the DRAM address-generation logic are: ADR2; ADR3; ADR12;
ADRI13; WAIT and BLAST from the 80960CA; and COL_ADR from the DRAM controller
logic. The signal COL_ADR indicates if the DRAM controller is requesting the row address
(COL_ADR not asserted), or the column address (COL_ADR asserted). The signals output from
the DRAM address-generation logic are the two least-significant bits of the DRAM address,
DRAM_ADR2:3.
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STATE:
0: ADDRESS MULTIPLEXER

IF(ICOL_ADR)
DRAM_ADR 3:2 = ADR 3:2

IF(COL_ADR)
DRAM_ADR 3:2 = ADR 13:12

: DRAM_ADR 3:2 = 0:1
: DRAM_ADR 3:2=1:0
: DRAM_ADR 3:2 = 1:1

wn =

(A) BLAST & WAIT & A3 & 1A2
IBLAST & IWAIT & A3 & A2
(©) 1BLAST & WAIT

©) BLAST

Figure 12-18. DRAM Address Generation State Machine
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The pseudo-code description below is provided only to describe the state-machine diagram. It is
not intended for direct use as PLD equations.

Pseudo-code key:
! logical NOT;
&& logical AND;
== equality test;

= value assignment;
STATE_O: /* Multiplexer Emulation */

DRAM_ADR?2 = (ICOL_ADR && A2) Il (COL_ADR && All);
DRAM_ADR3 = (!{COL_ADR && A3) Il (COL_ADR && A12);

IF : /* address generation */
IWAIT && !BLAST && COL_ADR
&& (ADR3 == 0) && (ADR2 == 0);
THEN
next state is STATE_1;
ELSE IF
IWAIT && !BLAST && COL_ADR
&& (ADR3 == 1) && (ADR2 == 0);
THEN
next state is STATE_3;
ELSE

next state is STATE_O;
STATE_1: /* Generate address 01 */

DRAM_ADR2 =1,
DRAM_ADR3 = 0;

IF

BLAST;
THEN

next state is STATE_O;
ELSEIF

IBLAST && !'WAIT;
THEN

next state is STATE_2;
ELSE

next state is STATE_1
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STATE_2: /* Generate address 10 */

DRAM_ADR2 =0;
DRAM_ADR3 =1;

IF

BLAST;
THEN

next state is STATE_O;
ELSE IF

IBLAST && !WAIT;
THEN

next state is STATE_3;
ELSE

next state is STATE_2

STATE_3: /* Generate address 11 */

DRAM_ADRO = 1;
DRAM_ADRI1 = 1;

IF

BLAST;
THEN

the next state is STATE_O;
ELSE

next state is STATE_3

12-31



intal BUS INTERFACE EXAMPLES

DRAM CONTROLLER STATE MACHINE

Figure 12-19 is a state machine describing the DRAM control logic. The state machine or sub-
sets of the state machine shown may be implemented in a large variety of ways depending on the
applications requirements. PLD implementations are the easiest, and the design may fit into a
variety of high-speed PLDs. -

The signals going into the DRAM control logic are: ADS; PCLK; W/R; BLAST; WAIT;
BEO-BE3 from the bus controller; DACKO, the DMA acknowledge signal; and DRAM_CS, a
system generated chip select that indicates a DRAM access. The DRAM control logic generates
RAS, CASO0:3, WE and COL_ADR. The control signal for the address multiplexer is COL_ADR.

The controller logic relies on the wait-state region table and the DMA controller. Programming
these on chip peripherals is described later. The DMA acknowledge signal, DACKO, is used to
indicate a DRAM refresh cycle. The DRAM WE signal is generated with combinatorial logic

(WE = [(W/R)).
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©@ ©@®06

NOT RAS
NOT CAS
NOT COL_ADR
NOT RAS
NOT CAS
aas NOT COL_ADR
NOT CAS
NOT COL_ADR
NOT CAS
RAS
REF COL_ADR
RAS
NOT CAS
COL_ADR
RAS
- CAS: = BE
COL_ADR
\_ i,

ADS & DRAM-CS & DACKO

WRITE & ! BLAST & | WAIT

BLAST

DACKO

Figure 12-19. DRAM Controller State Machine
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STATE_O: /* Idle */

RAS is not asserted;
CASO0:3 is not asserted;
COL_ADR is not asserted;

IF /* memory access */

ADS && DRAM_CS && !DACKO;
THEN

the next state is STATE_1;
ELSE IF /* refresh access */

ADS && DRAM_CS && DACKO;
THEN

the next state is STATE_S;
ELSE

the next state is STATE_O;

STATE_1: /* Assert RAS */

RAS is asserted;
CASO0:3 is not asserted;
COL_ADR is not asserted;
IF

W/R; /* write */
THEN

the next state is STATE_3;
ELSE /* read */

the next state is STATE_2;

STATE_2: /* Static Column Mode Read, Assert CAS */

RAS is asserted;
CASO:3 is asserted;
COL_ADR is asserted;
IF

BLAST;
THEN

the next state is STATE_O;
ELSE
the next state is STATE_2;

STATE_3: /* Select Column Address */

RAS is asserted;
CASO0:3 is not asserted;
COL_ADR is asserted;

the next state is STATE_4;
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