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Preface

Legend

Manual Overview

The VR5432™ microprocessor is an NEC VR Series™ RISC
(reduced instruction set computer) microprocessor that implements
the high-performance 64-bit MIPS® IV architecture. This manual
describes the architecture and hardware functions of the VR5432
microprocessor.

Data significance: Higher on left and lower on right
Active-high signal name: XXX
Active-low signal name: ~ XXX*
Numeric representation: binary ... XXXX or XXXX,

decimal ... XXXX

hexadecimal ... 0xXXXX
Prefixes representing an exponent of 2 (for address space or memory
capacity):

K (kilo) 219=1024

M (mega) 220 = 10242
G (giga) 230 = 10243
T (tera) 240 = 10244

The manual is divided into two volumes. Volume 1 is the user manual,
containing processor architectural and functional information and
instructions. Volume 2 contains the instruction set information and
appendixes.

Volume 1 (UI3751E)

Chapter 1: Introduction provides an overview of the device
features, CPU, Floating-Point Unit (FPU), and pipeline.

Chapter 2: Signal Descriptions discusses the pin configuration and
functions of the VR5432 processor signals.

Chapter 3: Pipeline describes the dual-issue instruction pipeline
stages, delays, and interlock and exception handling.
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Chapter 4: Memory Management Unit discusses the processor’s
virtual and physical address spaces, the virtual-to-physical address
tranglation, the translation lookaside buffer (TLB) process, and the
system control coprocessor registers that provide the software
interface to the TLB.

Chapter 5: Cache Organization and Oper ation describesthe cache
memory’s place in the VR5432 memory configuration and individual
cache organization.

Chapter 6: CPU Exceptions describes the processor’ s exception
types, registers, vector offsets, processing handling, and interrupts.

Chapter 7: Floating-Point Unit describes the FPU coprocessor,
including the programming model, instruction set and formats, and
the pipeline.

Chapter 8: Floating-Point Exceptions discusses FPU exception
types, exception trap processing, exception flags, saving and restoring
states when handling an exception, and trap handlers for |IEEE
Standard 754 exceptions.

Chapter 9: Bus Interface describes how the processor accesses the
external resources needed to satisfy cache misses and uncached
operations, while permitting an external agent access to some of the
processor’ s internal resources.

Chapter 10: System Interface Transactions (Native M ode)
describes processor and external requests in the native system
interface protocol of the VR5432 processor.

Chapter 11: System Interface Protocols (Native M ode) contains a
cycle-by-cycle description of the system interface protocols for each
type of processor and external request in the native protocol of the
VR5432 processor.

Chapter 12: System Interface Transactions (R43K Maode) This
section describes processor and external requests as they occur in
R43K (VR4300 compatibility) mode.

Chapter 13: System Interface Protocols (R43K Mode) contains a
cycle-by-cycle description of the system interface protocols for each
type of processor and external request in R43K mode.

Chapter 14: Initialization I nterface describes the processor reset
and initialization signals.
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Chapter 15: Clock Interface describes the basic system clocks,
SysClock and PClock, and Phase-Locked Loop (PLL) and Bypass
PLL modes.

Volume 2 (U15397E)

Chapter 16: Instruction Set Overview discusses the general
attributes of the CPU, FPU, multimedia, and debugging instructions
of the MIPS IV instruction set architecture (ISA) utilized by the
VR5432 processor.

Chapter 17: CPU Instruction Set describes the details of the CPU
instructions.

Chapter 18: Floating-Point Unit Instruction Set describes the
details of the FPU instructions.

Chapter 19: Multimedia Instruction Set describes the details of the
multimedia instructions.

Chapter 20: Debug and Test Features describes the VR5432
processor’s debug and test functions, Debug mode, and debug
instructions.

Appendix A: Sublock Order describes how a block of data elements
(bytes, halfwords, words, or doublewords) can be retrieved from
storage in sequential or nonsequential (sub-block) order.

Appendix B: Comparing the Vr4300, VRS5000, and Vr5432
Processors delineates each processor’s attributes.

Appendix C: PLL Analog Power Filtering illustrates the phase-
locked loop circuit configuration.

Appendix D: Instruction Hazards identifies the VR5432 instruction
hazards that occur with certain instruction and event combinations
(such as pipeline delays, cache misses, interrupts, and exceptions).
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See also the following documents. The related documents indicated

Related Documents
here may include preliminary versions. However, preliminary

versions are not marked as such.

User’s Manual
Product Data Sheet
Hardware Architecture Instruction Set
VR5432 U13504E U13751E U15397E
Vr5000 U12031E Ul1761E Ul12754E
Vr10000 U12703E U10278E Ul12754E
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I ntroduction

The VR5432™ microprocessor isan NEC VR Series™ RISC (reduced instruction
set computer) microprocessor that implements the high-performance 64-bit
MIPS® IV architecture.

The instruction set for the VR5432 processor is compatible with those of the
VR3000™ and VR4000™ microprocessor families, which are based onthe MIPS
I11 architecture. It is also compatible with the MIPS IV architecture used on the
VR5000™ and VR10000™ microprocessors. Therefore, existing applicationscan
be implemented easily with the VR5432 processor.

The VR5432 processor (part number uPD30541GD) implements a 32-bit system
interface, which can operatein both VR5432 Native mode and R43K mode (which
emulates the interface used in the VR4300™ microprocessor). For most VR4300
applications, the VR5432 offers substantial performance improvement, minimal
product redesign, and fast time to market.
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1.1 Device Features

The VR5432 has the following features:

MIPS IV instruction set with MACC (multiply and accumulate) and
DSP/multimedia extension

0.25-um static CMOS technolog
64-bit architecture with 32-bit split-transaction external data bus
Dual-issue superscalar implementatio

4K-entry branch prediction table with 2-bit saturating counter
mechanism

4-entry nonblocking data cache miss queue
4-entry transaction buffer (4 doublewords total

32 KB, 2-way set-associative, line-locked, 32-byte/block instruction
cache

32 KB, 2-way set-associative, write-through, write-back, line-locked
32-byte/block data cache

48-entry translation lookaside buffer (TLB), mapping two pages per
entry

4-entry instruction micro-TLB
4-entry data micro-TLB
40-bit virtual address space

Physical address space: 36 bits are internal; the lower 32 bits are
external

Single- and double-precision IEEE-754 floating-point operations

Up to 83 MHz external bus with on-chip clock multiplier for internal
frequency of x2, x2.5, x3, or x4 the external clock

N-Wire and N-Trace hardware debugging interfac

Upward compatibility with V R300 ™ and VR4000 devices
Bus protocol compatibility mode for R4300 system interface
2.5V core logic with 3.3 V external interfac
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1.2 Internal Architecture

121 Configuration

Figure 1-1isaninternal block diagram of the VR5432 processor. Descriptions of
each block follow.

r—— - — — — — — = Bl
| Fetch Unit |
| . Instruction
Ll Instruction Cache Micro-TLB |
Branch History | Program Counter «— >
| Table (BHT) (PC)
Bus | Instruction FIFO | Coprocessor 0

| interface (CPO)
Pads [@— Unit - > | and
(BIU) Joint TLB

- - — - - — — |
Y (JTLB)
A A A

o B A — —
r 7 r m
| Load/Store Unit | | Execution Unit |
—
Data Virtual Address (DVA
| Glue Logic ( ) | | Data path 0 | Data path 1 |
| > Multiply/ |
| h Data | | Vector Accumulate |
Data Cache | wicro-TLB Data path (MAC)
| Data path
> | | |
L - — - — — 4 L - — — - — — 4
Y
Pipe/lssue Control

Figure 1-1 Block Diagram
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Fetch Unit

The fetch unit transfers instructions from the instruction cache to the load/store
unit (LSU) or the execution unit. The fetch unit includes the following elements.

Instruction Cache. Theinstruction cacheis 32 KB and 2-way set associative,
with line-locking capability. It hasa 64-bit read and a64-bit write port. It isalways
accessed on a doubleword boundary, providing two instructions each timeit is
accessed.

Instruction Micro-TLB. Theinstruction micro-TLB (ITLB) hasfour entries,
each of which supports a variable page size and is refilled from the joint TLB
(JTLB) using a pseudo LRU algorithm. The instruction virtual address (IVA) is
translated by the ITLB. ThisTLB is completely invisible to software.

Branch History Table. The branch history table (BHT) has one entry per
instruction cache doubleword. The BHT implements a 2-bit saturating counter
branch prediction scheme.

Program Counter. The program counter (PC) keeps track of the program flow
and generates new program counters. The new program counters access
instructions from the instruction cache or from the main memory.

Instruction FIFO. ThisFIFO isolatesinstruction cache accesses from instruction
issue logic. As mentioned above, the VR5432 processor can fetch up to two
instructions per cycle. In some cases, both of these instructions cannot be issued.
The FIFO holds these instructions until they are ready to be issued; however, the
fetch unit continuesto access instructions during this time.

L oad/Store Unit

The load/store unit (L SU) loads and stores data to/from the data cache or main
memory. This unit also contains data alignment logic for Load instructions. The
L SU includes the following elements.

Data Virtual Address. WhentheL SU receives al oad/Storeinstruction fromthe
fetch unit, it cal cul ates an address from which dataisto beretrieved or wheredata
isto be stored. Thisaddressis the data virtual address (DVA). The LSU contains
the adder that calculates this address.

Data Cache. The datacacheis 32 KB and 2-way set associative, with line-locking
capability. It has a 64-bit read and a 64-bit write port. It is always accessed on a
doubleword boundary, providing a doubleword each time it is accessed.

VR5432 Microprocessor User’s Manual
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Data Micro-TLB. The data micro-TLB (DTLB) has four entries, each of which
supports avariable page size and isrefilled from the joint TLB (JTLB) using a
pseudo LRU agorithm. The DVA istrandated by the DTLB. ThisTLB is
completely invisible to software.

Execution Unit

The VR5432 is a superscalar microprocessor that can issue two instructions
simultaneously. There are four execution datapathsin this processor. Data path O
(DPO) and Data path 1 (DP1) execute both integer and floating-point instructions.
The multiply/accumulate (MAC) data path executes VrR5432 processor-specific
MAC instructions. The vector data path works on VrR5432 processor-specific
multimedia instructions.

Pipe/l ssue Control

Pipeline flow and instruction execution are handled by thelogic, which residesin
thisblock. Thisblock also contains control logic, which handlesinterruptionsthat
affect the pipeline flow.

Coprocessor 0 and Joint TLB

The VR5432 processor executes the MIPS instruction set. MIPS architecture
defines several control and status registers, which are used to control the
processor. Theseregistersreside in the Coprocessor 0 (CP0) block. The processor
a so includes a 48-entry, MIPS-compatible JTL B, which supports even/odd page
sizes.

Bus I nterface Unit

The bus interface unit (BIU) minimizes processor stalls and maximizes bus
utilization. The BIU isolates the bus from the processor core and makes the most
efficient use of the bus, performing burst transfers whenever possible.

VR5432 Microprocessor User’s Manual 5
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122 CPU Registers

The processor provides the following registers:

32 64-bit general-purpose registers (GPR
32 64-bit floating-point registers (FPR

In addition, the processor provides the following special registers:

64-bit HI register, to receive the integer multiply an divide high-
order doubleword result

64-bit LO register, to receive the integer multiply and divide low-
order doubleword result

1-bit Load/Link (LL) Bit register

192-bit Accumulator register, for operating on media instruction
32-bit floating-point Implementation/Revision register (FCRO
32-bit floating-point Control/Status register (FCR31)

Two of the CPU general-purpose registers have assigned functions:

rO is hardwired to a value of zero, and can be used as the target
register for any instruction where the result is to be discarded. rO can
also be used as a source when a zero value is needed.

r31 isthe link register used by JAL and JALR instructions. It can be
used by other instructions. Make sure that other data used in
calculations does not overlap with the register used by theJAL/JALR
instruction

Furthermore, the processor contains dedicated registers in the system control
processor (CPO) that support exception processing and address management. CPU
registers can operate as either 32- or 64-bit registers, depending on the VrR5432
processor operation mode.

Figure 1-2 shows the VR5432 processor registers.

VR5432 Microprocessor User’s Manual
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63 General-Purpose Registers

r0=0

rl

r2

r29

r30

r31 = Link address

Floating-Point Registers

r29

r30

r31

Multiply and Divide Registers
63 ply g 0
HI I
63 0

LO I

191 Vector Accumulator 0

Accumulator I

Load/Link Register
0

LL Bit

Floating-Point Control Registers

31 0
r0 = Implementation/Revision I

31 0

r31 = Control/Status I

Figure 1-2 VR5432 Processor Registers

The VR5432 processor has no Program Status Word (PSW) register as such; this
function is covered by the Status and Cause registers included within the system
control coprocessor (CPQ). CPO registers are described later in this chapter.
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1.2.3 CPU Instruction Set Overview

Each CPU instruction is 32 bitslong. As shown in Figure 1-3, there are three
instruction formats:

e Immediate (I-type)
e Jump (Jtype)
* Register (R-type)

31 26 25 21 20 16 15 0
I-Type (Immediate) op rs rt immediate

31 26 25 0
J-Type (Jump) op target

31 26 25 2120 16 15 1110 65 0
R-Type (Register) op rs rt rd sa funct

Figure 1-3 CPU Instruction Formats

8 VR5432 Microprocessor User’s Manual



Introduction

The instructions can be further classified as follows.

» Load and Store instructions move data between memory and
general-purpose registers. They are all immediate (I-type
instructions, since the only addressing mode supported for general-
purpose-registersis base register plus 16-bit, signed immediate offset
(Indexed addressing is supported for floating-point registers.)

e Computational instructions perform arithmetic, logical, shift
multiply, and divide operations on values in registers. They includ
register (R-type, in which both the operands and the result are stored
in registers) and immediate (I-type, in which one operand is a 16-bit
signed immediate value) formats.

» Jump and Branch instructions change the control flow of a program.
Jumps are always made to an address formed by combining a 26-bit
target address with the high-order bits of the program counter (J-type
format) or register address (R-type format). Branch instructions ar
performed to the 16-bit offset address relative to the program counter
(I-type). Jump and Link instructions save their return address in
register 31.

» Coprocessor instructions were originally defined in the MIP
architecture to perform operations in coprocessors. However, “true’
coprocessors (in the sense of functional units that operate in parallel
with the CPU) are not implemented. For example, the origina
coprocessor 1 was the FPU, but in the VrR5432 the FPU instructions
are executed using the same data paths used for integer instructions
The Coprocessor 2 opcodes have been used for the multimedi
instruction set extensions

» Coprocessor 0 (system coprocessor, CP0) instructions perfor
operations on CPO registers to control the memory management and
exception handling facilities of the processor.

» Exception instructions perform System Call exception an
Breakpoint exception operations, cause a branch to the genera
exception handling vector based upon the result of a comparison, or
implement the MAC instruction set extensions. These instructions
occur in both R-type (both the operands and the result are registers)
and |-type (one operand is a 16-bit immediate value) formats

Refer to Chapter 16 for an overview of instructions, Chapter 17 for CPU
instruction details, Chapter 18 for FPU instruction details, Chapter 19 for
multimediainstruction details, and Chapter 20 for debug and test instructions.

VR5432 Microprocessor User’s Manual 9
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124

Data Formatsand Addressing

The VRr5432 processor uses four dataformats: a64-bit doubleword, a32-bit word,
a 16-bit halfword, and an 8-bit byte. Byte ordering within all of the larger data
formats—halfword, word, doubleword—can be configured as either big or little
endian. When the VR5432 processor is configured as a big-endian system, byte O
isthe most-significant (Ieft-most) byte, thereby providing compatibility with
Motorola s MC 68000™ and IBM’ s System/370™ conventions. Figure 1-4
shows this configuration.

Higher Word
Address Address 31 24 23 16 15 87 0

12

N
o

[ee]
[
©
=
o
-
=

Lower 0
Address

Figure 1-4 Big-Endian Byte Ordering

Note: The most-significant byte has the lowest address. A word is ad-
dressed by the address of the most-significant byte.

When configured as alittle-endian system, byte 0 is always the least-significant
(right-most) byte, which iscompatible with Intel’ sSiAPX™ x86 and DEC VAX™
conventions. Figure 1-5 shows this configuration.

Unless otherwise specified, the little-endian system is used throughout this
manual .

Higher Word
Address Address 31 2423 16 15 87 0

12 o
8 11 10

4 7 6

Lower 0 3 2
Address

o
[ee]

ol
~

[uny
o

Figure 1-5 Little-Endian Byte Ordering

Note: The least-significant byte has the lowest address. A word is ad-
dressed by the address of the least-significant byte.

10
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Higher
Address

|

Lower
Address

Higher
Address

i

Lower
Address

Word Halfword Byte

Doubleword L |
Address g3 32ll31 16115 gl7 0
16 | 16 || 17 || 18 || 19 || 20 || 21 || 22 | 23 |
8 L8 [ o J 1o [ 1 ] 12 J 18 J 1a || 15 |
0 Lo L 2 [ s [ & s J 6 [ 7 |

Figure 1-6 Big-Endian Datain a Doubleword

Note: The most-significant byte has the lowest address. A word is ad-
dressed by the address of the most-significant byte.

Word Halfword Byte

Doubleword

c/)xuddreevgr 63 l 32ll31 l 16115 gl7 0
16 | 23 || 22 || 21 || 20 || 19 | 18 || 17 || 16 |
8 IERENEEEE R NN
0 L7 e s [ 4 s [ 2 1+ | o]

Figure 1-7 Little-Endian Data in a Doubleword

Note: The least-significant byte has the lowest address. A word is ad-
dressed by the address of the least-significant byte.

The CPU uses byte addressing for hal fword, word, and doubleword accesses with
the following alignment constraints:

« Halfword accesses must be aligned on an even byte boundary (0, 2,
4..).

*  Word accesses must be aligned on a byte boundary divisible by fou
(©, 4, 8...).
*  Doubleword accesses must be aligned on a byte boundary divisibl
by eight (0, 8, 16...).
The following special instructions load and store words that are not aligned on
4-byte (word) or 8-byte (doubleword) boundaries:
LWL LWR SWL SWR
LDL LDR SDL SDR
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These instructions are always used in pairs to access data not aligned at a
boundary. To access data not aligned at aboundary, an additional PCycleis
necessary, compared to accessing data aligned at a boundary.

Figure 1-8 illustrates how aword misaligned and having byte address 3 is
accessed in big- and little-endian systems.

Higher
Address

31 24 23 16 15 8 7 0

Big Endian

Lower
Address

Higher
Address

31 24 23 16 15 8 7 0

6 | 5 H 4 | Little Endian

3 | I |

Lower
Address

Figure 1-8 Misaligned Word Addressing
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1.25 System Control Coprocessor (CPO)

The original MIPS architecture defined up to four coprocessors (CPO through
CP3). Coprocessor 1 was the FPU, and coprocessors 2 and 3 were reserved for
future use. However, with the introduction of the MIPS 1V instruction set, the
coprocessor 3 opcodes were assigned to extensions of the floating-point
instruction set. On the VrR5432 (and specific to this implementation), the
coprocessor 2 opcodes have been used for multimediainstruction set extensions.
Coprocessor 0 (CP0O) remains the internal system control coprocessor and
supports the virtual memory system and exception processing. The virtua
memory system uses the on-chip TLB and CPO registers.

CPO converts virtual addresses into physical addresses, controls the operating
mode (Kernel, Supervisor, or User mode), and performs exception processing. It
a so controls the cache subsystem to analyze causes and return execution from
error processing. CPO al so includes implementation-dependent test and debug
features.

Figure 1-9 shows the CPO registers; Table 1-1 briefly explains each register. For
the details of the registersrelated to the virtual memory system, refer to Chapter
4; for the detail s of the registers used for exception processing, refer to Chapter 6.

VR5432 Microprocessor User’s Manual 13
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Register Name Register # Register Name Register #
Index* 0 Config* 16
Random* 1 LLAddr 17
EntryLoO* 2 WatchLo 18
EntryLol* 3 WatchHi 19
Context** 4 XContext** 20
PageMask* 5 RFU 21
Wired* 6 RFU 22
RFU 7 RFU 23
BadVAddr** 8 RFU 24
Count** 9 PerfCtr 25
EntryHi* 10 Parity Error** 26
Compare** 11 Cache Error** 27
Status** 12 TagLo 28
Cause** 13 TagHi 29
EPC** 14 ErrorEPC** 30
PRId 15 RFU 31
* For memory management

** For exception processing
RFU Reserved for future use

Figure 1-9 CPO Registers
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Table1-1 System Control Coprocessor (CP0O) Register Definitio n

Eﬂig R:g nitg Description
0 Index Index into the TLB
1 Random Random pointer tothe TLB
2 EntryLo0 Even PFN and page attributes for TLB entry
3 EntryLol Odd PFN and page attributes for TLB entry
4 Context Pointer to kernel PTE (32-bit addressing)
5 PageMask TLB page size mask
6 Wired Number of wired (locked) TLB entries
7 O Unused
8 BadVAddr Bad virtual address
9 Count Timer count
10 EntryHi VPN and ASID for TLB entry
11 Compare Timer compare
12 SR Status register
13 Cause Cause of last exception
14 EPC Exception program counter
15 PRId Processor revision identifier
16 Config Configuration register
17 LLAddr Load linked address
18 WatchLo Memory reference trap address lower bits
19 WatchHi Memory reference trap address upper bits
20 XContext Pointer to the kernel PTE (64-bit addressing)
21-24 0 Unused
Performance counter registers:
Performance Event Specifier/Control O
25 PerfCtr Performance Counter O
Performance Event Specifier/Control 1
Performance Counter 1
26 PErr Parity error in cache
27 CacheErr Cache error register
28 TagLo Cachetag register

VR5432 Microprocessor User’s Manual
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1.2.6

127

Table1-1 System Control Coprocessor (CP0O) Register Definitions (continued)

e | e Desiption
29 TagHi Cache tag register (reserved)
30 ErrorEPC Error exception program counter
31 O Unused

Floating-Point Unit (FPU)

The floating-point unit (FPU) performs arithmetic operations on floating-point
values. The FPU, with associated system software, fully conformsto the
requirements of ANSI/IEEE Standard 754-1985, |EEE Standard for Binary
Floating-Point Arithmetic.

The FPU includes:

e Full 64-bit operation. The FPU can contain sixteen 64-bit registers
to hold single-precision or double-precision values. Another sixteen
floating-point registers can be used by setting the FR bit of the Status
register to 1. In addition, a 32-bit Control/Status register is provided,
conforming to the IEEE exception processing standard.

 Load and Storeinstruction set. Like the CPU, the FPU uses a load
and store-based instruction set. Floating-point operations are starte
in asingle cycle. Unlike the CPU, some FPU Load and Stor
instructions are R-type

Internal Cache

The VR5432 has an instruction cache and a data cache to enhance the efficiency
of pipelining. Each cache has a data width of 64 bits and can be accessed in 1
clock. Theinstruction cache and data cache can be accessed in parallel. Both the
instruction cache and data cache have a capacity of 32 KB.

For the details of each cache, refer to Chapter 5.

16
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1.3 Memory M anagement Unit (MM U)

The VRrR5432 processor has a usable 32-bit physical addressing range of 4 GB.
However, sinceit israre for systemsto implement a physical memory space this
large, the CPU provides alogical expansion of memory space to the programmer
by trandating addresses into the large virtual address space. The VR5432
processor supports the following two address translation mechanisms:

e 32-bit mode, in which the virtual address space is divided into 2 GB
for user processes and 2 GB for the kernel

e 64-bit mode, in which the virtual address is expanded to
1 terabyte( “C bytes) of user virtual address space

A detailed description of these address spacesis given in Chapter 4.

131 Trandation Lookaside Buffer (TLB)

Virtual memory mapping is performed by a trangation lookaside buffer, which
holds virtual-to-physical addresstranslations. Thisfully associative, on-chip TLB
contains 48 entries, each of which maps apair of variable-sized pages of between
4 KB and 16 MB.

The TLB can hold both instruction and data addresses, and is sometimes referred
toasajoint TLB (JTLB). There are aso two 4-entry micro-TLBs, one for
instructions and onefor data. Onamissto either micro-TLB, thepipelineisstalled
while the micro-TLB is loaded from the TLB. Loading of the micro-TLBsis
handled in the hardware transparently to software.

A virtual addressis concatenated with aprocessidentifier and both are sent to the
JTLB for trandation. If there is no matching entry in the JTLB, an exception
occurs and software writes the entry contents to the on-chip JTLB from a page
table in memory. The JTLB entry to be rewritten is selected by avalue in either
the Random or Index register.

132 Operating Modes

The VR5432 processor has three operating modes:
e User mode
e Supervisor mode
* Kernel mode

The manner in which memory addresses are translated or mapped depends on the
operating mode of the CPU; thisis described in Chapter 4.

VR5432 Microprocessor User’s Manual 17
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1.4

Instruction Pipeline

The VRrR5432 incorporates a dual -issue superscal ar architecture that allows two
integer or floating-point instructions to be issued simultaneously to afive-stage
instruction pipeline. For details, refer to Chapter 3.

18
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Sgnal Descriptions

This chapter describesthe VR5432 hardwareinterface signals. Thesignalsinclude
the power inputs and the interfaces for the system, clock, interrupt, initialization,
N-Wire/N-Trace hardware debugging, and Joint Test Action Group (JTAG)
testing.

The VR5432 supports two interface protocols: VR5432 native mode and R43K (a
compatibility mode that emulates the interface used on the VR4300). The modeis
selected by the level sampled on the OptionR43K* pin during a cold reset. As
described in subsequent sections, some signals are named and behave differently
in the two modes.

Figure 2-1 shows the processor signals by function. Signal names used in R43
mode are shown in brackets.

Note: In this manual, active-low signal names are spelled with atrailing
asterisk (e.g., the active-low, read-ready signal is RdRdy*).

VR5432 Microprocessor User’s Manual 19
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— 32 5 -
SysAD (31:0) [SysAD (31:0)] 474;> Int* (4:0) [Int* (4:0)] S
SysADC (3:0) [SysAD (3:0)] <79[;5]> NMIFNM Y] EC»
SysCmd (8:0) [SysCmd (4:0)] <>
Validin*[EValid*] ——
S alidin*[EValid®] DivMode (1:0) [DivMode (1:0)]
2 ValidOut*[PValid*] < BigEndian[BigEndian] S
[ =
£ ExtRgst*[EReq*] ———» ColdReset*[ColdReset*] I
2 x . =
(‘% Release*[PMastert] -€—— Res'et [Reset’] E
PReq*[PReq"] OptionR43K
RdRdy*[Unused] ——— VR5432
TrcData (3:0) [TrcData (3:0)]
* * Processor
L WIRdy*[EOK]  ——> TrcEnd[TrcEnd]
— TreCIk[TrcCIK]
= Vee[Vee] —— >
N Veelo[Veelo] ———» RMode*/BkTglO
o [RMode*/BkTglO*] »
o Vss[Vss] —» At
— Tristate[Tristate] o
SysClock[MasterClock] ———» =
- -
§ BypassPLL*[BypassPLL*] ———» JTDINTD]]
£ —— JTDO[JTDO]
] VceP[VecP] ———»
= JTMS[ITMS]
N VssP[VssP] ——> JTCKITCK
§ PLLCAP[PLLCAP] ——>» [ ]
© PLLtest{PLLtest] <——
Figure 2-1 VR5432 Processor Signals
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2.1 System Interface Signals
System interface signal s provide connections between the VR5432 processor and
the other componentsin the system. Table 2-1 lists the system interface signals.
Table2-1 System Interface Sgnal
Name Definition Direction Description
External request An external agent asserts ExtRgst* torequest
(OptionR43K* is use of the system interface. The processor
ExtRqst*/ high) ot grants the request by asserting Release* .
[EReq*] External request P An external agent asserts EReg* to request
(OptionR43K* is use of the system interface. The processor
low) grants the request by asserting PMaster* .
In response to the assertion of ExtRgst*, the
Release interface processor asse.rts Release*, signa!ing to th_
(OptionRA3K* is reqyestl ng devi cethat th systeminterfaceis
high) available. Release* is also asserted for an
uncompelled change to slave state when one
or more read requestsis outstanding.
Release*/ Output | Indicates the processor is the master of the
[PMaster*] system interface bus. |n response to the
Processor master assertion o _EReq*, the processor deasserts
(OptionR43K* is PMaster*, si gne_\l ingto th_e reql_Jestl ng devi
low) that th system interfaceis available.
PMaster* isalso deasserted for an
uncompelled change to slave state when one
read request is outstanding.
Indicates that the processor has another
request that ispending. Thisisusedtoindicate
Procgssor reque_ﬂ that the processor would like to send another
(OptionR43K* is ; .
high) transaction. It isup to the (_axternal agent to
grant the request by releasing the system
interface with an external null request.
PReq*/[PReq*] Output , . :
Indicates the processor is requesting system
interface bus ownership. Also, when the
Processor request .
(OptionRA3K* is processor experiences a protocol error (the
low) processor detects that an external agent has
violated the SysAD bus protocol), the
processor continuously toggles PReg*.
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Table2-1 System Interface Sgnals (continued)

Name Definition Direction Description
Read ready The external agent asserts RARdy* to
(OptionR43K* is indicate that it can accept processor read

RdRdy*/ high) Input reguests.

[Unused] Unused The signal is not used when the processor’s
(OptionR43K* is interface protocol is compatible with the
low) VR4300 interface protocol.
Systemaddress/data A 32-bit address and data bus fo
bus (OptionR43K* communication between the processor and an

SysAD (31:0)/ |ishigh) Input/ external agent

[SysAD (31:0)] | systemaddress/data | Output | A 32-bit address and data bus fo
bus (OptionR43K* communication between the processor and an
islow) external agent
System address/
data check bus A 4-bit bus containing parity for the SysAD
(OptionR43K* is bus. SysADC isvalid on data cyclesonly.

sADC (3.0 Output

[Sy (3:0)] Cachoted p
(OptionR43K* is These pins are for cache test only.
low)

&/agm C‘?mma”d’ A 9-bit bus for command and data identifier
dataidentifier o
, . transmission between the processor and an
(OptionR43K* is
. external agent
SysCmd (8:0)/ | high) Input/
sCmd (4.0 Output

S (4:0) Syagm C‘?’T‘ma”d’ P A 5-bit bus for command and data identifier
dataidentifier S
(OptionRA3K* is transmission between the processor and an
Iov[v)) external agent. SysCmd (8:5) are unused.
validinout Theexternal agent assertsValidin whenitis
© tionlg43K* is driving avalid address or data on the SysAD
hi ?1) bus and avalid command or dataidentifier on

validin®/ g the SysCmd bus.

- Input - —

[EValid*] External valid inout The external agent asserts EValid* whenitis
(OptionRA3K* Lf driving avalid address or data on the SysAD
IovS) bus and avalid command or dataidentifier on

the SysCmd bus.
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Table2-1 System Interface Sgnals (continued)

Name Definition Direction Description
valid output The processor asserts ValidOut* whenitis
© tionRgsK* is driving avalid address or data on the SysAD
hi F;]) bus and avalid command or dataidentifier on
Validout*/ 9 the SysCmd bus to the external agent.
-~ - Output - —
[PValid¥] Processor valid The processor assert PValid* when it is
output driving avalid address or data on the SysAD
(OptionR43K* is bus and avalid command or dataidentifier on
low) the SysCmd bus to the external agent.
Wr't? ready . The external agent asserts WrRdy* when it
(OptionR43K* is ;
. can accept a processor write regquest.
high)
WrRdy ™/ External OK f Input
[EOK*] erna or The external agent asserts EOK* to indicate
read/write ; ;
. . that it can accept processor read/write
(OptionR43K* is
regquests.
low)
2.2 Power |nputs
The VR5432 requires two power sources. Theinternal corelogic runs off a2.5V
power supply to optimize internal speed and power. The processor I/O pinsuse a
3.3V power supply to provide compatibility with logic technologies commonly
used in a system-level design. Table 2-2 lists the two types of power inputs.
Table 2-2 Power Inputs
Name Definition Direction Description
Vss[Vss] Vs for processor core and Input Ground for the mtt_arnal corelogic
processor 1/0O and processor 1/0 interface
Vcel/[Ved] V cc for processor core Input Izog:;/ power for theinternal core
Vel O/[Vecl Q] | Vece for processor 1/0 Input .3'3 V power for the processor 1/0
interface
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2.3 Clock Interface Signals
The clock interface signals connect the on-chip clock generator to the off-chip
clock source. Table 2-3 liststhe clock interface signals.
Table 2-3 Clock Interface Signals
Name Definition Direction Description

System clock (SysClock) input that
establishes the system interface
operating frequency and phase

System clock during normal operation. In Bypass

(OptionR43K* is high) PLL mode, thisinput becomes the
PClock internally and the system
interface operates at half the input

SysClock/ Input frequency.

[MasterClock] System clock [MasterClock] input
that establishes the system interface
operating frequency and phase

System clock during normal operation. In Bypass
(OptionR43K* islow) PLL mode, thisinput becomes the
PClock internally and the system
interface operates at half the input
frequency.
Forces SysClock input to bypass the
Bypass PLL PLL and connect directly to the

BypassPLL*/ (Independent from Input internal processor clock buffers. The

[BypassPLL*] OptionRA3K*) system interface operates at half the
SysClock input frequency in this
mode.

PLL test
I[DFI,‘LLE?S{] (Independent from Output PLL testing
OptionR43K*)
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Table 2-3 Clock Interface Signals (continued)

Name Definition Direction Description
Quiet Ve for PLL Quiet Vcc for the !nternal phase-
locked loop. Thisis 2.5V power.
VccP/[VeeP] (Independent from Input ) . .
. Eachinternal PLL requiresaquiet
OptionR43K*)
Vcc.
Quiet Vssfor PLL Quiet Vssfor theinternal phase-
VssP/[VssP| (Independent from Input locked loop. Each internal PLL
OptionR43K*) requires aquiet Vss.
A resistor/capacitor network is
PLLCAP/ PLL capacitor connected between PLLCAP and
[PLLCAP] (Independent from Input V'ssP to ensure the proper operation
OptionR43K*) of the phase-locked loop. See
Appendix C for details.
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2.4 JTAG and Test Interface Signals

The JTAG and test interface signalsinclude |IEEE-1149.1 JTAG interface signals
aswell as signalsfor specific test features of the VR5432 microprocessor. Table
2-4 liststhe JTAG and test interface signals.

Table 2-4 JTAG and Test Interface Sgnals

Name Definition Direction Description
TrcData (3:0)/ Trace data port Thisbusis used to output al trace data codes
) (Independent from | Output .
[TrcData( 3:0] OptionRA3K*) generated as aresult of processor execution.
Assertion of this signal indicates the end of a
TreEnd/ Traceend trace data packet from the TrcData port. Trace
[TrcEnd] (Independent from | Output packets can consist of asingle clock cycle of
OptionR43K*) datafrom the TrcData port, or multiple cycles
of datafrom the TrcData port.
Thetraceclock isthe same asthe system clock.
Trace clock . . :
TrcClk/ This output is generated for the benefit of test
(Independent from | Output . X
[TrcClK] . equipment that requiresthe clock reference for
OptionR43K*) . .
trace information.
This pin supports the N-Wire Reset mode, as
well as break and trigger functions. The pin
RMode*/ Reset mode carriesthe RMode* signal until ColdReset* is
BKTglO*/ Break, Trigger 1/0 | Input/ deasserted. It then carries the BkTglO* signal
[RMode*/ (Independent from | Output and serves as a break or trigger, as well as an
BKTglO*] OptionR43K*) input or output, depending on the setup in
various Debug registers. See Chapter 20 for
complete details.
Tristate/ Tristate al outputs Thissignal tristates all VR5432 outputsto
[Tristate] (Independent from | Input alow aboard-level test to isolate the VR5432
OptionR43K*) processo .
Test datain
JTDI/[JTDI] (Independent from | Input Datais serialy scanned in through this signal.
OptionR43K*)
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Table 2-4 JTAG and Test Interface Signals (continued)

Name Definition Direction Description
The processor accepts a serial clock on JTCK.
Test clock input On the rising edge of JTCK, both JTDI and

JTCK/[JTCK] | (Independent from | Input JTMS are sampled. The maximum frequenc
OptionR43K*) of JTCK is 33 MHz, and it runs
asynchronously to the SysClock.
JIDO/ gﬁe?ﬁetr? d(;trj]tt from | Output Datais serialy scanned out through thissignal
[JTDQ] OptionRA3K*) on the falling edge of JTCK.
™S/ Test mode select
[JTMS] (Independent from | Input JTAG Test mode select signal
OptionR43K*)
2.5 Interrupt Interface Signals
The interrupt interface signals make up the interface used by external agentsto
interrupt the VR5432 processor. Table 2-5 lists the interrupt interface signals.
Table 2-5 Interrupt Interface Sgnals
Name Definition Direction Description
Interrupt . I .
Int* (4:0)/ General processor interrupts, bitwise ORed with
. (Independentfrom | Input o .
[Int* (4:0)] OptionRA3K*) bits 4:0 of the Interrupt register
Nonmaskable
NMI*/ interrupt Inout Nonmaskable interrupt, ORed with bit 6 of the
[NMI*] (Independentfrom b Interrupt register
OptionR43K*)
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2.6 Initialization I nterface Signals

Theinitiaization interface signals make up the interface by which an external
agent initializes the processor operating parameters. Table 2-6 lists the
initialization interface signals.

Table 2-6 Initialization Interface Sgnals

Name Definition Direction Description
When OptionR43K* is driven active-low,
OptionR43K* | VR4300 mode Input the VR5432 operates with the VR4300
protocol.
. i Divide mode Sets the PClock-to-SysClock ratio. See
[DIDI\i/\Xﬂogge((liQ());] (Independent from Input Table 2-7 for the ratio that these pins
' OptionR43K*) indicate.
BigEndian/ Endian mode sefect Setsthe VR5432 addressing mode to either
[BigEndian) | (!ndependent from | input Big Endian or Little Endian
9 OptionR43K*) 9 '
ColdReset*/ Cold reset Thissignal must be asserted for a power-on
[ColdReset*] (Independent from Input reset or acold reset. ColdReset* must be
OptionR43K*) deasserted synchronously with SysClock.

Thissignal must be asserted for any reset
seguence. It can be asserted synchronously

Reset
Reset*/ or asynchronously for a cold reset, or
[Reset*] gngiaegjgln(t*f)rom Input synchronoudly to initiate a warm reset.
b Reset* must be deasserte synchronously
with SysClock.
Table 2-7 DivMode (1:0) Settings and Frequencies
DivM ode (1:0) PClock SysClock Ratio
11 167 MHz 42 MHz 4:1
10 167 MHz 56 MHz 31
01 167 MHz 66 MHz 251
00 167 MHz 83 MHz 2:1
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2.7 Pin Orientation

Figure 2-2 shows the pin orientation for the 208-pin plastic quad flat package
(PQFP). Table 2-8 lists the signal names by pin number.

Figure 2-2 208-Pin PQFP Orientation (Top View)
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Table 2-8 VR5432 208-Pin PQFP Pin Assignment

Pin Signal | Pin Signal | Pin Signal | Pin Signal | Pin Signal
1 Vss |44 Int2* | 87 DivMode0 | 130 VcclO [ 173 ExtRgst*
2 Vss |45 Vcc | 88 VcelO | 131 Vcc | 174 Vss
3 Sys AD2 |46 Int3* | 89 BigEndian | 132 Sys AD3 | 175 Sys CmdO0
4 VcclO | 47 Vss | 90 Vss | 133 Vss | 176 VcelO
5 Sys AD2 |48 Int4* | 91 ColdReset* | 134 Sys AD2 | 177 Sys Cmd1
6 Vce |49 Vce | 92 Vce | 135 Vss 178 Vce
7 Sys AD1 %0 SI’:{II'(;(:S*/ 93 Tristate | 136 Sys AD1 | 179 Reset*
8 Vss |51 VcclO | 94 VcclO | 137 VcclO | 180 Vss
9 Vss |52 Vss |95 JTMS | 138 Vss | 181 VcelO
10 Sys AD1 |53 Vss |96 Vss | 139 Vce (182 OptionR43K*
11 VcclO | 54 Vss |97 Vcc | 140 Sys ADO | 183 Vce
12 Sys AD1 |55 VcclO | 98 JICK | 141 Vss | 184 Validin*
13 Vss | 56 TrcData0 | 99 Vss | 142 Preg* | 185 Vss
14 Sys AD1 |57 Vcc | 100 JIDI | 143 VcclO | 186 Sys Cmd2
15 Vcc |58 TrcDatal | 101 VcclO | 144 Sys AD31 | 187 VcclO
16 Sys AD1 |59 Vss | 102 Vcc | 145 Vss | 188 Sys Cmd3
17 Vss | 60 TrcCLK | 103 Vss | 146 VaidOut* | 189 Vss
18 Sys AD1 |61 Vss | 104 Vss | 147 Vce | 190 Sys Cmd4
19 VcclO | 62 VcclO | 105 Vss | 148 Sys AD30 | 191 Vce
20 Vss | 63 Vcc | 106 Vss | 149 VcelO | 192 Sys Cmd5
21 Sys AD1 |64 TrcData2 | 107 JIDO | 150 RdRdy* | 193 VcelO
22 Vss | 65 Vss | 108 Vss | 151 Vss | 194 Sys Cmd6
23 Sys AD1 |66 TrcData3 | 109 Sys ADCO | 152 WrRdy* | 195 Vss
24 Vce | 67 Vss | 110 VccelO | 153 Vcc | 196 Sys Cmd7
25 VcclO | 68 VcclO | 111 Sys ADC1 | 154 Sys AD29 | 197 Vss
26 Vss | 69 TrcEnd | 112 Vcc | 155 Vss | 198 Sys Cmd8
27 Sys AD1 |70 VccelO | 113 Sys ADC2 | 156 VccelO | 199 VcclO
28 Vss |71 Vss | 114 Vss | 157 Vss | 200 Vce
29 Sys AD1 |72 VcclO | 115 Sys ADC3 | 158 Vss | 201 Sys AD24
30 Vss |73 Vss | 116 VcelO | 159 Vce | 202 Vss
31 VcclO | 74 PLLtest | 117 Vss | 160 Sys AD28 | 203 Sys AD23
32 Vce |75 Vcc | 118 Vce | 161 Vss | 204 Vss
33 Sys AD |76 SysClock | 119 Vss | 162 VcclO | 205 Vce
34 Vss | 77 Vss | 120 Sys AD7 | 163 Vss | 206 Sys AD22
35 Sys AD |78 VceP | 121 VcclO | 164 Sys AD27 | 207 VcclO
36 VcclO | 79 PLLCAP | 122 Sys ADG6 | 165 Vce | 208 Vss
37 Vss | 80 VssP | 123 Vss | 166 Sys AD26

38 NMI* | 81 VcclO | 124 Sys AD5 | 167 Vss

39 Vcc | 82 Vss | 125 Vcc | 168 Release*

40 Int0* | 83 BypassPLL* | 126 VcclO | 169 VcclO

41 VcclO | 84 Vce | 127 Vss | 170 Sys AD25

42 Int1l* | 85 DivModel | 128 Sys AD4 | 171 Vce

43 Vss | 86 Vss | 129 Vss 172 Vss
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3.1 Pipeline Stages

The VR5432 instruction pipeline follows these five stages:

IC: Instruction Fetch
RF: Register Fetch
EX: Executi

DC: Data Cache Fetch
WB: Write-back

Each stage takes one PCycle (one cycle of PClock, which runsat amultiple of the
frequency of SysClock). Therefore, the execution of each instruction takes at least
five PCycles (see Figure 3-1). An instruction can take longer—for example, if the
required datais not in the cache, the data must be retrieved from main memory.
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IC RF EX DC WB
IC RF EX DC WB
IC RF EX DC WB
IC RF EX DC WB
IC RF EX DC WB
1 Cycle

Figure 3-1 Instruction Pipeline Sages

Once the dual-issue pipelines have been filled, ten instructions can be executed
simultaneously. Figure 3-2 shows a simplified diagram of the dual-issue
mechanism. The blocks listed below are part of the execution unit.

The L oad/Stor e unit handles|oad/store operationsthat |oad datafrom memory to

the general -purpose register or store data from the general -purpose register to
memory.

Thedual data path units(DP0 and DP1) have the hardware resourcesto execute
integer and |EEE-754 single- and double-precision floating-point operations. The
symmetric, two-issue superscalar design allows two integer or floating-point
instructions to be issued simultaneously.

The vector unit handles parallel operations on packed vectors of unsigned 8-bit
integers for rapid processing of data for multimedia, such as sound and graphics.

The MAC unit handles DSP-like multiply-accumul ate operations on signed or
unsigned integers.

32
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PC Generation

¢— and Branch
Address/ Prediction
Data Control ;
Instruction Cache T
g (32 KB)
System | Instruction Buffer
Interface (16 Entries)
Yy Y Y
Register File
(64 x 64 bits)
\
A A
Y YVY Y \/ l \ \ Y
Load/ Packed
Store Data Data Vector MAC
. Path 0 Path 1 (8 x 8-bit) Unit
Unit Unit
_ Data Cache
(32 KB)
\J Y A A A

Figure 3-2 Dual-Issue Mechanism

IC Stage

RF Stage

DC Stage

WB Stage
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3.2

3.3

Branch Delay

The CPU pipeline has adelay of three cycles for mispredicted branches. The two-
cyclebranch delay isaresult of the branch comparison logic operating during the
EX pipeline phase of the Branch instruction. Figure 3-3 illustrates the branch
delay condition. Whenever the processor correctly predicts a branch, thereisa0-
cycle (0 instruction) branch delay.

ﬁ Mispredicted Branch Instruction

IC RF EX DC WB
IC RF EX DC WB
Delay Slot f IC RF EX DC WB
Instruction

Branch Target J

Figure 3-3 CPU Pipeline Branch Delay

L oad Delay

The CPU pipeline has aload delay of one cycle. The one-cycle load delay isa
result of theload completing in DC, while the instruction requesting the use of the
load data needsit in RF. Note that because the processor has atwo-way
superscalar architecture, two to three instructions following the load cannot use
theload data. The processor will interlock if theinstructionsinthe load delay slots
aredependent on theload dataitself. This penalty could and should be minimized
with appropriate scheduling by the compiler. Figure 3-4 shows the load delay of
one pipeline stage.
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+7 Instruction that loads data

n IC RF EX DC WB
n+1 IC RF EX DC WB
n+2 J IC RF EX DC WB
Delay Slot Requires data loaded by
Instruction

(Does not require

load data, otherwise

a stall occurs)

Figure 3-4 CPU Pipeline Load Delay

instruction n

The nominal miss penalty for loadsis (9.5 + M) processor cyclesin 2:1 mode,
where M is the externa memory latency excluding the address and data transfer
time on the system bus. L oads are nonblocking, with hits under miss allowed.

Store misses incur an additional one-cycle penalty.
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34 Interlock and Exception Handling
The VR5432 has abasic dual five-stage pipe that allows for a good overlap of
instruction execution. When a data dependency or resource conflict is
encountered, the smooth pipeline flow isinterrupted. Interruptions handled using
hardware, such as cache misses, are referred to asinterlocks, while those that are
handled using software are called exceptions. During each cycle, exception and
interlock conditions are checked for al active instructions.
Because each exception or interlock condition correspondsto aparticular pipeline
stage, a condition can be traced back to the particular instruction in the exception/
interlock stage. For instance, a Reserved Instruction (RI) exception israised in the
execution (EX) stage. Table 3-1 summarizes all stall and exception conditions.
Table 3-2 describes the stall and exception conditions.
Table 3-1 Pipeline Salls and Exceptions
Stall Description Exception Description
ICM | cache miss IADE Instruction address error
IT™™ Target branch address | cache miss|IBE Instruction bus error
BT Branch take IPErT Instruction parity error
CPOBI  |CPO bypass interlock BP Breakpoint instruction
DPI Data path bypassinterlock CpuU Coprocessor unusabl
LDI Load datainterlock DADE Data address error
MBI Multiply bypassinterlock OVF Arithmetic overflow
MCl Multicyclecycle interlock RI Reserved instruction
COp Cache operation SysCal  |System call instruction
DCM Data cache miss Trap Trap instruction
ITLB Instruction TLB miss CPE Coprocessor error
DTLB |DataTLB miss DBE Data bus error
DPErr Data parity error
Mod TLB modification
Int Interrupt
NMI Nonmaskable interrupt
Reset Reset
Watch Reference to watch addr.
ITLBEx |Instruction TLB exception
DTLBEx |DataTLB exception
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Table 3-2 Relationship of Pipeline Stage to Interlock and Exception Conditions

Pipeline Stage
State
IC RF EX DC WB
Stall ICM BT MCI COp
IT™ CPOBI DCM
ITLB DPI DTLB
LDI
MBI
Exceptions IADE IBE BP CPE
ITLBEX | PErr CpU DBE
DADE DPErr
OVF Mod
RI Int
SysCall NMI
Trap Reset
Watch
DTLBEXx

VR5432 Microprocessor User’s Manual 37



Chapter 3

34.1

Exception Conditions

When an exception condition occurs, the processor aborts the instruction that
caused the exception and all those that follow it in the pipeline are canceled.
Accordingly, any stall conditions and any later exception conditions that may
have referenced thisinstruction are inhibited; thereis no benefit in servicing stalls
for a canceled instruction. When an exception-generating instruction reaches the
WB stage, three events occur:

*  Writes are made to various CPO registers with the exception state and
cause.

*  The exception vector program counter address is calculated.
*  The exception bits of earlier pipeline stages are cleared

Thisimplementation allows all instructions that occurred before the exception to
complete and all instructions that occurred after the exception to be aborted. The
value of the EPC (or ErrorEPC, if the ERL bit in the CPO Status register is set) is
such that execution can be restarted at the point of exception. In addition, all
exceptions are guaranteed to be taken in order. Figure 3-5 illustratesthe exception
detection mechanism for a Reserved Instruction (RI) exception.

Rl exception detected

RF EX DC WB

IC RF EX DC

IC RF EX

IC RF
Instructions killed 4* Ic RF EX pC we

Exception vector +

Figure 3-5 Exception Detection Mechanism
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34.2 Interrupt Latency

External interrupts are processed in the WB stage of the pipeline. When an
enabled interrupt is detected, an Interrupt exception is taken, assuming there are
no higher priority exceptions. In some cases, the interrupt will not be processed
until the transaction buffer is empty. The nominal delay from when an enabled
external interrupt is received at the processor pins to when the processor fetches
thefirst instruction of the Interrupt Exception vector is6 + N cycles, where N is
the number of cycles needed to empty the transaction buffer. N depends on the
types of transactions in the buffer and the system response time to perform those
transactions.

343 Stall Conditions

A stall condition is used to suspend the pipeline for conditions that require
additional cyclesto complete, such asabypass datainterlock. When the interlock
condition is detected, the processor will stall theissue of the dependent instruction
in the RF stage. During the time the instruction issue is stalled, the processor
continuesto execute instructions already issued. Figure 3-6 shows adatainterlock

stall.
Data interlock detected
L Previous instructions
IC RF EX DC WB ‘ continue executing

IC RF RF EX DC WB

IC IC RF EX DC WB

A A

—— Pipe restarts

L—— Stall until interlock is resolved

Figure 3-6 Servicing a Data Interlock Sall
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35

Transaction Buffer

The processor contains a transaction buffer that improves the performance of
operationsto external memory. All system interface operations use the transaction
buffer. Itisorganized asafour-deep FIFO and can hold up to 256 bitsof data. This
transaction buffer can be used to hold up to four read or uncached write operations
or one cache line write-back.

On a cache miss requiring awrite-back, the entire cache line (write-back data) is
dumped into the transaction buffer, which allows the processor to proceed in
parallel with the memory update. For uncached and write-through stores, the
transaction buffer decoupl es the CPU from the write to memory. If the transaction
buffer isfull, additional stores are stalled until thereis room for them in the
transaction buffer. This transaction buffer mechanism is completely invisible to
software.

40
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Memory Management Unit

The VR5432 processor providesafull-featured memory management unit (MMU)
that uses an on-chip translation lookaside buffer (TLB) to trandlate virtual
addresses into physical addresses.

This chapter describes the processor’ s virtual and physical address spaces, the
virtual-to-physical address translation, the TLB translation process, and the
system control coprocessor (CPO) registers that provide the software interface to
the TLB.
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4.1

41.1

4.2

Translation Lookaside Buffer

Mapped virtual addresses are trand ated into physical addresses using an on-chip
TLB.T The TLB isaful ly associative memory that holds 48 entries that provide
mapping to 48 odd/even page pairs (96 pages). When address mapping is
indicated, each TLB entry is checked simultaneously for a match with the virtual
addressthat is extended with an ASI D (Address Space | dentification) stored inthe
EntryHi register.

The address mapped to apagerangesin sizefrom 4 KB to 16 MB, in multiples of
4—that is, 4 KB, 16 KB, 64 KB, 256 KB, 1 MB, 4 MB, and 16 MB.

Hitsand Misses

If there isavirtual address match or hit in the TLB, the physica page number is
extracted from the TLB and concatenated with the offset to form the physical
address (see Figure 4-1).

If no match occurs (a TLB miss), an exception is taken and software refills the
TLB from the page table resident in memory. Software can write over a selected
TLB entry or use a hardware mechanism to write into a random entry.

Processor Modes

The VR5432 has three processor operating modes, an instruction set mode, and an
addressing mode. All are described in this section.

Tt Thereare virtual-to-physical address trandations that occur outside of the TLB. For example, addressesin
the kseg0 and ksegl spaces are unmapped translations.

42
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42.1 Processor Operating Modes

The three operating modes are listed in order of decreasing system privilege:

» Kernel Mode (highest system privilege) can access and change an
register. The innermost core of the operating system runs in Kernel
mode.

e Supervisor Mod has fewer privileges and is used for less critical
sections of the operating system.

* User Mode (lowest system privilege) prevents users from interfering
with one another.

User mode is used for application programs. Kernel mode is used for operating
system functions, such as exception handlers. Supervisor modeis an intermediate
privilege level between the operating system and the application, which can be
used for operating systems that implement both akernel layer and alayer for
operating system extensions, such as device drivers.

The processor’ s operating mode is controlled by the Status register’'s KSU field
and the EXL and ERL bits. The EXL and ERL bitsare set during the service of an
exception or error, respectively. Table 4-1 relates the operating mode to the states
of KU, EXL, and ERL.

Table4-1 Processor Operating Modes

K SU (1:0) EXL ERL Mode
10 0 0 User mode
01 0 Supervisor mode
00 0 0
0 | 1 Kernel mode
O 1 O

On an exception or error, the EXL and ERL bits are set independently of the KSU
bits. Interrupts are disabled whenever either of these bitsis set. If the exception
handler clears EXL, for exampleto allow handling nested interrupts, the operating
mode will revert from Kernel mode to that specified by the current value of the
KSU hits. Therefore, it may be necessary for the exception handler to change the
value of the KSU bits before clearing EXL.
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422 Instruction Set Mode
The processor’ sinstruction set mode determines which instruction set is enabled.
By default, the processor implements the MIPS 1V instruction set architecture
(ISA). For compatibility with earlier machines, however, it can be limited to the
MIPSIII I1SA or theMIPSI/I1 ISAs. The current instruction set modeis controlled
by the processor operating mode and the UX, SX, and CU3 bits of the Status
register, as shown in Table 4-2. (Dashes indicate “Don’t care’.)
Table 4-2 Instruction Set Mode
Operating Mode UX SX Ccu3 '\:HIF;S MIIIIIDS MIIVPS
0 O 0 Yes No No
0 O 1 Yes No Yes
User mode
1 O 0 Yes Yes No
1 O 1 Yes Yes Yes
_ U 0 [ Yes |No Yes
Supervisor mode
O 1 O Yes |Yes |Yes
Kernel mode O | O Yes Yes Yes
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4.2.3 Addressing Modes

The processor’ s addressing mode determines whether it generates 32- or 64-hit
memory addresses.
Refer to Table 4-3 for the following addressing mode encodings.

* In Kernel mode, the KX hit enables 64-bit addressing; al
instructions are always valid.

* In Supervisor mode, the SX bit enables 64-bit addressing and th
MIPS 111 instructions

* InUser mode, the UX bit enables 64-bit addressing and the MIPS 11
instructions; the CU3 bit enables the new MIPS IV instruction set
extensions.

Table 4-3 Addressing Modes

Operating Mode UXx SX CU3 | 32/64-bit Addressing

0 il 0 32

User mode 1 5 5 o
_ 0 0 0 32

Supervisor mode 5 1 5 o
Kernel mode - - 0 32
0 0 1 64

4.3 Addresses and Address Spaces

This section describes virtual and physical addresses, the manner in which virtual
addresses are trand ated into physical addresses by the TLB, and the three address
spaces. User, Supervisor, and Kernel.
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43.1 Virtual Addresses

The processor has three types of address space: User, Supervisor, and Kernel.
Each space can be independently configured to be a 32-bit or 64-bit space by the
KX, SX, and UX bitsin the Status register.

* If UX =0 (extended address bit = 0), user addresses are 32 bits wide.
The maximum user process size is 2 GB (231).

o If UX =1 (extended address bit = 1), user addresses are 64 bits wide.
The maximum user process size is 1 terabyte (2*9).

Figure 4-1 shows the trandlation of avirtual addressinto a physical address.

Virtual address (VA) represented by the vir- 1

Virtual Address

tual page number (VPN) is compared with Offset |
tag in TLB. The ASID portion of the VA is se
held in the EntryHi register. |
— _—q
-
|
If there is a match, the page frame num- | G ASID VPN |
ber (PFN) representing the upper bits of | |
the physical address (PA) is output from TLB
the TLB. | | Entry
| PEN |
| |
| TLB |
R 4
. r————*—-——-—-———— ¥ — -
The Offset, which does not pass through the
TLB, is then concatenated to the PFN. | PEN Offset |
| |
L 4

Physical Address

Figure 4-1 Virtual-to-Physical Address Translation

Asshownin Figure4-1, thevirtual addressisextended with an 8-bit address space
identifier (ASI D bhit), which reduces the frequency of TLB flushing when
switching contexts. This8-bit ASID isinthe CPO EntryHi register. The Global bit

(G) isineach TLB entry.

46
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432 Physical Addresses

Using a 32-bit address, the processor physica address space encompasses 4 GB.

caution: Although the Vr5400 processor family MMU isdesigned to handle
up to 36 hits of physical address space, the VR5432 physical ad-
dressislimited to 32 bits, duetoits System Multiplex Address/Data
(SysAD) bussize. A 32-bit physical address space provides 4 GB
of physical addressing. Any attempt to reference aphysical address
with bits 35:32 not set to O will force an Address Error exception.

433 Virtual-to-Physical Address Trandation

Converting avirtual addressto a physical address begins by comparing the virtual
addressfrom the processor with the virtual addressesinthe TLB. Thereisamatch
when the virtual page number (VPN) of the addressis the same as the VPN field
of the entry, and either:

e the Global (G) bit of the TLB entry is set, or
* the ASD field of the virtual address is the sasme asth ASD field o
the TLB entry.

ThismatchisreferredtoasaTLB hit. If thereisnomatch, aTLB Missexception
is taken by the processor and software is alowed to refill the TLB from apage
table of virtual/physical addressesin memory.

If thereisavirtual address match in the TLB, the physical addressis output from
the TLB and concatenated with the offset, which represents an address within the
page frame space. The offset does not pass through the TLB.

The next sections describe the 32- and 64-bit address trand ations.
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434 32-Bit Mode Virtual Address Trandation

Figure 4-2 shows the virtual -to-physical addresstrandation of a 32-bit mode
address.
e Thetop portion of Figure 4-2 shows a virtual address with a 12-hit or

4 KB page size, labeled Offset. The remaining 20 bits of the address
represent the VPN, and index the 1 M-entry page table.

*  The bottom portion of Figure 4-2 shows a virtual address with a 24
bit or 16 MB page size, labele Offset. The remaining 8 bits of the
address represent the VPN, and index the 256-entry page table.

Virtual Address with 1 M (220) 4 KB Pages

39 32312928 20 bits = 1-M pages 1211 0
ASID VPN Offset
8 20 12
Virtual-to-physical Offset passed unchanged to
translation in TLB physical memory
Bits 31, 30, and 29 of the virtual 32-bit Physical Address
address select User, Supervisor, . — — L =" 272" " VT __ -
or Kernel address spaces. 31 0
I PEN [ offset 'R
L A A ——— 4
Virtual-to-physical Offset
L passed unchanged to
translation in TLB physical memory
TLB
E——
39 32312928 2423 0
ASID VPN Offset
8 8 24

8 bits = 256 pages

Virtual Address with 256 (28) 16 MB Pages

Figure 4-2 32-Bit Mode Virtual Address Translation

Note: In setting up the TLB entry for 32- or 64-bit mode virtual address
tranglation, set the upper four bits of the page frame number to 0, to
guarantee that the trandated physical address will have bits 35:32
set to 0. (See Figure 4-3 and Figure 4-4.)
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127 121 120 109 108 96
0 Mask 0
95 77 76 75 7271 64
VPN2 G 0 ASID
63 62 61 38 37 35 34 33 32
0 PFN o D|V]o
31 30 29 6 5 321 0
0 PFN C Divio

Figure 4-3 TLB Entry Format in 32-Bit Mode

255 217 216 205204 192
0 Mask 0
191 190 189 168 167 141140139 136 135 128
R 0 VPN2 G 0 ASID
127 94 93 70 69 67 66 65 64
0 PEN C D|V]|O
63 30 29 65 32 1 0
0 PEN C D|V]|O

Figure 4-4 TLB Entry Format in 64-Bit Mode

VR5432 Microprocessor User’s Manual

49



Chapter 4

435 64-Bit Mode Virtual Address Trandation

Figure 4-5 showsthe virtual-to-physical addresstrandation. Thisfigureillustrates
the two extremes in the range of possible page sizes: a4 KB page (12 bits) and a
16 MB page (24 bits).

*  Thetop portion of Figure 4-5 shows avirtual address with a
12-bit or 4 KB page size, labeled Offset. The remaining 28 bits of the
address represent the VPN, and index the 256 M-entry page table.

»  The bottom portion of Figure 4-5 shows a virtual address with a 24-
bit or 16 MB page size, labele Offset. The remaining 16 bits of th
address represent the VPN, and index the 64 K-entry page table

Virtual Address with 256 M (228) 4 KB Pages

71 6463 62 61 40 39 28 bits = 256 M pages 12 11 0

VPN Offset

J

Offset passed
unchanged to
physical memory

Virtual-to-physical
translation in TLB
Bits 62 and 63 of the virtual

address select User, Supervisor,
or Kernel address spaces.

32-bit Physical Address
31 0
‘ PFN Offset

A Offset passed

unchanged to
physical memory

Virtual-to-physical
translation in TLB

—

A

A >

71 64636261 40 39 24 23 0
ASID Oor-1 VPN Offset
8 24 16 24

16 hits = 64 K pages

Virtual Address with 64 KB (216) 16 MB Pages

Figure 4-5 64-Bit Mode Virtual Address Translation

Note: In setting up the TLB entry for 32- or 64-bit mode virtual address
translation, the upper four bits of the physical frame number must
be set to 0, to guarantee that the translated page address will have
bits 35:32 set to 0. (See Figure 4-3 and Figure 4-4.)
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4.3.6

Ox 0000 0000

User Address Space
In User address space, a single, uniform virtual address space |abeled user
segment (useg) is available. Its sizeis:
« 2 GB (2% bytes) if UX = 0 (useg)
« 1 terabyte ( *bytes) if UX = 1 (xuseg)
Figure 4-6 shows the range of user virtual address space.
32 Bits 64 Bits
Ox FH HH Ox FH FHH FH A
Address Address
Error Error
Ox 8000 0000| Ox 0000 0100 000 0000
2GB 178
useg xuseg
TLB Mapped TLB Mapped
Ox 0000 0000 0000 0000

Figure 4-6 Virtual Address Spacein User Mode

User space can be accessed from the User, Supervisor, and Kernel modes.

The user segment starts at address 0 and the current active user process residesin
either useg (32-bit mode) or xuseg (64-bit mode). The TLB identically maps all
references to useg/xuseg from all modes, and controls cache accessibility.

The processor operates in User mode when the Status register contains all of the
following values:

- KSU =10,
. EXL=0
« ERL=0

The UX bit inthe Status register selects between 32- or 64-bit user address spaces,
asfollows:

*  When UX = 0, 32-bit useg space is selected
*  When UX =1, 64-bit xuseg space is selected
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Table 4-4 lists the characteristics of the two user address spaces, useg and xuseg.

Table 4-4 32-Bit and 64-Bit User Address Space Segment

Ad\(/j;]&:;Bit UXx S’e\lgaTnegt Address Range Segment Size
32 bits 0 |useg ?ﬁ%ﬂgﬂ 0000 268
ABD=0 OX7FFF FFFF (27 bytes)
oabis ||| ?ric;ac;a 000000000000 |, o
A (63:40) =0 0X0000 00FF FFFF FFFF | (2 PYteS)
4.3.6.1 32-bit user space (useg)

In User mode, when UX = 0 in the Status register, all valid addresses have their
most-significant bit cleared to 0; any attempt to reference an address with the
most-significant bit set while in User mode causes an Address Error exception.

The system maps all references to useg through the TLB, and bit settings within
the TLB entry for the page determine the cacheability of areference. TLB misses
on addresses in 32-bit user space (useg) use the TLB Refill vector.

4.3.6.2 64-bit user space (xuseg)

In User mode, when UX = 1in the Status register, addressing is extended to 64
bits. When UX = 1, the processor provides a single, uniform address space of 24°
bytes, labeled xuseg.

All valid User mode virtual addresses have bits 63:40 equal to 0. An attempt to
reference an address with bits 63:40 not equal to 0 causes an Address Error
exception. TLB misses on addresses in 64-bit user space use the XTLB Réfill
vector.
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4.3.7 Supervisor Space

Supervisor address spaceis designed for layered operating systemsin which atrue
kernel runsin Kernel mode; the rest of the operating system runs in Supervisor
mode. The supervisor address space provides code and data addresses for
Supervisor mode. Supervisor space can be accessed from Supervisor and Kernel
modes.

The processor operates in Supervisor mode when the Status register contains all
of the following values:

. KSU=01,
. EXL=0
« ERL=0

The SX bit in the Status register selects between 32- or 64-bit supervisor space
addressing:

«  When SX = 0, 32-bit supervisor space is selected and TLB misses 0
supervisor space, addresses are handled by the 32-bit TLB Réfill
exception handler.

«  When SX = 1, 64-bit supervisor space is selected and TLB misses 0
Supervisor space, addresses are handled by the 64-bit XTLB Refill
exception handler. Figure 4-7 shows supervisor address mapping
Table 4-5 lists the characteristics of the supervisor space segments;
descriptions of the address spaces follow.

VR5432 Microprocessor User’s Manual 53



Chapter 4

32 Bits 64 Bits
Ox FRFE AR s Ox FFFF FFFF A FRFE [ address
Ox EDC0 0000 Error ox FFF FFEE 000 0000 Error
Ox DFFFFFFF|  0.5GB
Ox FFFF FFAF DFFF FRFF 0.5GB
Ox Coo00000 | TLB Mapped R o o o oo o000 | LB Mapped [ ©55€9
Ox BFFFFFHF Ox A FFF BAFF A Address
Address Ox 4000 0100 0000 0000 Error
Error Ox 4000 OOFF FAF FFFF
Ox 8000 0000 1TB xsseg
Ox 7TREF R Ox 4000 0000 0000 0000 L8 Mapped
2GB Ox 3FF FF FHEF B F Address
1TB
Mapped xsuseg
Ox 0000 0000 0x 0000 0000 0000 0000
Figure 4-7 User and Supervisor Address Spacesin Supervisor Mode
Table 4-5 Supervisor Mode Addressi n
AddressBit Segment Segment
Values SX Name Address Range Size
32 bits 0 |suseg ?r):r gggﬁ 0000 2GB
A@BD=0 Ox 7FFF FFFF (2% bytes)
32 bits 0 |sseg ?;i ;%%0 0000 512 MB
A (31:29) = 110, Ox DEFF FEFF (2% bytes)
R T P L P
A (63:62) = 00, 0X0000 00FF FFFF FFFE | (2 Y19
oo | | | QOO )
A (63:62) = 01, 0X4000 OOFF FFFF FFFF |2 Ve
64 bits s %l;l:gﬁ FFFF C0000000 |10 1
A (63:62) = 11 OXFFFF FFFF DFFF FFFF | (2 DY)
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43.7.1 32-bit supervisor, user space (suseg)

In Supervisor mode, when SX = 0 in the Status register and the most-significant
bit of the 32-bit virtual addressis set to O, the suseg virtual address spaceis
selected; it coversthe full 231 bytes (2 GB) of the current user address space. The
virtual address is extended with the contents of the 8-bit ASD field to form a
unique virtual address.

Thismapped space startsat virtual address 0x0000 0000 and runs through Ox7FFF
FFFF.

4.3.7.2 32-bit supervisor, supervisor space (sseg)

In Supervisor mode, when SX = 0 in the Status register and the three most-
significant bitsof the 32-bit virtual addressare 110,, the sseg virtual address space
is selected; it covers 222 bytes (512 MB) of the current supervisor address space.
Thevirtual addressis extended with the contents of the 8-bit ASID field to form a
unique virtual address.

This mapped space begins at virtual address 0xC000 0000 and runs through
OXDFFF FFFF.

4.3.7.3 64-bit supervisor, user space (Xsuseg)

In Supervisor mode, when SX = 1in the Statusregister and bits 63:62 of thevirtual
addressare set to 00,, the xsuseg virtual address spaceisselected; it coversthefull
240 bytes (1 terabyte) of the current user address space. The virtual addressis
extended with the contents of the 8-bit ASID field to form aunique virtual address.

This mapped space starts at virtual address 0x0000 0000 0000 0000 and runs
through 0x0000 00FF FFFF FFFF.

4374 64-bit supervisor, current supervisor space (Xsseg)

In Supervisor mode, when SX = 1in the Statusregister and bits 6362 of thevirtual
address are set to 01, the xsseg current supervisor virtual address spaceis
selected. Thevirtual address is extended with the contents of the 8-bit ASID field
to form a unique virtual address.

This mapped space begins at virtual address 0x4000 0000 0000 0000 and runs
through 0x4000 0OFF FFFF FFFF.
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4.3.7.5

4.3.8

64-bit supervisor, separate supervisor space (Csseg)

In Supervisor mode, when SX = 1in the Statusregister and bits 6362 of thevirtual
address are set to 11, the csseg separate supervisor virtual address space is
selected. Addressing csseg is compatible with addressing sseg in 32-bit mode. The
virtual address is extended with the contents of the 8-bit ASD field to form a
unique virtual address.

This mapped space begins at virtual address OxFFFF FFFF C000 0000 and runs
through OXFFFF FFFF DFFF FFFF.

Kernel Space
The processor operates in Kernel mode when the Status register contains one of
the following values:
* KSU =00,
 EXL=1
 ERL=1
The KX bit in the Status register selects between 32- or 64-bit kernel space
addressing:
*  When KX = 0, 32-bit kernel space is selected.
*  When KX = 1, 64-bit kernel space is selected.

The processor enters Kernel mode whenever an exception is detected and it
remains there until an Exception Return (ERET) instruction is executed or the
EXL bit iscleared. The ERET instruction restores the processor to the address
space existing prior to the exception.

Kernel virtual address space is divided into regions differentiated by the high-
order bits of the virtual address, as shown in Figure 4-8. Table 4-6 and Table 4-7
list the characteristics of the Kernel mode segments.
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32 Bits 64 Bits
Ox A FHH HH HH
Ox FFFF FFFF 0.5GB
ckseg3
0.5GB Ox FFFF FFFF E000 0000|  T-B Mapped
TLE Mapped [KS€93  Ox FFFF FFFF OFFF FFFF 0.5GB
Ox EO0O0 0000 d cksseg
0x DFFF FFFF 05 a8 Ox FFFF FFFF C000 0000 | TLB Mappe
. FFF FFE B9 BFF 0.5GB
TLB Mapped ksseg OX TLB Unmapped cksegl
0x C000 0000 Ox FFFF FFRF A000 0000 |  Yncached
0.5GB
Ox BFFF FFFF 0.5GB Ox A HH- 9 HHHH TLB Unmapped ckseg0
TLB Unmapped |l ksegl Ox FAH= FEHF 8000 0000 Cached
0x A000 0000 | Yncached O P P TR PP pddress
0x 9FFF FFFF 0.5GB 0Ox C000 OOFF 8000 0000 Error
TLB Unrr;]azped kseg0 giCOOO O0FF 7FH FHHF TLB Mapped xkseg
Cache C000 0000 0000 0000
ox 8000 0000 Ox BFFF FFFF FFFF FFFF
X TLB Unmapped xkphys
Ox 8000 0000 0000 0000
Ox 7HF HH FH B
Address
Ox 4000 0100 0000 0000 Error
Ox 4000 OO A HH
2GB 178 xksseg
TLB Mapped kuseg Mapped
Ox 4000 0000 0000 0000
Ox 3FFF R FH- FH Address
Ox 0000 0100 0000 0000 Error
Ox 0000 OOH A HH
17B
TLB Mapped xkuseg
0x 0000 0000 Ox 0000 0000 0000 0000
Figure 4-8 User, Supervisor, and Kernel Address Spacesin Kernel Mode
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Table 4-6 32-Bit Kernel Mode Addressing

Address Bit Segment Segment
Values K X Name Address Range Size

_ Ox 0000 0000

:’Z‘Z(gl i)s . 0 |kuseg through (ZZ%Bb tes)
= Ox 7FFF FFFF Y

L e
A (31:29) = 100, Ox OFFF FFFF bytes)

. Ox A0O0 0000 2
32 b|t.s _ 0 |ksegl through S12MB (2
A (31:29) = 101, Ox BFFF FFFF bytes)
32 bits O T 512MB (27
A (31:29) = 110, Ox DFFF FFFF bytes)

. Ox E000 0000 2
32 bits 512MB (2

0 |kseg3 through

A (31:29) =111 S| o rrRE FrRE bytes)
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438.1

Table 4-7 64-Bit Kernel Mode Addressing

Address Bit Segment Segment
Values KX Name Address Range Size
64 bits L e ?xmggg(r)] 000000000000 | oo
. — 0
A (63:62) = 00, 0X0000 00FF FFFF Frrp |2 DYteS)
64 bits L g ?xmzé%c;cr)] 000000000000 |1 oo
X = 0
A (63:62) = 01, 0x4000 00FF FFFF Frre |2 bYteS)
. 0x8000 0000 0000 0000 %
24(22'362) ~10 1 xkphys through 8 icéjyte
RGN OXBFFF FFFF FFFF FFFF | P
64 bits L s ?xmgggﬁ 000000000000 | a0 _ 531y
A (6362) =11, OXCO00 OOFF 7FFF FFFF | Y8
64 bits OXFFFF FFFF 8000 0000 29
A (63:62)=11, |1 |ckseg0 |through gltzeg B(2
A (61:31) = -1 OXFFFF FFFF 9FFF FFFF |
64 bits OXFFFF FFFF A00O 0000 29
A (63:62) =11, |1 |cksegl |through gltzg B(2
A (61:31) =-1 OXFFFF FFFF BFFF FFFF |
64 bits OXFFFF FFFF C000 0000 29
A(6362) =11, |1 |ckseg2 |through gltzeng (2
A (61:31) =-1 OXFFFF FFFF DFFF FFFF |
64 bits OXFFFF FFFF E000 0000 |10 \1
A (63:62) =11 1 ckseg3 through 29
2 (229 bytes)
A (61:31) =-1 OXFFFF FFFF FFFF FFFF

32-bit kernel, user space (kuseg)

In Kernel mode, when KX = 0 in the Status register and the most-significant bit of
the virtual address, A31, iscleared, the kuseg virtual address space is selected; it
covers the full 23 bytes (2 GB) of the current user address space. The virtual
address is extended with the contents of the 8-bit ASID field to form a unique

virtual address.
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4.3.8.2

4.3.8.3

4384

4.3.8.5

32-bit kernel, kernel space 0 (kseg0)

InKernel mode, when KX = 0inthe Status register and the most-significant three
bits of the virtual address are 1005, the ksegO virtual address space is selected; it
isthe 22°-byte (512 MB) kernel physical space. References to ksegO are not
mapped through the TL B; the physical address selected is defined by subtracting
0x8000 0000 from the virtual address. The KO field of the Config register,
described in this chapter, controls cache operation.

32-bit kernel, kernel space 1 (ksegl)

In Kernel mode, when KX = 0inthe Statusregister and the most-significant three
bits of the 32-bit virtual address are 101,, the ksegl virtual address spaceis
selected:; it is the 22%-byte (512 MB) kernel physical space.

References to ksegl are not mapped through the TLB; the physical address
selected is defined by subtracting 0xA 000 0000 from the virtual address.

Caches are disabled for accessesto these addresses, and physical memory (or
memory-mapped 1/0O device registers) is accessed directly.

32-bit kernel, supervisor space (ksseg)

In Kernel mode, when KX = 0inthe Status register and the most-significant three
bits of the 32-bit virtual address are 1105, the ksseg virtual address space is
selected; it isthe current 22°-byte (512 MB) supervisor virtual space. The virtual
addressis extended with the contents of the 8-bit ASID field to form a unique
virtual address.

32-hit kernel, kernel space 3 (kseg3)

In Kernel mode, when KX = 0inthe Status register and the most-significant three
bits of the 32-bit virtual address are 111,, the kseg3 virtual address space is
selected; it is the current 22°-byte (512 MB) kernel virtual space. The virtual
addressis extended with the contents of the 8-bit ASID field to form a unique
virtual address.
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4.3.8.6 64-bit kernel, user space (xkuseg)

In Kernel mode, when KX = 1 in the Status register and bits 63:62 of the 64-bit
virtual address are 005, the xkuseg virtual address space is selected; it coversthe
current user address space. Thevirtual addressis extended with the contents of the
8-bit ASD field to form a unique virtual address.

When ERL = 1 in the Status register, the user address region becomes a 231-byte
unmapped (interpreted as a physical address without trandation), uncached
address space.

4.3.8.7 64-bit kernel, current supervisor space (xksseg)

In Kernel mode, when KX = 1 in the Status register and bits 63:62 of the 64-bit
virtual addressare 01,, the xksseg virtual address spaceis selected; it isthe current
supervisor virtual space. The virtual addressis extended with the contents of the
8-bit ASD field to form a unique virtual address.

4.3.8.8 64-bit kernel, physical spaces (xkphys)

In Kernel mode, when KX = 1 in the Status register and bits 63:62 of the 64-bit
virtual address are 10,, the xkphys virtual address space is selected; it is a set of
eight 232-byte kernel physical spaces. Accesses with address bits 58:32 not equal
to 0 cause an Address Error exception.

References to this space are not mapped; the physical address selected is taken
from virtual address bits 35:0 internally, 31:0 externally. Bits 61:59 of the virtual
address specify the cache attributes, as shown in Table 4-8.

Table 4-8 Cacheability and Coherency Attributes

Value (61:59) Cacheability Attributes Starting Address
0 Reserved 0x8000 0000 0000 0000
1 Cacheable, write-through 0x880 00000 0000 0000
2 Uncached (0x900 00000 0000 0000
3 Cacheable, write-back 0x9800 0000 0000 0000
4-6 Reserved 0xA000 0000 0000 0000
7 Uncached, accelerated 0xB800 0000 0000 0000

VR5432 Microprocessor User’s Manual 61



Chapter 4

4389 64-bit kernel, kernel space (xkseg)

In Kernel mode, when KX = 1 in the Status register and bits 63:62 of the 64-bit
virtual address are 11, the address space selected is one of the following:

»  xkseg, the current kernel virtual space (the virtual address is extended
with the contents of the 8-bit ASD field to form a unique virtual
address)

*  One of the four 32-bit kernel compatibility spaces, as described in the
next sectio

4.3.8.10 64-bit kernel, compatibility spaces

InKernel mode, when KX = 1 inthe Status register, bits 63:62 of the 64-bit virtual
address are 11,, and bits 61:31 of the virtual address equal —1, the lower two
bytes of the address, as shown in Figure 4-8, select one of thefollowing 512 MB
compatibility spaces.
o ckseg0. This 64-bit virtual address space is an unmapped region,
compatible with the 32-bit address model kseg0. The KO field of the
Config register controls cacheability.

» cksegl. This 64-bit virtual address space is an unmapped and
uncached region, compatible with the 32-bit address model ksegl.

» cksseg. This 64-bit virtual address space is the current supervisor
virtual space, compatible with the 32-bit address model ksseg.

» ckseg3. This 64-bit virtual address spaceis kernel virtual space,
compatible with the 32-bit address model kseg3.
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4.4

47

System Control Coprocessor

The system control coprocessor (CPQ) isimplemented as an integral part of the
CPU and supports memory management, addresstrandation, exception handling,
and other privileged operations. CPO contains the registers shown in Figure 4-9,
plus a48-entry TLB. The sectionsthat follow describe how the processor usesthe
memory management-related registers.

Figure 4-9 lists each CPO register and itsidentification number. (For instance, the

PageMask register is register number 5.)

EntryLoO

EntryHi

2

10 EntryLol
3

TLB

(“Safe” entries)
(See Random register,
contents of TLB Wired)

Index

Context

BadVAddr

Random

PageMask

Count

Compare
11

Status
12

Cause
13

Wired

(A
LLLL
L LLLE

EPC
14

XContext
20

PRId

WatchLo

WatchHi

Config
16

PerfCtr
25

PErr
26

L]
L]
LI

127
LLAddr TaglLo TagHi CacheErr ErrorEPC
17 28 29 27 30
Figure 4-9 CPO Registersand the TLB
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441

TLB Entry Format

Figure 4-10 shows the TLB entry formats for both 32- and 64-bit modes. Each
field of an entry has a corresponding field in the EntryHi, EntryL o0, EntryLol, or
PageMask registers.

caution: Although the Vr5432 processor MMU is designed to handle up to
36 bits of physical address space, the VR5432 physical addressis
limited to 32 hits, dueto its System Multiplex Address/Data
(SysAD) bussize. A 32-bit physical address space provides 4 GB
of physical addressing. Any attempt to reference aphysical address
with bits 35:32 not set to 0 will force an Address Error exception;
therefore, bits 35:32 should be set to zero.
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128-bit TLB entry
in 32-bit mode

256-bit TLB entry
in 64-bit mode

32-bit Mode

127 121 120 109 108 96

0 Mask 0 I
7 12 13

95 7776 75 7271 64

VPN2 G| o ASID I
19 1 4 8

63 58 57 38 37 35343332
0 PEN c |plv]o

2 24 3 111
31 25 26 65 321 0
0 PFN C [D|v oI

2 24 3 111

64-bit Mode

255 217 216 205 204 192

0 Mask 0 I
39 12 13

191 190189 168 167 141140 139136 135 128

R 0 VPN2 G| © ASID I
2 22 27 1 4 8

127 90 89 70 69 6766 6564
0 PFN c |p|v oI

34 24 3 111

63 90 89 65 3210
0 PFN c |p|v OI

34 24 3 111

Figure 4-10 Format of a TLB Entry
Note: In setting up the TLB entry for 32- or 64-bit mode virtual address

translation, the upper four bits of the physical frame number must
be set to 0, to guarantee that the trandlated physical address will
have bits 35:32 set to 0. (See Figure 4-3 and Figure 4-4.)
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32-bit
Mode

64-bit
Mode

Theformat of the EntryHi, EntryL o0, EntryL o1, and PageM ask registersisnearly
the same asthe TLB entry. The one exception is the Global field

(G hit), whichisused inthe TLB, but isreserved in the EntryHi register. Figure

4-11 and Figure 4-12 describe the TLB entry fields shown in Figure 4-10.

PageMask Register
13 12

31 25 24 0
Mask 0 I
12 13
Mask: Page comparison mask
0: Reserved. Must be written as zero; returns zero when read.
EntryHi Register
31 13 12 8 7 0
‘ VPN2 0 ASID
19 5 8
63 62 61 40 39 13 12 8 7 0
‘ R Fill VPN2 0 ASID
2 22 27 5 8

VPN2: Virtual page number divided by two (maps to two pages).

ASID: Address space ID field. An 8-hit field that lets multiple processes share the TLB; each process has a

distinct mapping of otherwise identical virtual page numbers.

R: Region. (00 - User, 01 — Supervisor, 11 — Kernel) used to match vAddr 63:62.
Fill: Reserved. 0 on read; ignored on write.

0: Reserved. Must be written as zero; returns zero when read.

Figure 4-11 Fields of the PageMask and EntryHi Registers
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EntryLoO and EntryLol Registers

31 26 25 65 32 1.0
32-bit
Mode 0 PEN C DIV |G I
2 24 3 11
31 26 25 65 32 10
32-bit
Mode 0 PEN c |plv]e
2 24 1 1 1
63 26 25 65 32 10
64-bit
Mode 0 PFN c |plv]e
34 24 3 1 1 1
63 26 25 65 32 10
64-bit I
Mode 0 PEN c |p|v]|e
34 24 3 1 1 1

PFN: Page frame number; the upper bits of the physical address

C: Specifies the TLB page cache attribute; see Table 4-9.

D: Dirty. If this bit is set, the page is marked as dirty and, therefore, writable. This bit is actually a write-protect bit
that software can use to prevent alteration of data.

V: Valid. If this bit is set, it indicates that the TLB entry is valid; otherwise, a TLBL or TLBS miss occurs.

G: Global. If this bitis setin both Lo0 and Lol, then the processor ignores the ASID during TLB lookup.

0: Reserved. Must be written as zero; returns zero when read.

Figure 4-12 Fields of the EntryLo0O and EntryL ol Registers
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The TLB page cache attribute (C) field specifies whether references to the page
should be cached and, if so, the caching algorithm to use. Table 4-9 shows the
cache attributes selected by the C field.

Table 4-9 TLB Page Cache Attribute (C) Field Encodings

C (5:3) Value Page Cache Attribute
0 Reserved
1 Cacheable, write-through, write alocate
2 Uncached
3 Cacheable write-back
4 Reserved
5 Reserved
6 Reserved
7 Uncached accelerated
442 Instruction and Data Micro-TLBs

In addition to the 48 double-entry TLB, the processor a so implements two four-
entry micro-TLBs dedicated to instruction and data address translations. If there
isamissin one of the micro-TLBs, there will be a pipeline stall while the ne
TLB entry istransferred from the TLB to the micro-TLB. The four-entry micro-
TLBsare fully associative with a psuedo L east Recently Used replacement
algorithm. Each micro-TL B entry containsamapping in any of the supported page
sizes. The micro-TLBs are always guaranteed to be a subset of the TLB.
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4.5 CPO Registers

The following sections describe the CPO registers. For a complete list of the CPO
registers, see Figure 4-9. The CPO registers are assigned specifically asasoftware
interface with memory management.

Index register (0)

Random register (1)

EntryLo0 (2) and EntryLol (3) registers
PageMask register (5)

Wired register (6)

EntryHi register (10)

Config register (16)

CPO also includes the following registers:

PRId register (15)
LLAddr register (17)
TagLo (28) and TagHi (29) registers
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45.1 Index Register (0)

The Index register is a 32-bit, read/write register containing six bits to index an
entry inthe TLB. The high-order bit of the register showsthe success or failure of
aTLB Probe (TLBP) instruction.

The Index register also specifiesthe TLB entry affected by TLB Read (TLBR) or
TLB Write Index (TLBWI) instructions. In a successful TLB Probe instruction,
thisregister holds the index of a TLB entry whose contents match those of the
EntryHi register. Although six bits are available to specify a TLB entry, the TLB
has only 48 entries. Specifying anindex greater than 47 will fail to matchany TLB

entry.
Figure 4-13 showsthe format of the Index register; Table 4-10 describes the Index
register fields.
Index Register
31 30 65 0
P 0 Index
1 25 6

Figure 4-13 Index Register

Table4-10 Index Register Field Descriptions

Field Description
p Probe failure. Set to 1 when the previous TLB Probe (TLBP)
instruction was unsuccessful .
Index to the TLB entry affected by the TLB Read and TLB
Index o .
Write instructions
0 Reserved. Must be written as zero; returns zero when read.
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452 Random Register (1)

The Random register isaread-only register, of which six bitsindex an entry in the
TLB. Thisregister decrements as each instruction executes; its values range
between an upper and alower bound, asfollows:

* A lower bound is set by the number of TLB entries reserved for
exclusive use by the operating system (the contents of the Wired
register).

* An upper bound is set by the total number of TLB entries (47
maximum).

The Random register specifies the entry in the TLB that is affected by the TLB
Write Random instruction. The register does not need to be read for this purpose;
however, the register is readable to verify proper operation of the processor.

To simplify testing, the Random register is set to the value of the upper bound
upon system reset. This register is also set to the upper bound when the Wired
register iswritten.

Figure 4-14 shows the format of the Random register. Table 4-11 describes the
Random register fields.

Random Register
31 65 0

0 Random

26 6

Figure 4-14 Random Register

Table4-11 Random Register Field Descriptions

Field Description
Random TLB random index

0 Reserved. Must be written as zero; returns zero when read.

VR5432 Microprocessor User’s Manual 71



Chapter 4

453

454

EntryL o0 (2) and EntryL ol (3) Registers
The EntryL o register consists of two registers that have identical formats:

e EntryLoO is used for even virtual pages.
e EntryLolis used for odd virtual pages.

The EntryLo0 and EntryL ol registers are read/write registers. They hold the
physical page frame number (PFN) of the TLB entry for even and odd pages,
respectively, when performing TLB read and write operations. Figure 4-12 shows
the format of these registers.

PageM ask Register (5)

The PageMask register is a read/write register used for reading from or writing to
the TLB; it holds a comparison mask that setsthe variable page sizefor each TLB
entry.

TLB read and write operations use this register as either a source or adestination;
when virtual addresses are presented for trandlation into physical addresses, the
corresponding bitsinthe TL B identify which virtual addressbitsamong bits24:13
are used in the comparison. When the Mask field is not one of the values shown
in Table 4-13, the operation of the TLB is undefined.

PageMask Register

31 25 24 13 12 0

0 Mask 0

Figure 4-15 PageMask Register

Table4-12 Random Register Field Descriptions

Field Description

Mask for virtual page number. Table 4-13 provides mask values

Mask ;
for all seven page sizes.

0 Reserved. Must be written as zero; returns zero when read.
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Table 4-13 Mask Field Values for Page Sizes

Page Size Bit

24 | 23 | 22 |21 | 20| 19 | 18 | 17 | 16 | 15 | 14 | 13
4KB 0 0 0 0 0 0 0 0 0 0 0 0
16 KB 0 0 0 0 0 0 0 0 0 0 1 1
64 KB 0 0 0 0 0 0 0 0 1 1 1 1
256 KB 0 0 0 0 0 0 1 1 1 1 1 1
1MB 0 0 0 0 1 1 1 1 1 1 1 1
4MB 0 0 1 1 1 1 1 1 1 1 1 1
16 MB 1 1 1 1 1 1 1 1 1 1 1 1
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455 Wired Register (6)

TheWiredregister is aread/write register that specifies the boundary between the
wired and random entries of the TLB, asshown in Figure 4-16. Wired entries are
fixed, nonreplaceable entries, which cannot be overwritten by a TLB write

operation. Random entries can be overwritten.

TLB

Range of wired entries

47

<« Wired

register

Figure 4-16 Wired Register Boundary

!

Range of random entries

v

The Wired register is set to 0 upon system reset. Writing thisregister also setsthe
Random register to the value of itsupper bound (Section 4.5.2). Figure 4-17 shows
the format of the Wired register; Table 4-14 describes the register fields.

Wired Register
31 65 0
0 Wired I
26 6
Figure 4-17 Wired Register
Table4-14 Wired Register Field Descriptions
Field Description
Wired TLB wired boundary
0 Reserved. Must be written as zero; returns zero when read.
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45.6 EntryHi Register (10)
The EntryHi register holds the high-order bits of a TLB entry for TLB read and
write operations.
The EntryHi register is accessed by the TLB Probe, TLB Write Random, TLB
Write Indexed, and TLB Read instructions.
When aTLB Refill, TLB Invalid, or TLB Modified exception occurs, the EntryHi
register isloaded with the virtual page number (VPN2) and the ASID of thevirtual
addressthat did not have a matching TLB entry.
EntryHi Register
_ 31 13 12 8 7 0
&2032 ‘ VPN2 0 ASID
19 5 8
6362 61 40 39 13 12 8 7 0
64-bit -
Mode ‘ R Fill VPN2 0 ASID
2 22 27 5 8
Figure 4-18 EntryHi Register
Table4-15 EntryHi Register Field Descriptions
Field Description
VPN2 Virtual page number divided by two (maps to two pages)
Address space ID field. An 8-hit field that lets multiple processes share the
ASID TLB; each process has a distinct mapping of otherwise identical virtual page
numbers.
R Region. (00 - User, 01 — Supervisor, 11 — Kernel) used to match vAddr 63:62
Fill Reserved. 0 on read; ignored on write.
0 Reserved. Must be written as zero; returns zero when read.
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457

Processor Revision Identifier (PRId) Register (15)

The 32-bit, read-only Processor Revision Identifier (PRId) register contains
information identifying the implementation and revision level of the CPU and
CPO. Figure 4-17 showsthe format of the PRId register; Table 4-16 describes the
PRId register fields.

PRId Register

31 16 15 87 0

0 ‘ Imp ‘ Rev
16 8 8

Figure 4-19 Processor Revision Identifier Register Format

Table4-16 PRId Register Fields

Field Description

Imp I mplementation number

Rev Revision number

0 Reserved. Must be written as zero; returns zero when read.

The low-order byte (bits 7:0) of the PRId register isinterpreted as arevision
number, and the high-order byte (bits 15:8) is interpreted as an implementation
number. The implementation number of the VR5432 processor is 0x54. The
contents of the high-order halfword (bits 31:16) of the register are reserved.

The revision number is 13. The revision number can distinguish some chip
revisions; however, thereisno guarantee that changesto the chip will necessarily
be reflected in the PRId register, or that changes to the revision number
necessarily reflect rea chip changes. For this reason, these values are not listed
and software should not rely on the revision number in the PRId register to
characterize the chip.
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458

C
M
31

28 27 24 23 22 21 20 19 18

Config Register (16)
The Config register specifies various configuration options that can be selected.

The Config register must only be initialized during reset initialization while
operating in uncached space; otherwise, the operation of the processor is
undefined. The EP, EM, and KO fields are readable and writable by software and
thereis no other mechanism for writing to thesefields. Their values are undefined
following a cold or warm reset. The EC and BE fields are initialized by mode
settings on processor input pins and cannot be modified by software.

Figure 4-20 shows the format of the Config register; Table 4-17 describes the
Config register fields. Bits shown as 0 read as 0 and must be written as 0. Bits
shown as 1 read as 1 and must be written as 1.

Config Register

S E E IC DC
M M B
1

S § EW S
S W C
17 16 15 14 13 1211109 87 6

cm—
~ W o
wCcoO

7

0

1

EP EM|1|1|0(1|1|0BE/1 |1 |0|0[1{1(0/21|21(1 0O KO

4 2 1 1 11 1111111111111 1 3

Figure 4-20 Config Register Format

VR5432 Microprocessor User’s Manual 7



Chapter 4

Table4-17 Config Register Fiel d

Field

Description

EC

Processor clock to system clock ratio, read only:
000 - 21
001 - 25:1
010 - 31
011 - 41
All others— Reserved and undefined

EP

Transmit data pattern for write-back data (Native mode, read/write):
0000 - WWWWWWWW
0001 - WWxWWxWWxWWx
0010 - WWxxWWxxWWxxWWxx
0011 —» WXWxXWXWxWXWxXWxWx
0100 - WWxXXXWWxXXXWWXXXWWXXX
0101 —» WWXXXXWWXXXXWWXXXXWWWXXXX
0110 —» WxxXWxXXWXXWXXWXXWXXWXXWXX
0111 - WWXXXXXXWWWXXXXXXVWWW XXX XXX VWV XXXXXX
1000 — WXXXWXXXW XX XWW XXXV XXX VW XXX XXXVWIX XX
All others— Reserved and undefined
(W = cyclein which aword transfer occurs; x = cyclein which no transfer occurs)

Transmit data pattern for write-back data (VR4300 compatibility mode):
0000 - WWWWWWWW
0110 - WxXXWXXWXXWXXWXXWXXWXXW XX
All others— Reserved and undefined
(W = cycleinwhich aword transfer occurs; x = cyclein which no transfer occurs)

EM

SysAD mode (ignored in VR4300 compatibility mode):
00 — R4x00 compatible
01 - Multiple-split reads
10 - Pipelined writes
11 - Writereissue
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Table 4-17 Config Register Fields (continued)

Field

Description

BE

Big-endian mode:
0 - Littleendian
1 - Bigendian

KO

ksegO coherency algorithm (see EntryL o0 and EntryL ol registers and the C field

of Table 4-9) (software writable):
001 - Cached, write-through
010 - Uncached
011 - Cached, write-back
111 - Uncached, accelerated

0 must be written as O; returns zero when read.
1 must be written as 1; returns one when read.
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4.5.10

TaglLo

TagHi

Load Linked Address(LLAddr) Register (17)

The read/write Load Linked Address (LLAddr) register contains the physical
address read by the most recent Load Linked instruction.

Thisregister isfor diagnostic purposes only and serves no function during normal
operation.

Figure 4-21 shows the format of the LLAddr register; the PAddr field represents
bits of the physical address, PA (35:4). PA (35:32) are dways zero.

LLAddr Register
31 0

PAddr (35:4)

32
Figure 4-21 LLAddr Register Format

Cache Tag Registers[TagL o (28) and TagHi (29)]

The TagL o and TagHi registers are 32-bit read/write registers used during cache
initialization and diagnostics to hold the cache tag and parity. The Tag registers
are written by the CACHE and MTCO instructions.

The CACHE Index Store Tag instruction copies the PTaglLo, PSate, L, R, and P
bits into the cache. The CACHE Index Load Tag instruction copies the cache tag
PTaglLo, PSate, L, R, and P bits into the TagL o register.

Figure 4-22 shows the format of these registers. Table 4-18 liststhe field
definitions of the TagL o and TagHi registers. The TagHi register isdefined in the
architecture but is not used (it isreserved for future use).

31 8 7 6 5431 0

PTagLo PState |L|R| O P

24 2 11 3 1
31 0

-~ 1

32

Figure 4-22 TaglLo and TagHi Register Formats
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Table 4-18 Cache Tag Register Fields

Field

Description

PTagLo

Specifies the physical address bits 35:12; bits 35:32 are always zero.

PState

Specifies the cache state
0 - Invalid
1 - Reserved
2 - Clean
3 - Dirty

Cachelinelock bit

Cacheline LRU bit

Cache line even parity bit

o|Tw| 0|

Reserved. Must be written as zero; returns zero when read.

Virtual-to-Physical Address Translation Process

During virtual-to-physical address tranglation, the CPU compares the

8-bit ASID (if the Global bit, G, is not set) of the virtual addressto the ASID of
the TLB entry to seeif thereis amatch. One of the following comparisonsisaso
made:

* In 32-bit mode, the highest 7 to 19 bits (depending upon the pag
size) of the virtual address are compared to the contents of the TL
virtual page number.

* In 64-bit mode, the highest 15 to 27 bits (depending upon the page
size) of the virtual address are compared to the contents of the TL
virtual page number.

If aTLB entry matches, the physical address and access control bits (C, D, and V)
areretrieved from the matching TLB entry. Although the V bit of the entry must
be set for avalid translation to take place, it is not involved in the determination
of amatching TLB entry.

Figure 4-23 illustrates the TLB address translation process.
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Virtual Address (Input)

For valid address spaces, see VPN
Section 4.2. and
ASID

Valid
address?

Valid
address? _

Address No / Address
: Error . ] Error .

Exception Exception
Yes Yes
-~ Valid
Unmapped address?
Access
< Y
Y
VPN No
match? >
No -
\J
32-bit No
address?
Yes
Yes
Yes
Y No Non. r Y Y
TLB cacheable / TLB ‘ ~ TLB ' XTLB
Mode . Invalid Refill Refill

Exception Exception

Access
Cache

PhyswalAddress Output

Figure 4-23 TLB Address Trandation
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4.7 TL B Exceptions

If thereisno TLB entry that matches the virtual address, a TLB Miss exception
occurs. If the access control bits (D and V) indicate that the accessis not valid, a
TLB Modification or TLB Invalid exception occurs. If the C bits equal 0105, the
physical addressthat is retrieved accesses main memory, bypassing the cache.

4.8 TLB Instructions

Table 4-19 lists the instructions that the CPU provides for working with the TLB.

Table4-19 TLB Instructions

Opcode Description
TLBP Trandation Lookaside Buffer Probe
TLBR Trandlation Lookaside Buffer Read
TLBWI Trandation Lookaside Buffer Write Index
TLBWR Trandation Lookaside Buffer Write Random

VR5432 Microprocessor User’s Manual 83



Chapter 4

84 VR5432 Microprocessor User’s Manual



Cache Organization and Operation

This chapter describes the cache memory’ s place in the VR5432 memory
configuration and individual cache organization.
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5.1

Memory Organization

Figure 5-1 shows the VR5432 system memory hierarchy. In the logical memory
hierarchy, the caches lie between the CPU and main memory. They are designed
to make the speed-up of memory accesses transparent to the user.

Each functiona block in Figure 5-1 has the capacity to hold more data than the
block above it. For instance, main memory has alarger capacity than the caches.
At the same time, each functional block takes longer to access than any block
aboveit. For instance, it takes longer to access datain main memory than in the
CPU on-chip registers.

VR5432 CPU

Registers Registers

Registers

Instruction Data
Cache Cache

Caches

Primary Cache

Y

Faster Access Increasing Data
Time Capacity

A

Main Memory

Memory

Disk, CD-ROM,

Tape, etc.

Peripherals

Figure 5-1 Logical Hierarchy of Memory
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The VR5432 processor has two on-chip caches: one holds instructions (the
instruction cache, or I-cache), and the other holds data (the data cache, or D-
cache). The instruction and data caches can be read in one PClock cycle.

Data writes are pipelined and can complete at arate of one per PClock cycle. In
thefirst stage of the cycle, the store addressistranslated and thetag is checked; in
the second stage, the datais written into the data RAM.

Figure 5-2 provides a block diagram of the VR5432 cache and memory model.

VR5432 CPU

> Main Memory

Cache Controller
A

I-cache

Y Caches
D-cache

Figure 5-2 VR5432 Cache Support

52 Primary Cache Organization

This section describes the organization of the on-chip data and instruction caches.

521 CacheLineLengths

A cachelineisthe smallest unit of information that can be fetched from main
memory for the cache and is represented by asingle tag.

Theline size for the instruction and data cachesis 32 bytes each.

522 Cache Sizes
The VR5432 instruction and data caches are 32 KB each.
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523 Instruction Cache Organization
The VR5432 processor |-cache has the following characteristics:

e Two-way set-associative structur

e Virtual address index

» Physical tag checks

*  32-byte line organizati

* Line-lockable opti

27 3 2 1 0
ITag L % U P
24 1 1 1 1

71 64 63 0
DataP Data
DataP Data
DataP Data
DataP Data

I ———

8 64

Itag: Instruction tag

L: Lock

V: Valid

U: Unused

P: Even parity for ITag

DataP: Even parity for the data

Data: I-cache data

Figure 5-3 Primary Instruction Cache Line Format
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524 Data Cache Organization

The VR5432 processor D-cache has the following characteristics:

Write-back or write-through cache algorithms
Two-way set-associative structur

Virtual address index

Physical tag checks

32-byte line organizati

Line-lockable opti

27 4 3 2 1 0
DTag L v D P
24 1 1 1 1
71 64 63 0
DataP Data
DataP Data
DataP Data
DataP Data
I ———
8 64
Dtag: Data tag
L: Lock
V: Valid
D: Dirty

P: Even parity for DTag
DataP: Even parity for the data
Data: D-cache data

Figure 5-4 Primary Data Cache Line Format
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CPU Exceptions

This chapter describes CPU exception processing, including the format and use of
each CPU exception register.
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6.1

Exception Processing Overview

The processor receives exceptions from anumber of sources, including translation
lookaside buffer (TLB) misses, arithmetic overflows, 1/0 interrupts, and system
calls. When the CPU detects one of these exceptions, the normal sequence of
instruction execution is suspended and the processor enters Kernel mode.

The processor then disables interrupts and forces execution of a software
exception processor (called a handler) located at a fixed address. The handler
saves the context of the processor, including the contents of the program counter,
the current operating mode (User or Supervisor), and the status of the interrupts
(enabled or disabled). This context is saved so it can be restored when the
exception handler returns (i.e., executes an ERET instruction).

When an exception occurs, the CPU |oads the Exception Program Counter (EPC)
register with alocation where execution can restart after the exception has been
serviced. The restart location in the EPC register is the address of the instruction
that caused the exception or, if theinstruction wasexecutingin abranch delay slot,
the address of the Branch instruction immediately preceding the delay slot.

The registers described later in the section assist in this exception processing by
retaining address, cause, and status information.
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6.2 Exception Processing Registers

This section describes the CPO registers that are used in exception processing.
Table 6-1 lists these registers, along with their numbers—each register hasa
unique identification number that is referred to as its register number. The
remaining CPO registers are used in memory management.

Software examinesthe CPO regi sters during exception processing to determine the
cause of the exception and the state of the CPU at the time the exception occurred.
Theregistersin Table 6-1 are used in exception processing, and are described in

the sections that follow.

Table6-1 CPO Exception Processing Registers

Register Name Register Number
Context
BadVAddr (Bad Virtual Address) 8
Count
Compare 11
Status 12
Cause 13
EPC (Exception Program Counter) 14
WatchLo 18
WatchHi 19
XContext 20
Performance Counter 25
PErr (Parity Error) 26
CacheErr (Cache Error and Status) 27
ErrorEPC (Error Exception Program Counter) 30

CPU general-purpose registers are interlocked and the result of an instruction can
normally be used by the next instruction; if the result is not available right away,
the processor stalls until it is available. CPO registers and the TLB are not
interlocked, however. There may be some delay before avalue written by one
instruction is available to following instructions.
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6.2.1 Context Register (4)

The Context register is aread/write register containing the pointer to an entry in
the page table entry (PTE) array; thisarray isan operating system data structure
that stores virtual-to-physical addresstranslations. When thereisa TLB miss, the
operating system loads the TL B with the missing translation from the PTE array.
Normally, the operating system uses the Context register to address the current
page map, which resides in the kernel-mapped segment, kseg3. The Context
register duplicates some of theinformation provided in the BadV Addr register,
but the information is arranged in aform that is more useful for a software TLB
exception handler. Figure 6-1 shows the format of the Context register; Table 6-2
describes the Context register fields.

Context Register

31 23 22 4 3 0
;2(;32 PTEBase BadVPN2 0
9 19 4
63 23 22 4 3 0
64-bit
Mode PTEBase BadVPN2 0
41 19 4
Figure 6-1 Context Register Format
Table6-2 Context Register Fields
Field Description
Thisfield is written by hardware on amiss. It contains the
BadVPN2 virtual page number (VPN) of the most recent virtual address
that did not have a valid trand ation.
Thisfield isaread/writefield for use by the operating system.
PTEBase It isnormally written with avalue that allows the operating
system to use the Context register as apointer into the current
PTE array in memory.

The 19-bit BadVPN2 field contains bits 31:13 of the virtual address that caused
the TLB miss; bit 12 is excluded because asingle TLB entry mapsto an even-odd
page pair. For a4 KB page size, thisformat can directly address the pair-table of
8-byte PTEs. For other page and PTE sizes, shifting and masking this value
produces the appropriate address.
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6.2.2 Bad Virtual Address Register (BadVAddr) (8)

TheBad Virtual Addressregister (BadVAddr) isaread-only register that displays
the most recent virtual addressthat caused one of the following exceptions: TLB
Invalid, TLB Modified, TLB Refill, or Address Error.

Figure 6-2 shows the format of the BadV Addr register.

BadVAddr Register

31 0
32-bit _
Mode Bad Virtual Address
32
63 0
64-bit
Modle Bad Virtual Address I
64

Figure 6-2 BadVAddr Register Format

Note: The BadV Addr register does not save information for bus errors,
since bus errors are not addressing errors. Also, inthe caseof an In-
struction Virtual Address (IVA), bits 58:40 arefill bits, but in the
case of aData Virtual Address (DVA), al of the 64 hits are calcu-
lated.

6.2.3 Count Register (9)

The Count register acts as atimer, incrementing at a constant rate whether or not
an instruction is executed, retired, or any forward progress is made through the
pipeline. Onthe VR5432, thetimer counts at half the maximum issuerate (i.e., half
the PClock rate).

This register can be read or written. It can be written for diagnostic purposes or
system initialization; for example, to synchronize processors.

Figure 6-3 shows the format of the Count register.

Count Register
31 0

Count I

32

Figure 6-3 Count Register Format
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6.2.4

Compare Register (11)
The Compare register acts as atimer (see also the Count register); it maintains a
stable value that does not change on its own.

When the value of the Count register equals the value of the Compare register,
interrupt bit IP (7) in the Cause register is set. This causes an interrupt as soon as
theinterrupt is enabled.

Writing a value to the Compare register clears the timer interrupt as a side effect.

For diagnostic purposes, the Compare register is aread/writeregister. In normal
use however, the Compare register is write only. Figure 6-4 shows the format of
the Compare register.

Compare Register
31 0

Compare

32
Figure 6-4 Compare Register Format

IP (7) is aso used by the Performance Counter. The interrupt handler for IP (7)
should take thisinto account.
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6.2.5 Status Register (12)

The Status register (SR) is aread/write register that contains the operating mode,
interrupt enabling, and diagnostic states of the processor. The following list
describes the more important Status register fields.

* The 8-hit Interrupt Mask (IM) field controls the enabling of eight
interrupt conditions. Interrupts must be enabled before they can b
asserted, and the corresponding bits are set in both th  Interrupt Mask
field of the Status register and the Interrupt Pending field of the
Cause register. IM (1:0) are software interrupt masks, IM (6:2)
correspond to Int (4:0), and IM (7) is a timer interrupt mask.

*  The 4-hit Coprocessor Usability (CU) field controls the usability of
possible coprocessors. Regardless of the CUO bit setting, CPO is
always usable in Kernel mode. For all other cases, an access to a
unusable coprocessor causes an exception CU3 selects MIPS V.

» The 9-bit Diagnostic Satus (DS) field is used for self-testing, and
checks the cache and virtual memory system.

6.2.5.1 Status register format

Figure 6-5 shows the format of the Statusregister. Table 6-3 describes the Status
register fields. Figure 6-6 and Table 6-4 provide additional information on the
Diagnostic Satus (D9 field. All bitsin the DSfield except TS are readable and
writable. Bits shown as 0 read as 0 and must be written as 0.

Bits 27, 25, 23, and 19 are unused and reserved. However, they are readable and
writable, and therefore must be written as 0 during the initialization process.

Bit 16 isunsused and reserved. However, it isreadable and writable. Writea 1 to
this bit during initialization.

Special consideration must be taken when porting to an operating system or
application written for other versions of MIPS processors. For example, when the
VR5432 is configured to run in VrR43xx Bus Protocol mode, the VrR5432 can be
integrated with the system that was designed to run with aVVr43xx processor. In
this case, the original operating system may interpret Status register bit 27 as
Reduced Power (RP) mode, as defined in the VrR43xx processor specification.
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Status Register

31 28 27 26 25 24 16 15 8 7 6 54 3 2 1 0
CU3:.CUO [0 |FR| O DS 2 IM7:0 KX|SX|UX|KSU |ERL [EX | IE |
4 11 1 9 8 1 11 2 1 1 1

Figure 6-5 Satus Register

Table 6-3 Satus Register Fields

Field Description

Originaly controlled the usability of each of the four coprocessor
unit numbers; redefined for the MIPS IV instruction set. Setting

CU3enablesthe MIPSIV instruction set extensions. CPO isalways
CU3:CUO | usable when in Kernel mode, regardless of the setting of the CUO

bit.
1 - usable
0 - unusable
Enables additional floating-point registers
FR 0 - 16 registers
1 - 32registers
DS Diagnostic status field (see Figure 6-6)

Interrupt Mask: Controls the enabling of each of the external,
internal, and software interrupts. An interrupt occurs if interrupts
areenabled, and the corresponding bits are set in both the Interrupt
IM7:0 Mask field of the Status register and the Interrupt Pending field of
the Cause register.

0 - disabled

1- enabled

Enables 64-bit addressing in Kernel mode. The extended-
addressing TLB Refill exception isused for TLB misses on kernel
KX addresses.

0 - 32-bit

1 - 64-hit

Enables 64-bit addressing and operationsin Supervisor mode. The
extended-addressing TL B Refill exceptionisused for TLB misses
SX on supervisor addresses.

0 - 32-hit

1 - 64-hit
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Table 6-3 Satus Register Fields (continued)

Field

Description

UX

Enables 64-bit addressing and operations in User mode. The
extended-addressing TLB Refill exceptionisused for TLB misses
on user addresses.

0 - 32-hit

1 - 64-hit

KSU

Mode bits
10, — User
01, - Supervisor
00, — Kernel

ERL

Error Level; set by the processor when Reset, Soft Reset, NMI, or
Cache Error exceptions are taken.

0 - normal

1 - error
When ERL is set:
Interrupts are disabled.
The KSU bits will indicate that the processor isin Kernel mode.
The ERET instruction will usethereturn address held in ErrorEPC
instead of EPC.
kuseg and xkuseg are treated as unmapped and uncached regions.
This allows main memory to be accessed in the presence of cache
errors.

EXL

Exception Level; set by the processor when any exception other
than Reset, Soft Reset, NMI, or Cache Error exceptions are taken.
0 - normal
1 - exception
When EXL is set:
Interrupts are disabled.
The KSU bits will indicate that the processor isin Kernel mode.
TLB Refill exceptionswill usethe general exception vector instead
of the TLB Refill vector.
EPC will not be updated if another exception is taken.

Interrupt Enable
0 - disableinterrupts
1 - enablesinterrupts
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24

23

Diagnostic Status Field
22 21 20 19 18 17 16

DME

BEV TS SR 0 CH CE 1
1 1 1 1 1 1 1

Figure 6-6 Satus Register DSField

Table 6-4 Satus Register Diagnostic Satus Bits

Bit

Description

DME

Enables entry into Debug mode.
0 - debug break events are ignored, and the DBREAK
instruction causes a Reserved Instruction exception
1 - debug break events and the DBREAK instruction cause
entry into Debug mode

BEV

Controls the location of TLB Refill and general exception vectors.
0 - normal
1 - bootstrap

TS

Indicates that a TLB shutdown has occurred (read only); used to
avoid damageto the TLB if more than one TLB entry matches a
single virtual address.

0 - did not occur

1 - did occur

After a TLB shutdown, the processor must be reset to restart. TLB
shutdowns can occur even when a TLB entry with which the virtual
address has matched is set to be invalid (V bit of the entry is cleared).

SR

1- Indicates that a Soft Reset or NMI has occurred

CH

CPO condition bit. Read/write access to software, unaffected by
hardware events.

CE

Create parity error for cache diagnostics. When set, the contents of
the PErT register are loaded into the cache parity bits rather than the
computed parity bits.

DE

DE hit .
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6.2.5.2 Status register modes and access states

Fields of the Status register set the modes and access states described in the
sections that follow.

Interrupt Enable. Interrupts are enabled when all of the following conditionsare

true:
- |E=1
 EXL=0
* ERL=0

If these conditions are met, the settings of the IM bits enable the interrupt.

Operating modes. Thefollowing CPU Status register bit settingsare required for
User, Supervisor, and Kernel modes.

* The processor isin User mode whe KSU = 10,, EXL =0, and

ERL =0.

*  The processor is in Supervisor mode when KSU = 01,, EXL = 0, and
ERL =0.

*  The processor isin Kernel mode when KSU = 00,, or EXL = 1, or
ERL = 1.

32- and 64-bit modes. The following CPU Status register bit settings select 32-
or 64-bit operation for User, Supervisor, and Kernel operating modes. Enabling

64-bit operation permits the execution of 64-bit opcodes and trand ation of 64-bit
addresses. 64-bit operation for User, Supervisor, and Kernel modes can be set

independently.
»  64-bit addressing and operations are enabled for User mode when
UX=1.
»  64-bit addressing and operations are enabled for Supervisor mode
when SX = 1.

»  64-bit addressing for Kernel mode is enabled when KX = 1. 64-bit
operations are always valid in Kernel mode.

Kernel address space access. Accessto the kernel address spaceisalowed when
the processor isin Kernel mode.

Supervisor addr ess space access. Access to the supervisor address space is
allowed when the processor isin Kernel or Supervisor mode.

User addr ess space access. Accessto the user address spaceis allowed in any of
the three operating modes.
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6.2.5.3

6.2.6

Status register reset

The contents of the Status register are undefined at reset, except for the following
bits in the Diagnostic Status field:

* ERLandBEV=1

The SRbit distinguishes between the Reset exception and the Soft Reset exception
(caused by either a Reset or Nonmaskable Interrupt [NMI]).

Cause Register (13)

The 32-bit read/write Cause register describes the cause of the most recent
exception.

Figure 6-7 shows thefields of thisregister. Table 6-5 describes the Cause register
fields.

All bitsin the Cause register, with the exception of the IP (1:0) bits, areread only;
IP (1:0) are used for software interrupts.

Table 6-5 Cause Register Fields

Field

Description

BD

Indicates whether the EPC was adjusted because the last exception taken occurred
in abranch delay slot.

1 - delay dot

0 - normal

CE

Coprocessor unit number referenced when a Coprocessor Unusable exception is
taken.

IP7:0

Indicates that an interrupt is pending. |P (7) indicates atimer interrupt or
Performance Counter overflow. |P (6:2) are the external interruptsthat are set by an
interrupt signal or awrite on the SysAD bus. | P (1:0) are software interrupts, which
may be written to set or clear interrupts.

1 - interrupt pending

0 - nointerrupt

ExcCode

Exception code field (see Table 6-6)

0

Reserved. Must be written as O; returns O when read.
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Cause Register

31 30 29 2827 16 15 876 21 0
BD| 0| CE 0 IP7:0 ol &% | o
11 2 12 8 1 5 2

Figure 6-7 Cause Register Format

Table 6-6 Cause Register ExcCode Field

Exception ) o
Mnemonic Description
Code Value
0 Int I nterrupt
1 Mod TLB Modified exception
2 TLBL TLB exception (load or instruction fetch)
3 TLBS TLB exception (store)
4 AdEL Address Error exception (load or instruction fetch)
5 AdES Address Error exception (store)
6 IBE Bus Error exception (instruction fetch)
7 DBE Bus Error exception (data reference: load or store)
8 Sys System Call exception
9 Bp Breakpoint exception
10 RI Reserved Instruction exception
11 Cpu Coprocessor Unusable exception
12 Ov Arithmetic Overflow exception
13 Tr Trap exception
14 U Reserved
15 FPE Floating-Point exception
16-22 O Reserved
23 Watch Reference to WatchHi/WatchL o address
24-31 O Reserved
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6.2.7 Exception Program Counter (EPC) Register (14)

The Exception Program Counter (EPC) is aread/write register that contains the
address where processing resumes after an exception has been serviced.

For synchronous exceptions, the EPC register contains either:

* Thevirtual address of the instruction that was the direct cause of th
exception, or

» The virtual address of the immediately preceding Branch or Jump
instruction (when the instruction isin abranch delay slot, and th
Branch Delay bit inth Cause register is set

The processor does not write to the EPC register when the EXL bit in the Status
register isset to 1.

Figure 6-8 shows the format of the EPC register. In 32-bit mode, bits 40 through
58 will be the sign-extended 32-bit address. In 64-bit mode, these bitswill be all
ones if the segment is cksegO, cksegl, cksseg, or ckseg3. For all other segments,

these bitswill all be zero.

EPC Register

31 0
32-bit EPC
Mode

32

63 59 58 40 39 0
64-bit EPC Reserved EP
Mode

5 19 40

Figure 6-8 EPC Register Format
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6.2.8

XContext Register (20)

The read/write X Context register contains a pointer to an entry in the page table
entry (PTE) array, an operating system data structure that stores virtual-to-
physical address trandations. When thereisa TLB miss, the operating system
software loads the TLB with the missing translation from the PTE array. The
XContext register duplicates some of the information provided in the BadV Addr
register and putsit in aform useful for a software TLB exception handler. The
XContext register isfor usewiththe X TLB refill handler, whichloads TLB entries
for referencesto a64-bit address space and isincluded solely for operating system
use. The operating system setsthe Page Table Entry Base (PTEBase) field in the
register, as needed. Figure 6-9 shows the format of the X Context register; Table
6-7 describes the X Context register fields.

XContext Register
63 3332 3130 43 0

PTEBase R BadVPN2 0

31 2 27 4

Figure 6-9 XContext Register Format

The 27-bit BadVPN2 field has bits 39:13 of the virtual address that caused the
TLB miss; bit 12 is excluded because asingle TLB entry maps to an even-odd
page pair. For a4 KB page size, thisformat may be used directly to address the
pair-table of 8-byte PTEs. For other page and PTE sizes, shifting and masking this
val ue produces the appropriate address.

Table 6-7 XContext Register Fields

Field

Description

BadVPN2

The Bad Virtual Page Number/2 field is written by hardware on amiss. It contains
the VPN of the most recent invalidly translated virtual address.

The Region field contains bits 63:62 of the virtual address.
002 = User
01, = Supervisor
11, =Kernel

PTEBase

The Page Table Entry Base read/write field is normally written with a value that
alows the operating system to use the Context register as a pointer into the current
PTE array in memory.
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6.2.9 WatchL o and WatchHi Registers (18 and 19)

The processor provides a debugging feature to detect references to a selected
physical address; load and store operations can be programmed to cause a Watch
exception. Figure 6-10 shows the format of the WatchL o and WatchHi registers.
Table 6-8 describes the WatchL o and WatchHi register fields.

WatchLo Register

31 3210
PAddress O‘RW
29 111

WatchHi Register

31 43 0
0 PAddress I
28 4

Figure 6-10 WatchLo and WatchHi Register Formats

Table6-8 WatchLo and WatchHi Register Fields

Field Description
PAddress Physical address bits [35:3] for triggering Watch exception
R If set, triggers an exception on reads.
w If set, triggers an exception on writes.
0 Reserved. Must be written as 0; returns O when read.
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6.2.10 Performance Counter Registers (25)

The processor has two Performance Counter registers and two associated
Performance Counter Control registers, which are mapped into CPO register 25.
Usethe MTPS/MFPS/MTPC/MFPC instructionsto read or write the Performance
Counter and Control registers.

Each counter is a 32-bit read/write register and is incremented by one each time
the countable event, specified in its associated control register, occurs. Each
counter can independently count one type of event at atime. The format of the
Control register isshown in Figure 6-11; the register fields are described in Table
6-9.

The counter asserts an interrupt (IP7), when the counter overflows and the
associated Performance Control register enablestheinterrupt. Counting continues
after counter overflow whether or not an interrupt is signaled.

Performance Counter Control Register

31 109 65 4321 0
0 Event IP IE‘U‘S‘K‘ EXL
22 41 1111 1

Figure 6-11 Performance Counter Control Register Format

Table 6-9 Performance Counter Control Register Fields

Field Description
Event Specifies the event to be counted. See Table 6-10.
IP Interrupt pending.
IE Enablesthe IP7 interrupt when the associated counter overflows.

Specifies a processor mode in which the event is counted.
U - User mode
S - Supervisor mode
K - Kernel mode (except when ERL or EXL are 1)
EXL - Kernel mode (when EXL is1)

The processor mode count enables can be set individualy.

0 Reserved. Must be written as O; returns O when read.

U, S K, EXL
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Table 6-10 Event Field Encoding

Event Code

Description

Processor cycles (PClock)

(Instructions executed)/2 and truncated

L oad, prefetch/CacheOps execution (no sync)

Store execution

AlWIN|[FL|O

Branch execution (no jumps or Jump registers)

ol

(Floating-point instruction execution)/2 and truncated. The
instruction count includes COP1 and COP1X, but not LWCL,
LDC1, SWC1, or SDCL1.

Doublewords flushed to main memory (no uncached stores)

JTLB refills

Data cache misses (no I-cache misses)

Ol N O

Instruction cache misses (no D-cache misses)

Branches mispredicted

When using these counters, the following rules apply:

 Aninstruction is considered executed even if the instruction causes
an exception

e The Performance Counter registers may be preloaded with an MTPC
instruction

e The Interrupt Enabl bit must be set to trigger an IP7 interrupt

e Theinterrupt handler routine must check the Performance Counter
registers to determine if the interrupt was caused by a Performance
Counter or by the Count register matching the Compare register.
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6.2.11

Parity Error (PErr) Register (26)

The 8-bit Parity Error (PErr) register reads or writesthe cache parity bitsfor cache
initialization, cache diagnostics, or cache error processing.

The PErT register isloaded from the cache parity bits by the Cache Load Index Tag
operation. The contents of the PErT register are written into the cache parity bits
on Store instructions (instead of the computed parity) when the CE bit of the
Status register is set.

Figure 6-12 shows the format of the PErr register; Table 6-11 describes the
register fields.

PErr Register
31 87 0

0 ‘ Parity
24 8

Figure 6-12 PErr Register Format

Table6-11 PErr Register Fields

Field

Description

Parity

An 8-bit field specifying the parity bits read from or written to a cache

Reserved. Must be written as O; returns O when read.
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6.2.12 Cache Error (CacheErr) Register (27)

The 32-bit read-only CacheErr register holds information for processing parity
errorsin the cache. Parity errors cannot be corrected.

The CacheErr register holds status bits that indicate the source and nature of the
error; it isloaded when a Cache Error exception is asserted.

Figure 6-13 shows the format of the CacheErr register and Table 6-12 describes
the Cachekrr register fields.

CacheErr Register

31 30 29 28 27 26 25 24 0
ER|EC|ED|ET |ES |EE |EB 0 I
111 1 1 1 1 25

Figure 6-13 CacheErr Register Format

Table6-12 CacheErr Register Fields

Field Description

Type of reference
ER 0 - instruction
1 - data

Cache levd of the error
EC 0 - primary (i.e., on-chip cache)
1 - reserved

Indicatesif adatafield error occurred
ED 0 - no error
1 - error

Indicatesif atag field error occurred
ET 0 - no error
1 - eror

This bit is set if the error occurred on the first doubleword.
ES 0 - not first doubleword
1 - first doubleword
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Table 6-12 CacheErr Register Fields (continued)

Field Description

This bit isset if the error occurred on the SysAD bus.
EE 0 - not on SysAD bus
1 - on SysAD bus

Thisbit isset if adataerror occurred in addition to the
instruction error (indicated by the remainder of the bits). If so,
thisrequiresflushing the data cache after fixing theinstruction

EB
error.
0 — error in one cache
1 - error in both caches
0 Reserved. Must be written as O; returns O when read.
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6.2.13

6.3

Error Exception Program Counter (Error EPC) Register (30)

The ErrorEPC register issimilar to the EPC register, except that ErrorEPC is used
on Parity Error exceptions. It is also used to store the program counter (PC) on
Reset, Soft Reset, and Nonmaskable Interrupt (NMI) exceptions.

The read/write ErrorEPC register containsthe virtual address at which instruction
processing can resume after servicing an error. This address can be:

» The virtual address of the instruction that caused the exceptio

» The virtual address of the immediately preceding Branch or Jump
instruction, when this address is in a branch delay slo

There is no branch delay dot indication for the ErrorEPC register.
Error EPC is not logged when parity is disabled.

Figure 6-14 shows the format of the ErrorEPC register. In 32-bit mode, bits 40
through 58 will be the sign-extended 32-bit address. In 64-bit mode, these bitswill
be all onesif the segment is ckseg0, cksegl, cksseg, or ckseg3. For al other
segments, these bits will al be zero.

ErrorEPC Register

31 0

32-bit

Mode ErrorEPC

32
63 59 58 40 39 0
ErrorEPC Reserved ErrorEPC

64-bit
Mode

5 19 40

Figure 6-14 ErrorEPC Register Format

Processor Exceptions

This section describes the processor exceptions; it describes the cause of each
exception, its processing by the hardware, and servicing by a handler (software).
The exception types and exception processing operations are described in Section
6.3.1.
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6.3.1 Exception Types

This section gives sample exception handler operations for the following
exception types:

* Reset

e Soft Reset

e Nonmaskable Interrupt (NMI)
e Cache Error

* Remaining processor exception

When the EXL bit in the Status register is 0, either User, Supervisor, or Kernel
operating modeis specified by the KSU bitsin the Status register. When the EXL
bitisal, the processor isin Kernel mode.

When the processor takes an exception, the EXL bit is set to 1, which means the
systemisinKernel mode. After saving the appropriate state, the exception handler
typically changes KSU to Kernel mode and resets the EXL bit back to O to re-
enable exceptions. By executing an ERET instruction, the handler restores the
previous value of the KSU field and sets the EXL hit back to 0.

In the following sections, sample hardware processes for various exceptions are
shown, together with the servicing required by the handler (software).

6.3.1.1 Reset exception process
Figure 6-15 shows the Reset exception process.

T: undefined
Random ~ TLBENTRI ES-1
Wred - O
Config « O || EC || xxxxxx || 110110 || BE || 110011011110 || Xxxx
ErrorEPC ~ PC
SR « xxxxxxxX || O || x || 2] O] O ]] XXXXXXXXXXXXXXXXX || 1 || XX
PC ~ OxFFFF FFFF BFCO 0000

Figure 6-15 Reset Exception Process
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6.3.1.2 Cache Error exception process

Figure 6-16 shows the Cache Error exception process.

T: ErrorEPC ~ PC
CacheErr « ER || EC|| ED || ET || ES || EE || EB ||
SR « SRsy:3 || 1 |] SRy.g
if SR, = 1 then /*What is the BEV bit setting*/
PC ~ OxFFFF FFFF BFCO 0200 + 0x100 /*Access boot - PROM area*/
el se
PC ~ OxFFFF FFFF A00O 0000 + 0x100 /*Access nmin nenory area*/
endi f

025

Figure 6-16 Cache Error Exception Process

6.3.1.3 Soft Reset and NM1 exception process
Figure 6-17 shows the Soft Reset and NMI exception process.

T. ErrorEPC ~ PC
SR « SR31:23 || 1 || SRy || 2] SRye:z Il 1|1 SRy
PC — OxFFFF FFFF BFCO 0000

Figure 6-17 Soft Reset and NMI Exception Process

6.3.1.4 General exception process

Figure 6-18 shows the process used for exceptions other than Reset, Soft Reset,
NMI, and Cache Error.

T Cause - BD|| O || CE|| 0 || Causejs. 5 || ExcCode || 02
if SRy = 0 then/* Systemis in User or Supervisor npde, no current exception */
EPC ~ PC
endi f
SR « SRg1:2 || 1] SRo
if SRy, =1 then
PC ~ OxFFFF FFFF BFCO 0200 + vector /*access to uncached space*/
el se
PC ~ OxFFFF FFFF 8000 0000 + vector /*access to cached space*/
endi f

Figure 6-18 General Exception Processing
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6.3.2 Exception Vector Locations

The Reset, Soft Reset, and NMI exceptions are always vectored to location
OxFFFF FFFF BFCO 0000. Addresses for al other exceptions are a combination
of avector offset and a base address.

The base address is determined by the BEV bit of the Status register.

Table 6-13 shows the 64-bit mode vector base address for all exceptions; the 32-
bit mode address is the low-order 32 bits (for instance, the base address for NMI
in 32-bit mode is 0OxBFCO 0000).

Table 6-14 shows the vector offset added to the base address to create the
exception address.

Table 6-13 Exception Vector Base Addresses

BEV Bit VR5432 Processor Vector Base Address
0 OxFFFF FFFF 8000 0000
1 OxFFFF FFFF BFCO 0200
6.4 Exception Vector Offsets
Table 6-14 Exception Vector Offsets
Exception VR5432 Processor Vector Offset
TLB Refill, EXL =0 0x000
XTLB Refill, EXL =0
(X = 64-bit TLB) 0x080
Cache Error 0x100
Others 0x180

When BEV = 0, the vector base address for the Cache Error exception changes
from kseg0 (OxFFFF FFFF 8000 0000) to ksegl (OxFFFF FFFF A0OO 0000). This
change indicates that the caches are initialized and that the vector can be cached.
When BEV = 1, the vector base for the Cache Error exception is OXFFFF FFFF
BFCO0 0200. Thisis an uncached and unmapped space, alowing the exception to
bypass the cache and the TLB.
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6.4.1

TL B Refill Vector Selection

In al present implementations of the MIPS 111 ISA, there are two TLB Refill
exception vectors:

e TLB Réefill: References to 32-bit address space
 XTLB Ré€fill: References to 64-hit address space

The TLB Refill vector selection isbased on the address space of the address (user,
supervisor, or kernel) that caused the TLB miss, and the value of the
corresponding extended addressing bit in the Status register (UX, SX, or KX). The
current operating mode of the processor isnot important, except that it playsapart
in specifying in which address space an address resides. The Context and
XContext registers are entirely separate page-table-pointer registers that point to
and refill from two separate page tables. For al TLB exceptions (Refill, Invalid,
TLBL, or TLBS), the BadVPN2 fields of both registers are loaded asthey werein
the VrR4000.

In contrast to the VR5432, the VR4000 processor selects the vector based on the
current operating mode of the processor (User, Supervisor, or Kernel) and the
value of the corresponding extended addressing bit in the Statusregister (UX, SX,
or KX). In addition, the Context and X Context registers are not implemented as
entirely separate registers; the PTEbase fields are shared. A missto a particular
address goes through either TLB Refill or XTLB Refill, depending on the source
of the reference. There can be only a single page table unless the refill handlers
execute address deciphering and page table selection in software.

Note: Refills for the 0.5 GB supervisor mapped region, sseg/ksseg, are
controlled by thevalue of KX rather than SX. Thissimplifies control
of the processor when Supervisor mode is not being used.

Table 6-15 lists the TLB Refill vector locations, based on the address that caused
the TLB miss and its corresponding mode bit.
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Table 6-15 TLB Refill Vectors

Space Address Range Regions Exception Vector

OxFFFF FFFF EOOO 0000 Refill (KX =0)

Kernel to kseg3 or
OXFFFF FFFF FFFF FFFF XRefill (KX =1)
OxFFFF FFFF C000 0000 Refill (SX=0)

Supervisor  |to sseg, ksseg or
OXFFFF FFFF DFFF FFFF XRefill (SX=1)
0xC000 0000 0000 0000

Kernel to xkseg XRefill (KX =1)
0xC000 OFFE FFFF FFFF
0x4000 0000 0000 0000

Supervisor  |to xsseg, xksseg XRefill (SX=1)
0x4000 OFFF FFFF FFFF
0x0000 0000 8000 0000

User to Xsuseg, xuseg, xkuseg | XRefill (UX = 1)
0x0000 OFFF FFFF FFFF
0x0000 0000 0000 0000 Refill (UX=0)

useg, Xuseg, suseg,

User to Xsu kuseg, xku o

0x0000 0000 7FFF FFFF €Y, KUSEY, XKUSE |y Refill (UX = 1)
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6.4.2 Priority of Exceptions

Table 6-16 describes exceptions, ranging from highest to lowest priority.
Although more than one exception can occur for asingle instruction, only the
exception with the highest priority is reported.

Table 6-16 Exception Priority Order

Reset (highest priority)

Soft Reset

Nonmaskable Interrupt (NMI)

Debug Break Event—I nstruction fetch

Address Error—I nstruction fetch

TLB Refill—Instruction fetch

TLB Invalid—Instruction fetch

Cache Error—Instruction fetch

Bus Error— nstruction fetch

Integer Overflow, Trap, System Call, Breakpoint, Reserved I nstruction,
Coprocessor Unusable, Floating-point, or Debug

Address Error—Data access

TLB Refill—Data access

TLB Invalid—Data access

TLB Modified—Data write

Cache Error—Data access

Bus Error—Data access

Watch

Interrupt (lowest priority)

Generally speaking, the exceptions described in the following sections are
processed by hardware; these exceptions are then serviced by software.

Note:  Thistable showsthe priority of the processor control logic.
When the external exception signals (Ints, NMI) are asserted with
the same timing, the arriving timing for the control logic may be
different.
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6.4.3 Reset Exception

Cause

The Reset exception occurs when the ColdReset* signal is asserted and then
deasserted. This exception is not maskable.

Processing

The CPU provides a special interrupt vector for this exception:

* Location OxFFFF FFFF BFCO 0000 in 64-bit mode
The Reset vector resides in unmapped and uncached CPU address space, so the
hardware need not initialize the TL B or the cache to processthis exception. It also

means the processor can fetch and execute instructions while the caches and
virtual memory are in an undefined state.

The contents of all registersinthe CPU are undefined when this exception occurs,
except for the following register fields:

e Inthe Statusregister, SRiscleared to 0, and ERL and BEV are set to 1.
All other bits are undefined.

«  Some Config registers are initialized from the boot-time mode stream
» The Random register isinitialized to the value of its upper bound.
* TheWired register is initialized to 0.
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Table 6-17 Register State

Register Name (Pov(\:/grl(—jOF?'ﬁgRet o) Soft Reset NMI
Status (SR) 0 1 1
(ERL) 1 1 1
(BEV) 1 1 1
(T9 0 unchanged unchanged
Random 47 unchanged unchanged
Wired 0 unchanged unchanged
Config (EC) hardwired hardwired hardwired
(EM) 0 unchanged unchanged
(BE) hardwired hardwired hardwired
PRId (Impl) 0x54 0x54 0x54
ErrorEPC undefined restart PC restart PC

Servicing

The Reset exception is serviced by:

e Initializing all processor registers, coprocessor registers, caches, an
the memory system

e Performing diagnostic test
»  Bootstrapping the operating system
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6.4.4 Soft Reset Exception

Cause

The Soft Reset exception occursin response to assertion of the Reset* input.
Execution begins at the Reset vector when the Reset* signal is negated.

The Soft Reset exception is hot maskable.

Processing

The Reset vector is used for this exception. The Reset vector is located within
uncached and unmapped address space. Hence the cache and TLB need not be
initialized in order to process the exception. Regardless of the cause, when this
exception occurs, the SR bit of the Status register is set, distinguishing this
exception from a Reset exception.

The primary purpose of the Soft Reset exception isto reinitialize the processor
after afatal error during normal operation. Unlikean NMI, al cache and bus state
machines are reset by this exception.

When the Soft Reset exception occurs, al register contents are preserved, with the
following exceptions:

*  The ErrorEPC register, which contains the restart PC

 TheERL, BEV, and SR hits of the Status Register, each of which is set
tol

Because the Soft Reset can abort cache and bus operations, the cache and memory
states are undefined when the Soft Reset exception occurs.

Servicing

The Soft Reset exception is serviced by saving the current processor state for
diagnostic purposes and reinitializing for the Reset exception.
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6.4.5 Nonmaskable Interrupt (NM1) Exception

Cause

The NMI exception occurs in response to the falling edge of the NMI* signal, or
an external write to the Int (6) bit of the Interrupt register. The NMI exception is
not maskable and occurs regardless of the settings of the EXL, ERL, and IE bitsin
the Status register.

Processing

The Reset vector is used for this exception. The Reset vector is located within
uncached and unmapped address space. Hence the cache and TLB need not be
initialized in order to process the exception. Regardless of the cause, when this
exception occurs the SR bit of the Status register is set, distinguishing this
exception from a Reset exception.

Because the NMI can occur in the midst of another exception, it istypically not
possible to continue program execution after servicing an NMI. An NMI
exception is taken only at instruction boundaries. The state of the caches and
memory system are preserved.

When the NMI exception occurs, all register contents are preserved, with the
following exceptions:

e The ErrorEPC register, which contains the restart PC

 TheERL, BEV, and SR hits of the Status register, each of which is set
tol

Servicing

The NMI exception is serviced by saving the current processor state for
diagnostic purposes and reinitializing for the Reset exception.
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6.4.6 AddressError Exception

Cause
The Address Error exception occurs when an attempt is made to execute one of
the following:

» Load or store a doubleword that is not aligned on a doubleword
boundary

» Load, fetch, or store aword that is not aligned on a word boundar

» Load or store a halfword that is not aligned on a halfword boundary
* Reference the kernel address space from User or Supervisor mode

* Reference the supervisor address space from User mode

This exception is not maskable.

Processing

The common exception vector is used for this exception. The AJEL or AdEScode
inthe Causeregister is set, indicating whether theinstruction caused the exception
with aninstruction reference, load operation, or store operation shown by the EPC
register and the BD bit in the Cause register.

When this exception occurs, the BadV Addr register retainsthe virtual addressthat
was not properly aligned or that referenced protected address space. The contents
of the VPN field of the Context and EntryHi registers are undefined, as are the
contents of the EntryL o register.

The EPC register containsthe address of the instruction that caused the exception,
unlessthisinstruction isin abranch delay dot. If it isin abranch delay slot, the
EPC register contains the address of the preceding Branch instruction and theBD
bit of the Cause register is set asindication.

Servicing

The process executing at the time receives a segmentation violation signal. This
error isusually fatal to the process incurring the exception.
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6.4.7

6.4.7.1

TL B Exceptions

Three types of TLB exceptions can occur:

e TLB Refill occurs when there is no TLB entry that matches an
attempted reference to a mapped address space.

e« TLB Invalid occurs when a virtual address reference matches a TL
entry that is marked invalid.

« TLB Modified occurs when a store operation virtual address
reference to memory matches a TLB entry that is marked valid but is
not dirty (the entry is not writable).

The following three sections describe these TLB exceptions.

TLB Refill exception

Cause

The TLB Refill exception occurswhen thereisno TLB entry to match areference
to amapped address space. This exception is not maskable.

Processing

There are two special exception vectors for this exception; one for referencesto
32-bit address spaces, and onefor referencesto 64-bit address spaces. The UX, SX,
and KX bits of the Status register determine whether the user, supervisor, or kernel
address spaces referenced are 32-bit or 64-bit spaces. All references use these
vectors when the EXL hit is set to 0 in the Status register. This exception setsthe
TLBL or TLBScodein the ExcCode field of the Cause register. Thiscodeindicates
whether the instruction, as shown by the EPC register and the BD bit inthe Cause
register, caused the miss by an instruction reference, load operation, or store
operation.

When this exception occurs, the BadV Addr, Context, X Context, and EntryHi
registers hold the virtual address that failed address trandation. The EntryHi
register also contains the ASID from which the trandlation fault occurred. The
Random register normally contains avalid location in which to place the
replacement TLB entry. The contents of the EntryL o register are undefined. The
EPC register contains the address of the instruction that caused the exception,
unless thisinstruction isin abranch delay slot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.
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Servicing

To service this exception, the contents of the Context or XContext register are
used as avirtual address to fetch memory locations containing the physical page
frame and access control bitsfor apair of TLB entries. The two entries are placed
into the EntryL oO/EntryL ol register; the EntryHi and EntryL o registers are
written into the TLB.

Itispossiblethat thevirtual address used to obtainthe physical address and access
control information is on a page that is not resident in the TLB. This condition is
processed by allowing a TLB Refill exception in the TLB refill handler. This
second exception goes to the common exception vector because the EXL bit of the
Status register is set.

6.4.7.2 TLB Invalid exception

Cause

The TLB Invalid exception occurs when avirtual address reference matches a
TLB entry that is marked invalid (TLB Valid bit cleared). Thisexceptionis not
maskable.

Processing

The common exception vector is used for this exception. The TLBL or TLBScode
in the ExcCode field of the Cause register is set. Thisindicates whether the
instruction, as shown by the EPC register and the BD bit in the Cause register,
caused the miss by an instruction reference, load operation, or store operation.

When this exception occurs, the BadV Addr, Context, X Context, and EntryHi
registers contain the virtual address that failed address tranglation. The EntryHi
register also contains the ASID from which the trandation fault occurred. The
Random register normally contains avalid location in which to put the
replacement TLB entry. The contents of the EntryL o register are undefined.

The EPC register containsthe address of the instruction that caused the exception,
unless thisinstruction isin abranch delay slot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.
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6.4.7.3

Servicing
A TLB entry istypically marked invalid when one of the following istrue:
e A virtual address does not exist.
» The virtual address exists, but is not in main memory (a page fault)

» A trapisdesired on any reference to the page (for example, to
maintain a reference hit).

After servicing the cause of a TLB Invalid exception, the TLB entry islocated
with TLBP (TLB Probe) and replaced by an entry with that entry’ s Valid bit set.

TLB Modified exception

Cause

The TLB Modified exception occurs when a store operation virtual address
referenceto memory matchesaTLB entry that ismarked valid but isnot dirty and
therefore is not writable. This exception is not maskable.

Processing

The common exception vector is used for this exception, and the Mod codein the
Cause register is set.

When this exception occurs, the BadV Addr, Context, X Context, and EntryHi
registers contain the virtual address that failed address tranglation. The EntryHi
register also contains the ASID from which the trandation fault occurred. The
contents of the EntryL o register are undefined.

The EPC register containsthe address of the instruction that caused the exception,
unless that instruction isin a branch delay sot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.

Servicing

The kernel uses the failed virtual address or virtual page number to identify the
corresponding access control information. The page identified may or may not
permit write accesses; if writes are not permitted, a write protection violation
OcCurs.
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If write accesses are permitted, the page frameis marked dirty/writable by the
kernel in its own data structures. The TLBP instruction places the index of the
TLB entry that must be altered into the Index register. The EntryLo register is
loaded with aword containing the physical page frame and access control bits
(withthe D bit set) and the EntryHi and EntryL o registers arewritten into the TLB.
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6.4.8 Bus Error Exception

Cause

A Bus Error exception israised by board-level circuitry for events such as bus
time-out, backplane bus parity errors, and invaid physical memory addresses or
access types. This exception is not maskable.

The Bus error exception occurs asynchronously because of the processor
nonblock cache structure. The Bus Error exception resulting must be reported
using the general interrupt mechanism.

Processing

The common interrupt vector is used for a Bus Error exception. Thel BE or DBE
code in the ExcCode field of the Cause register is set, signifying whether the
instruction (asindicated by the EPC register and the BD bit in the Cause register)
caused the exception by an instruction reference, load operation, or store
operation.

The EPC register contains the address of the instruction that received the
exception, unlessit isin abranch delay slot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.

Servicing

The EPC register may not have theinstruction which caused the Buserror because
of the nonblocking cache structure. Therefore, it isvery difficult to trace the error
address. The Bus error should be used for afatal error and the system should be
rebooted. The Bus error is not recoverable.
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6.4.9 Integer Overflow Exception

Cause

An Integer Overflow exception occurs when an ADD, ADDI, SUB, DADD,
DADDI, or DSUB instruction results in a two’ s-complement overflow. This
exception is not maskable.

Processing

The common exception vector is used for this exception, and the OV code in the
Cause register is set.

The EPC register contains the address of the instruction that caused the exception
unless the instruction isin a branch delay dlot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.

Servicing

The process executing at the time of the exception receives a Floating-point
exception/integer overflow signal. Thiserror isusually fatal to the current process.

6.4.10 Trap Exception

Cause

The Trap exception occurswhenaTGE, TGEU, TLT, TLTU, TEQ, TNE, TGEI,
TGEUI, TLTI, TLTUI, TEQI, or TNEI instruction resultsin a TRUE condition.
This exception is not maskable.

Processing

The common exception vector is used for this exception, and the Tr code in the
Cause register is set.

The EPC register contains the address of the instruction causing the exception
unless the instruction isin a branch delay slot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.

Servicing

The process executing at the time of a Trap exception receives a Floating-point
exception/integer overflow signal. Thiserror is usually fatal.
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6.4.11

System Call Exception

Cause

A System Call exception occurs during an attempt to execute the SY SCALL
instruction. This exception is not maskable.

Processing

The common exception vector is used for this exception, and the Sys codein the
Cause register is set.

The EPC register contains the address of the SY SCALL instruction unlessit isin
abranch delay slot, in which case the EPC register contains the address of the
preceding Branch instruction.

If the SY SCALL instruction isin abranch delay slot, the BD bit of the Status
register is set; otherwise, thishit is cleared.

Servicing

When this exception occurs, control istransferred to the applicable system
routine.

To resume execution, the EPC register must be altered so that the SY SCALL
instruction does not re-execute; thisis accomplished by adding avalue of 4 to the
EPC register (EPC register + 4) before returning.

If aSY SCALL instructionisin abranch delay slot, amore complicated algorithm,
beyond the scope of this description, may be required.
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6.4.12 Breakpoint Exception

Cause

A Breakpoint exception occurs when an attempt is made to execute the BREAK
instruction. This exception is not maskable.

Processing

The common exception vector is used for this exception, and the BP code in the
Cause register is set.

The EPC register contains the address of the BREAK instruction unlessitisin a
branch delay slot, in which case the EPC register contains the address of the
preceding Branch instruction.

If the BREAK instruction isinabranch delay slot, the BD bit of the Statusregister
is set; otherwise, the bit is cleared.

Servicing

When the Breakpoint exception occurs, control is transferred to the applicable
system routine. Additional distinctions can be made by analyzing the unused bits
of the BREAK instruction (bits 25:6) and loading instruction contents at the
address contained by the EPC register. A value of 4 must be added to the contents
of the EPC register (EPC register + 4) to locate the instruction if it residesin a
branch delay slot.

To resume execution, the EPC register must be altered so that the BREAK
instruction does not re-execute; thisis accomplished by adding avalue of 4 to the
EPC register (EPC register + 4) before returning.

If aBREAK instructionisin abranch delay slot, interpretation of the Branch
instruction is required to resume execution.
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6.4.13 Reserved Instruction Exception

Cause
The Reserved I nstruction exception occurs when one of the following conditions
occurs:

* An attempt is made to execute an instruction with an undefined major
opcode (bits 31:26).

* An attempt is made to execute a SPECIAL instruction with an
undefined minor opcode (bits 5:0).

» An attempt is made to execute a REGIMM instruction with an
undefined minor opcode (bits 20:16).

* An attempt is made to execute 64-bit operations in 32-bit mode when
in User or Supervisor modes.

64-bit operations are always valid in Kernel mode, regardless of the value of the
KX bit in the Status register.

This exception is not maskable.

Processing

The common exception vector is used for this exception, and the RI code in the
Cause register is set.

The EPC register contains the address of the reserved instruction, unlessitisina
branch delay slot, in which case the EPC register contains the address of the
preceding Branch instruction.

Servicing

No instructionsin the MIPS | SA are currently interpreted. The process executing
at the time of this exception receives anillegal instruction/reserved operand fault
signa. Thiserror isusually fatal.
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6.4.14 Coprocessor Unusable Exception

Cause

The Coprocessor Unusable exception occurs when an attempt is made to execute
a coprocessor instruction for either:

» A corresponding coprocessor unit that has not been marked usable, o

e CPO instructions, when the unit has not been marked usable and the
process executes in either User or Supervisor mode

This exception is not maskable.

Processing

The common exception vector is used for this exception, and the CPU codein the
Cause register is set. The contents of the Coprocessor Usage Error field of the
coprocessor Control register indicate which of the four coprocessors was
referenced. The EPC register contains the address of the unusable coprocessor
instruction unlessit isin abranch delay slot, in which case the EPC register
contains the address of the preceding Branch instruction.

Servicing

The coprocessor unit to which an attempted reference was made is identified by
the Coprocessor Usage Error field, which resultsin one of the following
Situations:

» |If the process is entitled access to the coprocessor, the coprocessor is
marked usable and the corresponding user state is restored to the
COProcessor.

« If the process is entitled access to the coprocessor, but th
coprocessor does not exist or has failed, interpretation of the
coprocessor instruction is possible.

« If the BD hit is set in the Cause register, the Branch instruction must
be interpreted; then the coprocessor instruction can be emulated an
execution resumed with the EPC register advanced past th
coprocessor instruction

» |If the process is not entitled access to the coprocessor, the proces
executing at the time receives an illegal instruction/privileged
instruction fault signal. This error is usually fatal
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6.4.15

6.4.16

Floating-Point Exception

Cause

The Floating-Point exception is used by the floating-point coprocessor. This
exception is not maskable.

Processing

The common exception vector is used for this exception, and the FPE code in the
Cause register is set.

The contents of the Floating-Point Control/Status register indicate the cause of
this exception.

Servicing

This exception is cleared by clearing the appropriate bit in the Floating-Point
Control/Status register.

For an Unimplemented Operation exception, the kernel should emulate the
instruction; for other exceptions, the kernel should pass the exception to the user
program that caused the exception.

Watch Exception

Cause

The Watch exception occurs when a Load or Store instruction references the
physical address specified in the WatchLo and WatchHi system control
coprocessor registers. The WatchL o register also specifies whether Load, Store,
both, or neither initiated this exception. The CACHE instruction never causes a
Watch exception. The exception is postponed whilethe EXL bit is set in the Status
register. This exception is maskable only by setting EXL in the Status register.

Processing

The common exception vector is used for this exception. The Watch code in the
Cause register is set.

The EPC register containsthe address of the instruction that caused the exception,
unless the instruction isin a branch delay dlot, in which case the EPC register
contains the address of the preceding Branch instruction and the BD bit of the
Cause register is set.
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Servicing

This exception isintended as a debugging aid. Typically, the exception handler
will transfer control to adebugger, allowing the user to examine the situation. To
continue, the Watch exception must be disabled for the execution of the faulting
instruction and then re-enabled. Execution of the faulting instruction may be
accomplished by interpretation or by setting a breakpoint.

6.4.17 I nterrupt Exception

Cause

The Interrupt exception occurs when one of the eight interrupt conditionsis
asserted. The significance of these interrupts is dependent upon the specific
system implementation.

Each of the eight interrupts can be masked by clearing the corresponding bit in the
Int-Mask field of the Status register and all of the eight interrupts can be masked
at once by clearing the |E bit of the Status register.

Processing

The common exception vector is used for this exception, and the Int code in the
Cause register is set.

ThelP field of the Cause register indicates current interrupt requests. It ispossible
that more than one of the bits can be set simultaneously (or even no bits may be
set) if the interrupt is asserted and then deasserted before this register is read.

Servicing

If the interrupt is caused by one of the two software-generated exceptions (SW1
or SW0), the interrupt condition is cleared by setting the corresponding Cause
register bit to 0.

If the interrupt is hardware generated, the interrupt condition is cleared by
correcting the condition causing the interrupt signal to be asserted.

Due to the on-chip write buffer, a store to an externa device may not occur until
after other instructions in the pipeline finish. Hence, the user must ensure that the
storewill occur beforethe Return from Exception instruction (ERET) isexecuted.
Otherwise the interrupt may be serviced again even though there is no actual
interrupt pending.
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6.5

Exception Handling and Servicing Flowcharts
Theremainder of thissection containsflowchartsfor thefollowing exceptionsand
guidelinesfor their handlers:

*  General exceptions and their exception handler

 TLB/XTLB Miss exceptions and their exception handle

e The Cache Error exception and its handler

¢ Reset, Soft Reset, and NMI exceptions and a guideline to their
handler

Generally speaking, the exceptions are handled by hardware (HW); the exceptions
are then serviced by software (SW).
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Exceptions other than Reset, Soft Reset, NMI, Cache Error, or first-level TLB Miss
Note: Interrupts can be masked by IEs or IMs

Comments

Set FP Control/Status register
EnHi — VPN2, ASID

Context — VPN2

Set Cause register

ExcCode, CE

FP Control/Status register
is set only if the respective exception
occurs.

EnHi, XContext are set only for
TLB Invalid, Modified, and
Refill exceptions

Instr. in
Br.Dly. Slot?

Yes

Cause 31 (BD) ~ 1

No

Cause 31 (BD ~ 0

EXL -1 o =1 EXL
(SR1) e (SR1)
=0 =0

Set BadVAdd
EPC — (PC-4)

Set BadVAddr
EPC ~ PC

=0 (normal) =1

/

Processor forced to Kernel mode
and interrupts disabled

(bootstrap)

/

PC ~ OxFFFF FFFF 8000 0000 + 180
(unmapped, cached)

PC ~ OxFFFF FFFF BFCO 0200 + 180

(unmapped, uncached)

-
V+‘

To General Exception Servicing Guidelines

Figure 6-19 General Exception Handler (HW)
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Comments
MFCO - Vector is unmapped so TLB Mod, TLB Inv,
XContext TLB Refill exceptions are not possible.
EPC
Status EXL =1, so Interrupt exceptions are disabled.
Cause < ) )
OS/system to avoid all other exceptions.
Only Cache Error, Reset, Soft Reset, and NMI
Y exceptions are possible.
MTCO -
Set Status Bits:
KSU ~ 00
EXL - 0 (Optional: only to enable Interrupts during Kernel mode
IE=1

'

Check Cause register and Jump to
appropriate Service Code

After EXL = 0, all exceptions are allowed
(except interrupt if masked by IE or |
and Cache Error if masked by DE).

Service Code

\
EXL=1
MTCO -
EPC
STATUS
/ ERET is not allowed in the branch delay slot of
another Jump instruction.
Processor does not execute the instruction that is
ERET in the ERET’s branch delay slot.

PC - EPC,;EXL «~ O
LL bit —~ 0

Figure 6-20 General Exception Servicing Guidelines (SW)
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Yes

Y

Instr. in
Br.Dly. Slot?

EnHi — VPN2, ASID

Context — VPN2

Set Cause register:
ExcCode, CE, and
Cause bit 31 (BD) ~ 1

EnHi —~ VPN2, ASID

Context « VPN2

Set Cause register:
ExcCode, CE, and
Cause bit 31 (BD) ~ 0

Check if exception within
another exception

Set BadVAddr
EPC — (PC -4)

Vec. Off. = 0x080

Points to Refill Exception

Set BadVAddr
EPC - PC
| |
v XTLB N
Instruction?
Y Y \
Vec. Off. = 0x000 Vec. Off. = 0x180
| . < < |
¢ Points to General Exception

Processor forced to Kernel mode and
interrupt disable

= 0 (normal)

/

(SR bit 22)

BEV =1 (bootstrap)

\i

(unmapped, cached)

PC ~ OxFFFF FFFF 8000 0000 + Vec.Off. PC —~ OxFFFF FFFF BFCO 0200 + Vec.Off.

(unmapped, uncached)

-l
¢

To TLB/XTLB Exception Servicing Guidelines

Figure 6-21 TLB/XTLB Miss Exception Handler (HW)
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Comments

Vector is unmapped, so TLB Mod, TLB Inv,
TLB Refill, or VCEP exceptions are
not possible.

MFCO -

EXL =1, so Interrupt exceptions are disabled.
Context < . .
OS/system to avoid all other exceptions.

Only Cache Error, Reset, Soft Reset, and NMI
exceptions are possible.

Load the mapping of the virtual address in Context register.
Move it to EnLo and write to the TLB.

. There could be a TLB miss again during the mapping
Service Code < of the data or instruction address. The processor will

jump to the general exception vector, since EXL is 1.
(Option to complete the first-level refill in the general
exception handler or ERET to the original instruction
and take the exception again.

ERET is not allowed in the branch delay slot of
another Jump instruction.

Processor does not execute the instruction that is
ERET < in ERET’s branch delay slot.

PC «~ EPC; EXL ~ 0

LL bit ~ O

Figure 6-22 TLB/XTLB Exception Servicing Guidelines (SW)

Figure 6-23 Cache Error Exception Handling (HW) and Servicing Guidelines
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Soft Reset or NMI Exception Reset Exception
Status: Random « - TLB Entries - 1

BEV ~ 1 Wired « 0

SR - 1 Config — Update (31:6) || Undef (5:0)

ERL « 1 Status:
BEV ~ 1
SR -0
ERL ~ 1

A

-

\i
ErrorEPC ~ PC

Y

PC ~ OxFFFF FFFF BFCO 0000

Reset, Soft Reset and NMI Exception Handling (HW)

Yes
NMI?
— < Note: There is no indication from the
% (% processor to differentiate between
-z No  NMI and Soft Reset; S
= 3 there must be a system-level indication.
c
'q-s F—
2 g Y i Y
< 8 . Status bit 20 N
= . atus bi
S NMI Service Code
AL (SR)
= 0
o2 =1
g H
Y Y
Y P
(Optional) ERET Soft Reset Service Code Reset Service Code

Figure 6-24 Reset, Soft Reset, and NMI Exception Handling
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6.6

6.6.1

6.6.2

6.6.3

Interrupts

The VR5432 processor supportsthefollowing interrupts: five hardware interrupts,
one internal timer interrupt, two software interrupts, and one nonmaskable
interrupt. The processor takes an exception on any interrupt. Note that thereis no
priority mechanism specified for the processor among al these interrupts. This
section describes the five hardware and single nonmaskable interrupts.

Hardware Interrupts

The five CPU hardware interrupts can be caused by an external write request to
the VR5432 or through dedicated interrupt pins. These pins are latched into an
internal register by the rising edge of SysClock.

Nonmaskable Interrupt (NMI)

The nonmaskable interrupt is caused by an external write request to the VR5432
or by the dedicated NMI* signal on the VR5432. This signal islatched into an
internal register by the rising edge of SysClock.

Asserting Interrupts

External write requeststo the CPU are accepted based on an internal address map
of the processor. When SysAD (6:4) = 000,, an external write request to an
architecturally transparent register called the Interrupt register occurs. This
register is available for external write cycles, but not for external read cycles.

During adata cycle, SysAD (22) and SysAD (20:16) are the write enable signals
for the six individual Interrupt register bits and SysAD (6) with SysAD (4:0) are
the values to be written into these bits. This alows any subset of the Interrupt
register to be set or cleared with asingle write request. Figure 6-25 shows the
mechanics of an external write request to the Interrupt register.
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Interrupt Register
SysAD (6:0
Interrupt Value

22 20 | 19 | 18 17 | 16

SysAD (22:16
Write Enables

Figure 6-25 Interrupt Register Bits and Enables
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Figure 6-26 shows how the VR5432 interrupts are readable through the Cause
register.
» Bit 5of the Interrupt register istied to the Timer Interrupt signal. Th
result is directly readable as bit 15 of the Cause register.
*  Bits 4:0 of the Interrupt register are bitwise ORed with the current
value of interrupt pins Int* (4:0). The result is directly readable as
bits 14:10 of the Cause register.

Interrupt Register (4:0)

{D 1P2

{_D IP3

_3) IP4
_@ IP5
7@ IP6

IP7

‘ Cause
Timer Register
Interrupt

Internal
Register

SClock—»

Int* (3) Int* (1)
Int* (4) Int* (2) Int* (0)

Figure 6-26 VR5432 Interrupt Sgnals
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Figure 6-27 shows the internal derivation of the NMI* signal for the VR5432
processor.

The NMI* signal islatched by the rising edge of SysClock. Bit 6 of the Interrupt
register is then ORed with the inverted value of NMI* to form the nonmaskable
interrupt. Only the falling edge of the latched signal will cause the NMI.

6 Interrupt Register (6)

Internal
Register NMI

(Internal
NMI* >,_D

Edge-triggered
SClock Flip-flop

\/

Figure 6-27 VR5432 Nonmaskable Interrupt Sgnal
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Figure 6-28 shows the masking of the VR5432 interrupt signal.

e  Cause register bits 15:8 (IP7-1P0) are AND-ORed with Status
register interrupt mask bits 15:8 IM7-/MO0 ) to mask individual
interrupts.

*  Status register bit 0 isa global Interrupt Enable (IE). It is ANDe

with the output of the AND-OR logic to produce th VR5432
interrupt signal.

Status Register
SR (0)

Status Register
SR (15:8)

IMO
IM1
IM2
M3 8
IM4
IM5
IM6
IM7

1/ VR5432
Interrupt

IPO
IP1
P2
P3| 8
P4

IPS
IP6 AND-OR
P7 unction

|

Cause Register

(15:8)

AND
Function

Figure 6-28 Masking of VR5432 Interrupts
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This chapter describes the floating-point unit (FPU), including the programming
model, instruction set and formats, and the pipeline.

The FPU, with associated system software, fully conformsto the requirements of
ANSI/IEEE Standard 7541985, |EEE Sandard for Binary Floating-Point
Arithmetic. In addition, the MIPS architecturefully supportsthe recommendations
of the standard and precise exceptions.

7.1 Overview

Architecturally, the FPU isa coprocessor for the CPU (it is assigned coprocessor
label CP1) and extends the CPU instruction set to perform arithmetic operations
on floating-point values. However, it isimplemented using the same data paths
used to process integer instructions. This allows integer and floating-point
instructions to be assigned to either data path, maximizing the efficiency of the
dual-issue superscalar pipeline.
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7.2

7.3

FPU Features

This section briefly describes the architectural model, the Load and Store
instruction set, and the coprocessor interface to the FPU. A more detailed
description is given in the sections that follow.

Full 64-bit operation. When the FR bit in the CPU Status register
equals 0, the FPU isin 32-bit mode and contains 32 32-hit registers
that hold single- or, when used in pairs, double-precision values. When
the FR bit in the CPU Status register equals 1, the FPU is in 64-bit
mode and the registers are expanded to 64 bits wide. In this mode, each
register can hold single- or double-precision values. The FPU also
includes a 32-bit Control/Status register that provides access to all
IEEE Standard exception handling capabilities.

Load and Storeinstruction set. Like the CPU, the FPU uses a load
and store-oriented instruction set, with single-cycle load and stor
operations

FPU Programming M odel

This section describes the FPU registers and their data organization. The FPU
registersinclude Floating-point General -purposeregisters (FGRs) and two control
registers. Control/Status and | mplementation/Revision.
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7.4 Floating-Point General-Purpose Registers

The FPU hasaset of Floating-Point General-Purpose registers (FGRS) that can be
accessed in the following ways:

*  As 32 general-purpose registers (32 FGRs), each of which is 32 bits
wide when the FR bit in the CPU Status register equals O; or as 32
general-purpose registers (32 FGRs), each of which is 64 bits wide
when FR equals 1. The CPU accesses these registers through Move,
Load, and Store instructions.

* As 16 floating-point registers (see the next section for a description
of FPRs), each of which is 64 hits wide, when the FR bit in the CPU
Status register equals 0. The FPRs hold values in either single- o
double-precision floating-point format. Each FPR corresponds t
adjacently numbered FGRs, as shown in Figure 7-1. Th FR bit ca
only be 0 when executing the MIPS I, II, or 111 instruction set
Executing a MIPS IV instruction with the FR bit equal to O resultsin
undefined behavior.

« As 32 floating-point registers (see the next section for a description of
FPRs), each of which is 64 bits wide, when the FR bit in the CPU
Status register equals 1. The FPRs hold values in either single- or
double-precision floating-point format. Each FPR corresponds to an
FGR, as shownin Figure 7-1.
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Floating-Point Floating-Point
R|:|o_atting.(|'3:%i£; General-PurposeRegisters Floating-Point General-PurposeRegisters
egisters (FGR) Registers (FPR) (FGR)
(FR = 0) 31 0 (FR = 1) 63 0
FPRO FGRO
FPRO (least) FGRO
(most) FGR1 FPR1 FGR1
FPR2 FGR2
FPR2 (least) FGR2
(most) FGR3 FPR3 FGR3
. . . L]
. . L] L]
. . L] L4
(least) FGR28 FPR28 FGR2
FPR28
(most) FGR29 FPR29 FGR2
FPR30 J (least) FGR30 FPR30 FGR3
(most) EGR31 FPR31 FGR3

Floating-point
Control Registers

FCR
Control/Status Register ( ) Implementation/RevisionRegister

31 FCR3 0 31 FCRO 0

Figure 7-1 FPU Registers
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7.5 Floating-Point Registers

The FPU provides:
» 16 floating-point registers (FPRSs) when the FR bit in the Status
register equals O, or
» 32 floating-point registers (FPRS) when the FR bit in the Status
register equals 1
These 64-hit registers hold floating-point values during floating-point operations

and are physically formed from the general -purpose registers (FGRs). When the
FRbit in the Status register equals 1, the FPR references a single 64-bit FGR.

The FPRs hold valuesin either single- or double-precision floating-point format.
If the FR bit equals O, only even numbers (the least register, as shown in Figure
7-1) can be used to address FPRs. When the FR bit isset to a1, al FPR register
numbers are valid.

If the FR bit equals O during a double-precision floating-point operation, the
general-purpose registers are accessed in double pairs. Therefore, in adouble-
precision operation, selecting Floating-Point Register 0 (FPRO) actually addresses
adjacent Floating-Point General-Purpose registers FGRO and FGR1.

7.6 Floating-Point Control Registers

The architecture reserves for the FPU 32 control registers (FCRs) that can only be
accessed by move operations. Two such registers areimplemented. The FCRs are
described below:

e The Implementation/Revision register (FCRO) holds revision
information about the FPU.

e The Control/Status register (FCR31) controls and monitors
exceptions, holds the result of compare operations, and establishes
rounding modes.

 FCRL1 to FCR30 are reserved.
Table 7-1 lists the assignments of the FCRs.

Table7-1 Floating-Point Control Register Assignments

FCR Number Use
FCRO Coprocessor |mplementation and Revision register
FCR1to FCR30 |Reserved
FCR31 Rounding Mode, Cause, Trap, Enable, and Flag
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7.6.1

Implementation and Revision Register (FCRO)

The read-only Implementation and Revision register (FCRO) specifies the
implementation and revision number of the FPU. Thisinformation can determine
the coprocessor revision and performance level, and can a so be used by
diagnostic software.

Figure 7-2 shows the layout of the register; Table 7-2 describes the
Implementation and Revision register (FCRO) fields.

Implementation/Revision Register (FCRO)

31 16 15 8 7 0

0 Imp ‘ Rev

16 8 8

Figure 7-2 Implementation/Revision Register

Table7-2 FCRO Fields

Field Description

Imp I mplementation number (0x54)

Rev Revision number in the form of y.x
0 Reserved. Must be written as O; returns 0 when read.

The revision number isavalue in the form y.x, where:
e yisamaor revision number held in bits 7:4
e X isaminor revision number held in bits 3:0.

The revision number distinguishes some chip revisions; however, NEC does not
guaranteethat changesto its chipsare necessarily reflected by the revision number
or that changes to the revision number necessarily reflect real chip changes. For
thisreason, revision number values are not listed, and software should not rely on
the revision number to characterize the chip.
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7.6.2

31

Control/Status Register (FCR31)

The Control/Status register (FCR31) contains control and status information that
can be accessed by instructionsin either Kernel or User mode. FCR31 also
controls the arithmetic rounding mode and enables User mode traps, as well as
identifying any exceptions that may have occurred in the most recently executed
instruction and any exceptions that may have occurred without being trapped.

Figure 7-3 showstheformat of the Control/Statusregister; Table 7-3 describesthe
Control/Status register fields. Figure 7-4 showsthe Control/Status register Cause,
Flag, and Enable fields.

Control/Status Register (FCR31)
25 24 23 22 18 17 12 11 7 6 2 1 0

ccr-Ccc1 FS|CCO 0 EVZOUI vVZoul VZOUI

Cause Enable Flag
RM

1 1 5 6 5 5 2

E:Unimplemented Operation Z: Division by Zero U: Underflow
V: Invalid Operation O: Overflow I: Inexact Operation

Figure 7-3 FP Control/Satus Register Bit Assignments

Table 7-3 Control/Satus Register Fields

Field

Description

CCr.CC1

Condition bits 7:1. See description of Control/Status register Condition bit.

FS

When set, denormalized results are flushed to 0 instead of causing an
Unimplemented Operation exception. On the VR5432, even if the FShit isset, if a
MADD, MSUB, NMADD, or NMSUB instruction encounters a denormalized
result during the multiply portion of the calculation, an Unimplemented Operation
exception is always taken.

CCo

Condition bit 0. See description of Control/Status register Condition bit.

Cause

Cause bits. See description of Control/Status register Cause, Flag, and Enable bits.

Enable

Enable bits. See description of Control/Status register Cause, Flag, and Enable
bits.

Flag

Flag bits. See description of Control/Status register Cause, Flag, and Enable bits.

RM

Rounding Mode bits. See description of Control/Status register Rounding Mode
Control bits.
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76.2.1

7.6.2.2

17 16 15 14 13 12
Cause
‘ E Vv YA 0 U | .
Bits
| | | | |
11 10 9 8 7
‘ v 7 o U | Enable
Bits
| | | | |
6 5 4 3 2
v z 0 u | Flag
Bits

Inexact Operation
Underflow
Overflow
Division by Zero

Invalid Operation
Unimplemented Operation

Figure 7-4 Control/Status Register Cause, Flag, and Enable Fields

Accessing the Control/Status register

When the Control/Status register is read by a Move Control from FPU
Coprocessor 1 (CFC1) instruction, al unfinished instructionsin the pipeline are
completed before the contents of the register are moved to the main processor. If
a Floating-Point exception occurs as the pipeline empties, the FP exception is
taken and the CFCL1 instruction is re-executed after the exception is serviced.

The bitsin the Control/Status register can be set or cleared by writing to the
register usingaMove Control To FPU Coprocessor 1 (CTC1) instruction. FCR31
must only be written to when the FPU is not actively executing floating-point
operations; this can be ensured by reading the contents of the register to empty the
pipeline.

|EEE Standard 754

|EEE Standard 754 specifies that floating-point operations detect certain
exceptional cases, raise flags, and can invoke an exception handler when an
exception occurs. These features are implemented in the MIPS architecture with
the Cause, Enable, and Flag fields of the Control/Status register. The Flag bits
implement |EEE-754 exception status flags, and the Cause and Enable bits
implement exception handling.

156

VR5432 Microprocessor User’s Manual



Floating-Point Unit

7.6.2.3 Control/Status register FS bit

When the FShit is set, denormalized results are flushed to O instead of causing an
Unimplemented Operation exception.

However, for MADD.fmt, NMADD.fmt, MSUB.fmt, and NMSUB.fmt
instructions, the VrR5432 will alwaystake an Unimplemented Operation exception
if theintermediate multiply result isadenormalized value, regardless of the value
of the FShit.

76.24 Control/Status register Condition bit

When afloating-point Compare operation takes place, the result is stored at bit 23
and bits 31:25, the Condition hits, to save or restore the state of the condition line.
The CChitissetto1if the condition istrue; the bit iscleared to 0 if the condition
isfalse. Bit 23 and bits 31:25 are affected only by Compare and Move Control To
FPU instructions.

7.6.25 Control/Status register Cause, Flag, and Enable fields

Figure 7-4 illustrates the Cause, Flag, and Enable fields of the Control/Status
register.

Cause bits

Bits 17:12 in the Control/Status register contain Cause bits, as shownin

Figure 7-4, that reflect the results of the most recently executed instruction. The
Cause bits are alogical extension of the CPO Cause register; they identify the
exceptions raised by the last floating-point operation and raise an interrupt or
exception if the corresponding Enable bit is set. If morethan one exception occurs
on asingle instruction, each appropriate bit is set.

The Cause bitsare written by each floating-point operation (but not by load, store,
or move operations). The Unimplemented Operation (E) bitissettoalif software
emulation is required; otherwise, it remains 0. The other bitsaresetto 0 or 1 to
indicate the occurrence or nonoccurrence (respectively) of an IEEE-754
exception.

When a floating-point exception istaken, no results are stored, and the only state
affected isthat of the Cause bit.
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Enable bits

A Floating-Point exception is generated any time a Cause bit and the
corresponding Enable bit are set. A floating-point operation that sets an enabled
Cause hit forces an immediate exception, as does setting both Cause and Enable
bits with CTC1.

There is no enable for Unimplemented Operation (E). Setting Unimplemented
Operation always generates a Fl oating-Point exception.

Before returning from a Floating-Point exception, software must first clear the
enabled Cause bitswith a CTC1 instruction to prevent arepeat of the interrupt.
Thus, User mode programs can never observe enabled Cause bits set; if this
information is required in a User mode handler, it must be passed somewhere
other than to the Status register.

For afloating-point operation that sets only unenabled Cause bits, ho exception
occurs and the default result defined by IEEE-754 is stored. In this case, the
exceptionsthat were caused by the immediately previous floating-point operation
can be determined by reading the Cause field.

Flag bits

The Flag bits are cumulative and indicate that an exception was raised by an
operation that was executed since they were explicitly reset. Flag bitsare set to 1
if an IEEE-754 exception is raised; otherwise, they remain unchanged. The Flag
bits are never cleared as a side effect of floating-point operations; however, they
can be set or cleared by writing a new value into the Status register, using aMove
Word to FPU Coprocessor Control instruction.

When afloating-point exception istaken, the flag bits are not set by the hardware;
floating-point exception software is responsible for setting these bits before
invoking a user handler.

7.6.2.6 Control/Status register Rounding mode Control bits
Bits 1 and 0 in the Control/Status register constitute the Rounding Mode (RM)
field.
As shown in Table 7-4, these bits specify the Rounding mode that the FPU uses
for all floating-point operations.
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Table 7-4 Rounding Mode Bit Decoding

Rounding
Mode RM Mnemonic Description
(2:0)
Round result to nearest representable value;

0 RN round to the value with least-significant bit O
when the two nearest representable values are
equally near.

Round toward O: round to the value closest to

1 Rz and not greater in magnitude than the infinitely
precise result.

2 RP Round toward + co: round to the value closest
to and not less than the infinitely precise result.
Round toward —co: round to thevalue closest to

3 RM and not greater than the infinitely precise
result.

1.7 Floating-Point Formats

The FPU performs both 32-bit (single-precision) and 64-bit (double-precision)
| EEE-standard floating-point operations. The 32-bit single-precision format hasa
24-hit signed-magnitude fraction field (f + s) and an 8-bit exponent (€), as shown

in Figure 7-5.
31 30 23 22 0
S e f
Sign Exponent Fraction
1 8 23

Figure 7-5 Sngle-Precision Floating-Point Format

The 64-bit double-precision format has a 53-bit signed-magnitude fraction field
(f + s) and an 11-bit exponent, as shown in Figure 7-6.

63 62 52 51 0
S e f

Sign Exponent Fraction
1 11 52

Figure 7-6 Double-Precision Floating-Point Format
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Asshown in the abovefigures, numbersin floating-point format are composed of
threefields:

» Signfield, s

* Biased exponent, e = E + bias

o Fraction f = 'ble""bp—l
The range of the unbiased exponent E includes every integer between the two
values Ei, and E,,4, inclusive, together with two other reserved values:

* E, —1(to encode +0 and denormalized numbers
*  Ema + 1 (to encode +” and NaNs [Not a Number])

For single- and double-precision formats, each representable nonzero numerical
value has just one encoding.

For single- and double-precision formats, the value of a number, v, is determined
by the equations shown in Table 7-5.

Table 7-5 Calculating Values in Sngle- and Double-Precision Formats

No. Equation

(D] ifE=Emg+ 1andf# 0, thenvisNaN, regardless of s

(2 |ifE=Epg+ landf =0, thenv = (-1)%0

(3)  |ifEmin< E < Eae thenv = (<1)25(1.9)

(4 |ifE=Epp—1andf# 0, thenv = (=1)%25™"(0.f)

(5) |ifE=Epip—1andf=0,thenv=(-1)%

For all floating-point formats, if vis NaN, the most-significant bit of f determines
whether the valueisasignaling or quiet NaN: visasignaling NaN if the most-
significant bit of f is set; otherwise, visaquiet NaN.
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Figure 7-6 defines the values for the format parameters; minimum and maximum
floating-point values are given in Table 7-7.

Table 7-6  Floating-Point

Format Parameter Values

Parameter - Format
Single Double

Emax +127 +1023
Emin -126 -1022
Exponent bias +127 +1023
Exponent width in bits 8 11
Integer bit hidden hidden
f (Fraction width in bits) 24 53
Format width in bits 32 64

Table 7-7  Minimum and Maximum Floating-Point Values

Type Value
Float Minimum 1.40129846e — 45
Float Minimum Norm 1.17549435e — 38
Float Maximum 3.40282347e + 38

Double Minimum

4.9406564584124654¢e — 324

Double Minimum Norm

2.2250738585072014e — 308

Double Maximum

1.7976931348623157e + 308

7.8 Binary Fixed-Point For mat

Binary fixed-point values are held in two’ s-complement format. Unsigned fixed-
point values are not directly provided by the Floating-Point instruction set. Figure
7-7 illustrates binary fixed-point format; Table 7-8 lists the binary fixed-point

format fields.

31 30

0

Sign Integer l

1 31

Figure 7-7 Binary Fixed-Point Format
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7.9

Field assignments of the binary fixed-point format are:

Table 7-8 Binary Fixed-Point Format Fields

Field Description

Sign

Sgn bit

Integer

Integer value

Floating-Point Instruction Set Overview

All FPU instructions are 32 bits long, aligned on aword boundary. They can be
divided into the following groups:

Load, Store, and Move instructions move data between memory, th
main processor, and the FPU General-Purposer gisters.

Conversion instructions perform conversion operations between the
various data formats.

Computational instructions perform arithmetic operations o
floating-point values in the FPU registers

Compar e instructions perform comparisons of the contents of
registers and set a conditional bit based on the results

Branch on FPU Condition instructions perform a branch to the
specified target if the specified coprocessor condition is met
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In the instruction formats shown in Table 7-9 through Table 7-12, the fmt
appended to the instruction opcode specifies the data format: S specifies single-
precision binary floating-point, D specifies double-precision binary floating-
point, W specifies 32-bit binary fixed-point, and L specifies 64-bit (long) binary
fixed-point.

Table 7-9 FPU Instruction Summary: Load, Move, Sore Instructions

Opcode Description
LwcCi Load Word to FPU
LWXC1 Load Word Indexed to FPU
SWC1 Store Word from FP
SWXC1 Store Word Indexed from FPU
LDC1 Load Doubleword to FPU
LDXC1 L oad Doubleword Indexed to FPU
SDC1 Store Doubleword from FPU
SDXC1 Store Doubleword Indexed from FPU
MTC1 Move Word to FPU
MFC1 Move Word from FPU
CTC1 Move Control Word to FPU
CFC1 Move Control Word from FPU
DMTC1 Doubleword Move to FPU
DMFC1 Doubleword Move from FPU
PREFX Prefetch Indexed: Register + Register
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Table 7-10 FPU Instruction Summary: Conversion Instructions

Opcode Description
CVT.S.fmt Floating-point Convert to Single FP
CVT.D.fmt Floating-point Convert to Double FP
CVT.W.fmt Floating-point Convert to Single Fixed-point
CVT.L.fmt Floating-point Convert to Long Fixed-point
ROUND.W.fmt Floating-point Round to Single Fixed-point
ROUND.L.fmt Floating-point Round to Long Fixed-point
TRUNC.W.fmt Floating-point Truncate to Single Fixed-point
TRUNC.L.fmt Floating-point Truncate to Long Fixed-point
CEIL.W.fmt Floating-point Ceiling to Single Fixed-point
CEIL.L.fmt Floating-point Ceiling to Long Fixed-point
FLOOR.W.fmt Floating-point Floor to Single Fixed-point
FLOOR.L.fmt Floating-point Floor to Long Fixed-point

Table 7-11 FPU Instruction Summary: Computational Instructio n

Opcode Description
ADD.fmt Floating-point Add
SUB.fmt Floating-point Subtract
MADD.fmt Floating-point Multiply-Add
MSUB.fmt Floating-point Multiply-Subtract
NMADD.fmt Floating-point Negative Multiply-Add
NMSUB.fmt Floating-point Negative Multiply-Subtract
MUL.fmt Floating-point Multiply
DIV.fmt Floating-point Divide
ABS.fmt Floating-point Absolute Value
MOV.fmt Floating-point Move
NEG.fmt Floating-point Negate
SQRT.fmt Floating-point Square Root
RECIP.fmt Floating-point Reciprocal
RSQRT.fmt Floating-point Reciprocal Square Root
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Table 7-12 FPU Instruction Summary: Compare and Branch Instructions

Opcode Description
C.cond.fmt Floating-point Compare
BC1T Branch on FPU True
BC1F Branch on FPU False
BC1TL Branch on FPU True Likely
BC1FL Branch on FPU False Likely
79.1 Floating-Point L oad, Store, and Move I nstructions

This section discusses the manner in which the FPU uses the Load, Store, and
Move instructionslisted in Table 7-9.

79.1.1 Transfers between FPU and memory
All data movement between the FPU and memory is accomplished by using one
of the following instructions:

e Load Word to Coprocessor 1 (LWC1) or Store Word from
Coprocessor 1 (SWCL) instructions, which reference a single 32-bit
word of the FPU general-purpose registers

* Load Doubleword (LDCL1) or Store Doubleword (SDC1) instructions
which reference a 64-bit doubleword

These load and store operations are unformatted; no format conversions are
performed and therefore no floating-point exceptions can occur due to these
operations.

7912 Transfers between the FPU and CPU

Data can aso be moved directly between the FPU and CPU by using one of the
following instructions:

MoveWord to FPU (Coprocessor 1 (MTC1)

« MoveWord from FPU (Coprocessor 1 (MFC1)

e Doubleword Move to FPU (Coprocessor 1 (DMTC1)

e Doubleword Move from FPU (Coprocessor 1 (DMFC1)

Like the floating-point load and store operations, these operations perform no
format conversions and never cause floating-point exceptions.
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7.9.1.3

7914

7.9.1.5

792

7921

Load delay and hardware interlocks

The instruction immediately following aload can use the contents of the loaded
register. In such casesthe hardwareinterlocks, requiring additional real cycles; for
thisreason, scheduling load delay slotsis desirable, athough it is not required for
functional code.

Dataalignment

All coprocessor loads and stores reference the following aligned data items:

*  For word loads and stores, the access type is always WORD, and the
low-order 2 bits of the address must aways be 0.

e For doubleword loads and stores, the access typeis alway
DOUBLEWORD, and the low-order 3 bits of the address must
aways be 0.

Byte-numbering order

Regardless of data byte-numbering order, the address specifies the byte that has
the smallest byte addressin the addressed field. For a big-endian system, it isthe
left-most byte; for alittle-endian system, it is the right-most byte.

Floating-Point Conversion Instructions

Conversion instructions perform conversions between the various data formats
such as single- or double-precision, fixed- or floating-point formats.

Conversion from floating-point to 64-bit fixed-point or long integer

For operations relating to the conversion from floating-point to fixed-point or
integer formats, the resulting range must be between —2°2 to 252 - 1. This
condition exists due to the 53-bit floating-point data path.

When the source value is not rounded to an integer outside the range of —2°2 to
252 — 1 and theresult cannot be expressed correctly, an Unimplemented Operation
exception istaken. The result of theinstruction is discarded.
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The floating-point Unimplemented Operation exception condition applies to the
fo