MIPS R4000 Microprocessor User's Manual I-1

Index

Numerics

32-bit

addressing 109 applications 9 data format 24 instructions 36 operands, in 64-bit mode 39 operations 6, 67 single-precision FP format 164 virtual-to-physical-address

translation 65 32-bit mode address space 31 address translation 65, 95 addresses 63 FPU operations 153 TLB entry format 81 4th Floor

B-dorm. SeeAlco Hall 64-bit

addressing 109

ALU 9

bus, address and data 201 data format 24 double-precision FP format 164 floating-point registers 156

FPU 9

internal data path widths 381 operations 6, 39, 67 System interface 11 virtual-to-physical-address

translation 66

64-bit mode

32-bit operands, handling of 39 address space 31 address translation 66, 95 addresses 63 FPU operations 153 TLB entry format 81 A address acceleration 58 Address Error exception 127 address prediction 58 address space identifier (ASID) 64 address spaces

32-bit translation of 65 64-bit translation of 66 address space identifier (ASID) 64 physical 64 virtual 63 virtual-to-physical translation of 64 addressing

and data formats 24 big-endian 24 Kernel mode 73 little-endian 24 misaligned data 26 Supervisor mode 69 User mode 67 virtual address translation 95 See alsoaddress spaces Alco Hall vs. Acid. Seegame, softball application software, compatibility with MIPS R2000, R3000, and R6000 processors 6 architecture

64-bit 9 superpipeline 11 array, page table entry (PTE) 102 ASID. Seeaddress space identifier

I-2 MIPS R4000 Microprocessor User's Manual

B Bad Virtual Address register (BadVAddr) 103 big-endian, byte addressing 24, 170 binary fixed-point format 166 bit definition of

ERL 68, 69, 73, 109 EXL 68, 69, 73, 109, 112, 119 IE 109 KSU 68, 69, 73 KX 73, 109 SX 69, 109 UX 68, 109

boot-mode settings 222 boundary scanning 390 Boundary-scan register 394 branch delay 48 branch instructions, CPU 15, 41 branch instructions, FPU 170 Breakpoint exception 138 Bus Error exception 134 Bypass register 393 byte addressing

big-endian 24, 170 little-endian 24, 170 byte ordering 24

big-endian 24 in doublewords 25 little-endian 24 C cache 33 Cache Error (CacheErr) register 116 Cache Error exception 132 Cache Error exception process 120 caches

attributes

clean 255 clean exclusive 256 dirty 255 dirty exclusive 256 dirty shared 255 exclusive 255 invalid 255 shared 255 coherency

attributes 264 conflicts 271–285 maintaining coherency on load and store operations 269 protocol, overview 264 synchronization 286 description 246 line ownership 258 manipulation by an external agent 270 mapping states between caches 257 memory hierarchy 32, 244 misses

address prediction 58 handling 49 performance considerations 58 pipeline back-up 54 on-chip instruction and data caches 33 on-chip primary caches 33, 246 operation modes 266 optional external secondary cache 32 ordering constraints 267 overview of operations 245 primary cache, states 256 primary data cache

accessing 251 line size 250 primary instruction cache

accessing 251 line size 249 secondary cache

accessing 254 line size 252 organization 252 states 256

MIPS R4000 Microprocessor User's Manual I-3

Secondary Cache interface 33, 379 See alsoSecondary Cache interface secondary cache sizes 248 state diagrams 260 strong ordering

example of 267 testing for 267 terminology 243 write-back policy 259 Cause register 110 central processing unit (CPU) cache memory hierarchy 32 data formats and addressing 24 exception processing 99

See alsoexception processing, CPU features 6–33 instruction formats 14, 36 instruction pipeline, basic operation 43 See alsopipeline, CPU instruction set

extensions 16 overview 14, 35 types of instructions 15 instructions. Seeinstructions, CPU interrupts 401

See alsointerrupts, CPU memory management 31

See alsomemory management memory organization 244 operating modes 32 registers 12

See alsoregisters, CPU System Control Coprocessor (CP0)

27, 80

See alsoSystem Control

Coprocessor System interface 293

See alsoSystem interface transfers between FPU and CPU 169 CISC. Seecomplex instruction set computer ckseg0 79 ckseg1 79 ckseg3 79 cksseg 79 Class of '73. See4th Floor

B-dorm clean exclusive, cache attribute 256 clean, cache attribute 255 Clock interface

connecting clocks

to CMOS logic system 238 to gate-array device 235 to phase-locked system 234 to system without phase locking 235 signals 203, 227 status outputs 241 system timing parameters 233 clocks, system 229 coherency. Seecaches, coherency cold reset 214 compare instructions, FPU 171 Compare register 104 compatibility

application software, with MIPS R2000, R3000, and R6000 processors 6 DEC VAX 24 iAPX x86 24 IBM 370 24 MC68000 24 compilers, MIPS suite of 5 complex instruction set computer (CISC) compared with RISC, in languages used 4 historical context 1–2 computational instructions, CPU 15 64-bit operations 39 cycle timing for multiply and divide instructions 40 formats 39

I-4 MIPS R4000 Microprocessor User's Manual computational instructions, FPU

floating-point 170 Config register 90 Context register 102 Control/Status register, FPU 157, 159 conversion instructions, FPU 170 coprocessor instructions 15, 42 Coprocessor Unusable exception 140 correctness considerations 58 Count register 103 CP0. SeeSystem Control Coprocessor CPU. Seecentral processing unit csseg 72 cycle time, interlock and exception handling 53 D data alignment 170 Data Fetch, First Half (DF) 46 Data Fetch, Second Half (DS) 46 data formats

and addressing 24 byte ordering 24 data identifiers 364 data transmission errors, ECC

detecting 418 types of

double data bit 422 four data bit 424 single check bit 421 single data bit 420 three data bit 423 DEC VAX, compatibility with 24 delayed load instruction 37 design cycles, RISC vs. CISC 3 dirty exclusive, cache attribute 256 dirty shared, cache attribute 255 dirty, cache attribute 255 divide registers, CPU 13 Division-by-Zero exception 194 doublewords, byte ordering in 25

E EntryHi register 81, 89 EntryLo register 87 EntryLo0 register 81, 87 EntryLo1 register 81, 87 ERL bit 68, 69, 73, 109 Error Checking and Correcting (ECC) mechanism check bit assignments 414 data transmission errors

detecting 418 four data bit 424 parity check matrix 425 single check bit 421 single data bit 420 three data bit 423 operation 408, 412 parity error checking 408 R4400 Fault* signal 414 SECDED

check matrices 414 overview 409 Error Checking and Correcting (ECC) register 115 Error Exception Program Counter (ErrorEPC) register 118 exception instructions, CPU 15, 42 exception processing, CPU

conditions 52 effect on pipeline 53 exception handler flowcharts 144 exception types

Address Error 127 Breakpoint 138 Bus Error 134 Cache Error 132 Cache Error exception process 120 Coprocessor Unusable 140 Floating-Point 141 general exception process 121 Integer Overflow 135

MIPS R4000 Microprocessor User's Manual I-5 exception types (cont.)

Interrupt 143 Nonmaskable Interrupt (NMI) exception process 121 overview 119 Reserved Instruction 139 Reset 124 Reset exception process 120 Soft Reset 125 Soft Reset exception process 121 System Call 137

TLB 128

Trap 136 Virtual Coherency 133 Watch 142 exception vector location

Reset 122 Illegal Instruction (II) 49 overview 100 pipelining 56 priority of 123 exception processing, FPU

exception types

Division by Zero 194 Inexact 192 Invalid Operation 193 Overflow 194 overview 188 Underflow 195 Unimplemented Instruction 196 flags 190 saving and restoring state 197 trap handlers 198 Exception Program Counter (EPC) register

100, 112

exclusive, cache attribute 255 Execution (EX) 46 EXL bit 68, 69, 73, 109, 112, 119 extensions, to instruction set architecture 16 external stalls, conditions 53

F faults, CPU

handling 49 features

central processing unit 6–33 Floating-Point Unit (FPU) 30, 153 R4000 configurations 7 Floating-Point exception 141 Floating-Point General-Purpose registers (FGRs) 154 Floating-Point registers (FPRs) 156 Floating-Point Unit (FPU)

designated as CP1 30, 152 exception types 188

See alsoexception processing, FPU, exception types features 30, 153 formats

binary fixed-point 166 floating-point 164 instruction execution cycle time 173 instruction pipeline 172

See alsopipeline, FPU instruction set, overview 167 overview 152 programming model 154 transfers between FPU and CPU 169 transfers between FPU and memory 169 FPU. SeeFloating-Point Unit G game, softball. Seeyellow_slugs general exception

handler 145 process 121 servicing guidelines 146

I-6 MIPS R4000 Microprocessor User's Manual

H hardware

interlocks 169 interrupts 402 hazards, System Control Coprocessor F-1 I iAPX x86, compatibility with 24 IBM 370, compatibility with 24 IDEC. Seeinstruction decoder IE bit 109 Illegal Instruction (II) exception 49 Implementation/Revision register, FPU

157–158

Index register 85 Initialization interface

boot-mode settings 222 cold reset 214, 217 initialization sequence 218 power-on reset 214, 216 reset signal description 215 signals 208, 213 warm reset 208, 214, 217 initialization sequence, system 218 instruction decoder (IDEC), CPU 45 instruction decoding, CPU 14 Instruction Fetch, First Half (IF) 45 Instruction Fetch, Second Half (IS) 45 instruction formats, CPU

types of 14, 36 See alsoinstructions, CPU Instruction register 392 instruction set architecture (ISA)

extensions to 16 overview 14 instruction set, CPU

extensions 16 overview 14, 35 types of instructions 15 See alsoinstructions, CPU instruction set, FPU 167 instruction translation lookaside buffer (ITLB) 45 instructions, CPU

branch 15, 41 common to MIPS R-Series processors

16–23

computational 15

64-bit operations 39 cycle timing for multiply and divide instructions 40 formats 39 coprocessor 15, 42 exception 15, 42 extensions to CPU instruction set 16 instruction decoder (IDEC) 45 instruction translation lookaside buffer (ITLB) 45 joint translation lookaside buffer

(JTLB)31 jump 15, 41 load

defining access types 37 delayed load instruction 37 overview 15 scheduling a load delay slot 37 No Operation (NOP) 59 register-to-register 47 special 15, 42 store

defining access types 37 overview 15 System Control Coprocessor (CP0) 15 translation lookaside buffer (TLB) 97 instructions, FPU

branch 170 compare 171 computational 170 conversion 170 latency 181 load 169 move 169 pipeline stage sequences 181

MIPS R4000 Microprocessor User's Manual I-7 instructions, FPU (cont.)

repeat rate 181 scheduling 175 scheduling restraints 176 store 169 Integer Overflow exception 135 interfaces. SeeClock interface; Initialization interface; Interrupt interface; JTAG interface; Secondary Cache interface; System interface interlocks, CPU

aborting instructions subsequent to 55 effect on pipeline 53 external stalls 53 handling 49, 56 pipelining 56 types of 49 interlocks, hardware 169 Interrupt exception 143 Interrupt interface, signals 207 Interrupt register 402–405 interrupts, CPU

accessing 402 handling 49 hardware 402 Nonmaskable Interrupt (NMI) 402 Invalid Operation exception 193 invalid, cache attribute 255 ISA. Seeinstruction set architecture ITLB.Seeinstruction translation lookaside buffer J Joint Test Action Group (JTAG) interface boundary scanning, explanation of 390 operation 400 registers

Boundary-scan 394 Bypass 393 Instruction 392 signals 207, 391 Test Access Port (TAP) 395 joint translation lookaside buffer (JTLB) 31 JTLB.Seejoint translation lookaside buffer (JTLB) jump instructions, CPU 15, 41 K Kernel mode

and exception processing 100 ckseg0 79 ckseg1 79 ckseg3 79 cksseg 79 kseg0 75 kseg1 76 kseg3 76 ksseg 76 kuseg 75 operations 73 xkphys 78 xkseg 79 xksseg 78 xkuseg 77 kseg0 75 kseg1 76 kseg3 76 ksseg 76 KSU bit 68, 69, 73 kuseg 75 KX bit 73, 109 L language suite approach, benefits of 5 latency

determining 363 external read response 363 external response 361, 363 fault detection 435 FPU instruction 181 FPU operation 173

I-8 MIPS R4000 Microprocessor User's Manual latency (cont.)

intervention response 363 release 361, 362 snoop response 363 line ownership, cache 258 line size

primary data cache 250 primary instruction cache 249 secondary cache 252 little-endian, byte addressing 24, 170 load delay 48, 169 load delay slot 37 load instructions, CPU

defining access types 37 delayed load instruction 37 overview 15 scheduling a load delay slot 37 load instructions, FPU 169 Load Linked Address (LLAddr) register 93 M Master/Checker mode, of R4400 430 MC68000, compatibility with 24 memory management

address spaces 63 addressing 31 memory management unit (MMU) 61 register numbers 84 registers. Seeregisters, CPU, memory management System Control Coprocessor (CP0) 80 memory organization, hierarchy 244 MIPS RISCompilers, language suite 5 MIPS R-Series processors, instructions common to 16–23 move instructions, FPU 169 multiply registers, CPU 13

N No Operation (NOP) instructions 59 Nonmaskable Interrupt (NMI) 402 Nonmaskable Interrupt (NMI) exception handling 150 process 121 O on-chip primary caches 33, 246 operating modes 32

Kernel mode 73 Supervisor mode 69 User mode 67 Overflow exception 194 P page table entry (PTE) array 102 PageMask register 81, 87 parameters, system timing 233 parity check matrix 425 parity error checking 408 performance

address acceleration 58 address prediction 58 of uncached stores 59 physical address space 64 pipeline, CPU

back-up 54 branch delay 48 correctness considerations 58 decision whether to advance 57 exception conditions 52 external stalls 53 load delay 48 operation 44 overrun 53 performance considerations 58 slip conditions 53

MIPS R4000 Microprocessor User's Manual I-9 pipeline, CPU (cont.)

stages

Data Fetch, First Half (DF) 46 Data Fetch, Second Half (DS) 46 Execution (EX) 46 Instruction Fetch, First Half (IF) 45 Instruction Fetch, Second Half (IS) 45 Register Fetch (RF) 45 Tag Check (TC) 46 Write Back (WB) 47 stall conditions 53 pipeline, FPU

cycle time 173 overlapping 175 overview 172 resource scheduling rules 182 stage sequences 181 Porter, néeCollege 5. SeeClass of '73 power-on reset 214, 216 primary caches. Seecaches Processor Revision Identifier (PRId) register 89 R R4400

cache error bit 7 cache sizes 6 clock ratio 91 DC bit, setting primary D-cache size 92 divide-by-6 clock 91, 223 divide-by-8 clock 91, 223 EC bit 91 ECC Fault* signal 414 enhancements over R4000 7 EW bit 117 fault detection latency 435 IC bit, setting primary I-cache size 92 Master/Checker boot-mode bits

223, 225

Master/Checker mode 7, 430 Master/Checker mode configurations 430 Master/Checker mode reset operation 436 primary cache size 33 Status signals 7, 241 system clock ratio, boot-mode bits 223 uncached loads 326 uncached store buffer 7, 59, 326 Random register 86 reduced instruction set computer (RISC) compared with CISC, in languages used 4 design, benefits of 2 developments in recent years 2 historical context 1–2 optimizing compilers 4 Register Fetch (RF) 45 registers, CPU

exception processing

Bad Virtual Address (BadVAddr) 103 Cache Error (CacheErr) 116 Cause 110 Compare 104 Config 90 Context 102 Count 103 Error Checking and Correcting (ECC) 115 Error Exception Program Counter (ErrorEPC) 118 Exception Program Counter (EPC) 112 Load Linked Address (LLAddr) 93 Processor Revision Identifier (PRId) 89 register numbers 101 Status 105 TagHi 93

I-10 MIPS R4000 Microprocessor User's Manual registers, CPU (cont.)

exception processing (cont.)

TagLo 93 WatchHi 113 WatchLo 113 XContext 114 Exception Program Counter (EPC) 100 Interrupt 402–405 memory management

EntryHi 81, 89 EntryLo 87 EntryLo0 81, 87 EntryLo1 81, 87 Index 85 PageMask 81, 87 Random 86 register numbers (CP0) 80 Wired 86, 88 overview 12 register-to-register instructions 47 System Control Coprocessor (CP0)

80–97

registers, FPU

Control/Status 157, 159 Floating-Point (FPRs) 156 Floating-Point General-Purpose

(FGRs) 154 Implementation/Revision 157–158 registers, JTAG interface

Boundary-scan 394 Bypass 393 Instruction 392 Request 336 requests. SeeSystem interface Reserved Instruction exception 139 Reset exception

handling 150 overview 124 process 120 resets

cold 214, 217 power-on 214, 216 warm 208, 214, 217 S SCDChk bus 381 SCTAG bus 381 SECDED

check matrices 414 overview 409 Secondary Cache interface accessing a split secondary cache 381 data transfer rates 380 duplicating signals 380 operation of 382 overview 33 read cycles 383 SCDChk bus fields 381 SCTAG bus fields 381 signals 205 write cycles 385 secondary caches. Seecaches sequential ordering 378 shared, cache attribute 255 signals

Clock interface 203, 227 descriptions 199 Initialization interface 208, 213 Interrupt interface 207 JTAG interface 207, 391 request cycle control signals 298 Secondary Cache interface 205 summary 209 system clocks 229 System interface 201 slips, conditions 53 slugs, banana. SeeUCSC

MIPS R4000 Microprocessor User's Manual I-11

Soft Reset exception

handling 150 overview 125 process 121 special instructions, CPU 15, 42 sseg 71 stalls

conditions 53 external 53 status outputs, processor 241 Status register

access states 109 format 105 operating modes 109 store instructions, CPU

defining access types 37 overview 15 store instructions, FPU 169 strong ordering

example of 267 testing for 267 subblock ordering 378 superpipeline architecture

execution rate 6 Supervisor mode

csseg 72 operations 69 sseg 71 suseg 71 xsseg 72 xsuseg 72 suseg 71 SX bit 69, 109 System Call exception 137 System Control Coprocessor (CP0) hazards F-1 instructions 15 register numbers 80 registers

overview 27 used in exception processing 101 used in memory management

80–97

System interface addressing conventions 377 buses 295 commands

external validate requests 370 intervention requests 372 null requests 369 overview 364 read requests 366 snoop requests 372 syntax 364 update requests 370 write requests 367 cycle time

cluster request spacing 361 external response latency 363 release latency 362 data identifiers

overview 364 data identifiers, syntax 364, 374 data rate control

data transfer patterns 356 independent transmissions on

SysAD bus 359 secondary cache transfers 357 secondary cache write cycle time 358 description 293–294 endianness 360

I-12 MIPS R4000 Microprocessor User's Manual

System interface (cont.)

external request protocols

arbitration request 342 intervention request 349 invalidate request 348 null request 344 overview 329, 341 read request 343 snoop request 352 update request 348 write request 347 external requests

intervention request 317 invalidate request 316 null request 344 overview 313–315 read request 316 read response request 317 snoop request 317 update request 316 write request 316 handling requests

CACHE operations 327 Load Linked Store Conditional operation 327 load miss 318–320 store hit 326 store miss 321–325 uncached loads or stores 326 issue cycles 296 master state 299 overview 11 processor internal address map 378 processor request protocols

cluster 337 cluster flow control 338 invalidate request 335 null write request 336 overview 329 read request 330 update request 335 write request 333 processor requests

cluster 311 invalidate request 308 null write request 336 overview 304–305 read request 306 update request 310 write request 307 protocols 299 request

control signals 298 overview 302 rules 303 sequential ordering 378 signals 201 slave state 299 subblock ordering 378 timing requirements 60 T Tag Check (TC) 46 TagHi register 93 TagLo register 93 Test Access Port (TAP)

controller 396 controller reset 396 controller states 396 overview 395 timing requirements, pipeline 60 TLB invalid exception 130 TLB modified exception 131 TLB refill exception 129 TLB.Seetranslation lookaside buffer TLB/XTLB miss exception handler 147 TLB/XTLB refill exception servicing guidelines 148 translation lookaside buffer (TLB)

and memory management 61 and virtual memory 62 coherency attributes 78 entry formats 81

MIPS R4000 Microprocessor User's Manual I-13 translation lookaside buffer (TLB) (cont.)

exceptions 128 instructions 97 misses 97, 102, 144 page attributes 78 pipeline stages 46 virtual memory mapping 31 translation, virtual to physical

32-bit 65 64-bit 66 Trap exception 136 U UCSC. SeePorter, néeCollege 5 uncached store buffer 59 Underflow exception 195 Unimplemented Instruction exception 196 useg 67, 69 User mode

operations 67 useg 69 xuseg 69 UX bit 68, 109 V virtual address space 63 Virtual Coherency exception 133 virtual memory

and the TLB 62 hits and misses 62 mapping 31 multiple matches 62 virtual address translation 95 W warm reset 208, 214, 217 Watch exception 142 WatchHi register 113 WatchLo register 113 Wired register 86, 88 Write Back (WB) 47

X XContext register 114 xkphys 78 xkseg 79 xksseg 78 xkuseg 77 xsseg 72 xsuseg 72 xuseg 67, 69 Y yellow_slugs. Seeslugs, banana

I-14 MIPS R4000 Microprocessor User's Manual