MII— S

TECHNOLOGIES

Programming the MIPS32® 34K™ Core
Family

Document Number: M DO00427
Revision 01.30
May 25, 2006

M| PS Technologies, Inc.
1225 Charleston Road
Mountain View, CA 94043-1353

Copyright © 2004-2006 M I PS Technologies Inc. All rights reserved.



Copyright © 2004-2006 MIPS Technologies, Inc. All rights reserved.
Unpublished rights (if any) reserved under the copyright laws of the United States of America and other countries.

This document containsinformation that is proprietary to MIPS Technologies, Inc. ("MIPS Technologies'). Any copying, reproducing, modifying or use of this
information (in whole or in part) that is not expressly permitted in writing by MIPS Technologies or an authorized third party is strictly prohibited. At a
minimum, thisinformation is protected under unfair competition and copyright laws. Violations thereof may result in criminal penalties and fines.

Any document provided in source format (i.e., in a modifiable form such as in FrameMaker or Microsoft Word format) is subject to use and distribution
restrictions that are independent of and supplemental to any and all confidentiality restrictions. UNDER NO CIRCUMSTANCES MAY A DOCUMENT
PROVIDED IN SOURCE FORMAT BE DISTRIBUTED TO A THIRD PARTY IN SOURCE FORMAT WITHOUT THE EXPRESS WRITTEN
PERMISSION OF MIPS TECHNOLOGIES, INC.

MIPS Technologies reserves the right to change the information contained in this document to improve function, design or otherwise. MIPS Technol ogies does
not assume any liability arising out of the application or use of this information, or of any error or omission in such information. Any warranties, whether
express, statutory, implied or otherwise, including but not limited to the implied warranties of merchantability or fitness for a particular purpose, are excluded.
Except as expressly provided in any written license agreement from MIPS Technologies or an authorized third party, the furnishing of this document does not
give recipient any license to any intellectual property rights, including any patent rights, that cover the information in this document.

The information contained in this document shall not be exported, reexported, transferred, or released, directly or indirectly, in violation of the law of any
country or international law, regulation, treaty, Executive Order, statute, amendments or supplements thereto. Should a conflict arise regarding the export,
reexport, transfer, or release of the information contained in this document, the laws of the United States of America shall be the governing law.

The information contained in this document constitutes one or more of the following: commercial computer software, commercial computer software
documentation or other commercial items. If the user of thisinformation, or any related documentation of any kind, including related technical data or manuals,
isan agency, department, or other entity of the United States government ("Government"), the use, duplication, reproduction, release, modification, disclosure,
or transfer of this information, or any related documentation of any kind, is restricted in accordance with Federal Acquisition Regulation 12.212 for civilian
agencies and Defense Federal Acquisition Regulation Supplement 227.7202 for military agencies. The use of this information by the Government is further
restricted in accordance with the terms of the license agreement(s) and/or applicable contract terms and conditions covering this information from MIPS
Technologies or an authorized third party.

MIPS, MIPSI, MIPSII, MIPSIII, MIPSIV, MIPSV, MIPS-3D, MIPS16, MIPS16e, MIPS32, MIPS64, MIPS-Based, MIPSsim, MIPSpro, MIPS Technol ogies
logo, MIPS RISC CERTIFIED POWER logo, MIPS-VERIFIED, 4K, 4Kc, 4Km, 4Kp, 4KE, 4KEc, 4KEm, 4KEp, 4KS, 4KSc, 4KSd, M4K, 5K, 5Kc, 5Kf,
20K, 20K c, 24K, 24K c, 24Kf, 24KE, 24K Ec, 24K Ef, 25K f, 34K, 34K ¢, 34Kf, R3000, R4000, R5000, ASMACRO, Atlas, "At the core of the user experience.”,
BusBridge, CorExtend, CoreFPGA, CorelV, EC, JALGO, Mata, MDMX, MGB, PDtrace, the Pipeline, Pro Series, QuickMIPS, SEAD, SEAD-2, SmartMIPS,
SOC-it, and YAMON are trademarks or registered trademarks of MIPS Technologies, Inc. in the United States and other countries.

All other trademarks referred to herein are the property of their respective owners.

Template: nB1.00, Built with tags: 2B

Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Table of Contents

Chapter 1: INtrodUCLION ..o,
R O F=T o) (=] STU 0 4 F= T YU TP
1.2: TYpOgraphiCal CONVENTIONS .........ueiiiiiiiiii ettt e e e e e e ettt et e e e e e e e e e s bbb bb et e e e eaaaeeesaaannnbsbneeraaaaens
1.3: Finding information in thiS MEaNUAL...........coii i e e e e e e eeaaaaas
1.4: Key features Of the SAKT™™ COTE .....uu ittt e e e e e e e e ettt e e e e e e e e e e aaannnbsbeeeeeaaaeas
1.5: SPECITICALION SUIMIMAIY ...iiiiiii ittt e e ettt et e e e e e e e s e e s abebbe et et eeaaeaeeaaaannnbebbe e e e eeaaaeeeeaaannnnbsbneeeaaaaans
1.6: Pipeline and iMPIEMENTALION .........uu ittt e e e e e e e et e e e e e e e e e e e e nnbbnbreeeeeaaeas

Chapter 2: The MIPS® MT ASE - Multithreading the RISC Way .......ccccooiviiiiiiiiiiiiii e
2.1: What's a thread and itS CONTEXE? ......ueeiiiiiiiiiie ettt e ettt e e et e e e e st e e e e abbreeee e
2.2 WY MUIEI-ENIEAAING? ..ottt ekttt e e ettt e e e e e h b bt e e e e e bb et e e e e anbb e e e e e sbbreeaeaas
2.3: Different kinds of multi-threading: TCS and VPES .........uuuiiiiiiiiiiiiiii et

2.3.1: How an MT CPU’s hardware uses TCS and VPES ........cccuuiiiiiiiiiiie et
2.3.2: CPU resources and registers shared between all threads..........ccccceeeeeiiiiiiiiiiiiiie e
2.3.3: CPU resources and registers replicated Per-TC ........ouoiiiiiiiiiiiiii et
2.3.4: CPU resources and registers replicated Per-VPE ..........cccuuiiiiiiiiiieiiieee e
2.4: When Can't tNIEATAS FUN? ..ottt ettt e e e bt e e e e a b bt e e e e ettt e e e e aaba e e e e e abbreea e
2.5: Thread-scheduling decisions and the POoliCY MANAGET .........oouuiiiiiiiiiii e
2.6: Multithreading, eXCeptions AN INTEITUDLS ......ccoiiiiiiie ittt e et e e e e s eee e
2.6.1: Multithreading and INTEITUPES........eiiiiiieii ettt e st et e e s aneneeas
2.7: Multithreading, non-blocking loads and stores, and gating StOrage .........ccuvvieiiiiiiiieiiiiiieee e
A A B €= S (o =T T T PR PRPTP
2.8: MIPS® Multithreading ASE - NEW INSIUCHIONS .......oiiiiiiiiiieiiiiiie ettt e e
2.8.1: Yield, Yield Qualifiers and threads waiting for hardware events.............ccccciiiiiiiiiee e
2.8.2: All MT instructions in alphabetiCal OFUEr ...........ooi i s
2.9: Multithreading ASE - CPO (Privileged) rEQISTEIS ... ..ciiiiiiiiee ittt e e
2.9.1: What CPO registers are per-TC, per-VPE and Per-CPU? .......oocuuiiiiiiiiiiieiiee e
R IV e =l ©o ] 111 o | PR OUT PP
2.9.3: TCRestart, TCHalt and TCCONEXLE ....ovuniieieeiieee e et e e e e e e e e e e e e e et e e e e e eeaaaeeaeeeeees
2.9.4 TOSTALIUS ...eetitteeieet e e e e oottt e oo oo oottt et e e e o4 4o 4 e ettt ettt e e e a4 e e e e et e et e e e e e neeas
P2 R T O = 11 o PSP PRPPP
2.9.6: MVPConf0-1 - read-only multithreading-specific configuration information .............cccccovvieenninnn.
2.9.7: MVPControl Register - CPU-Wide VPE CONTIOL.........coiiiiiiiiiiiiiiiiiie it
2.9.8: VPEConf0-1 registers - initializable per VPE reSource liStS..........oooiiiiiiiiiiiiiiiiiee e
2.9.9: YQMask register - enable yield “CONAIIONS ........oouuiiiiiiiiiie e
2.9.10: VPEORpt register - reserve some cache "way" for use of one VPE ...,
2.9.11: Shadow register configuration SRSCONTO-4 ..........oiiiiiiiiiiie e
2.9.12: Thread scheduling hints - TCSchedule, TCScheFBack, VPESchedule..........cccccceeeeviiiiiiiiiiiinnnen.

Chapter 3: How the 34K™ core implements multi-threading ..........ccccceeiiiiiiiii e
3.1: The 34K™ core pipeline and multithreading ........cccvvviiiiiiiee e
3.1.1: Resource limitS and CONSEQUENCES .......ccccuuriiiiiiiieieeeeeeiieiire e e e e e aee e e s e s s bar e e eeaaaeaeasassssraaaneeeeaeens

3.1.2: ChOOSING INSIUCTION 10 ISSUE ..v.evviiieeeeisiiciiiitieee et et e e e e s e s e ettt e e e e e aee e e s e s ana b e e e eaeaaeeessasansrnanneaeeaeens

3.2: Thread scheduliNng INthe 34K COTE....uuuiiiiiii et e e e e e e e e e e e e e e e e e s e s s breareeaaeas
I I N L= B 1 o = L o TS o 1T [ ] T PP

Il o [0y VA £ =T g F= Vo [T T ] (= 5 = Lo = USSP

3.2.3: Policy managers available for the 34K™ core family........cccooviiiiiiiee e

Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.

18
18
19

22

33
34



3.3: Inter-thread communication StOrage (ITC)......oiiiiiiiiiieeeeee e e e e e e e aeeas 47

3.3.1: Configuring ITC base address and cell repeat interval ..............ccccoeeiiiiiiiiiiiiiie e 48
3.4: The 34K™ COre @nd INTEITUDES .......uieiiiiiiie e e ettt e e e e e ettt e e e e e e e e e e e bbb b ettt e et e e e e e e s e nnbbbeaeeeaeeas 49
3.5: Synchronization: "lI" and "sc" instructions iIMplemMeNtation .............c..uuviiiiiiiii e 49

Chapter 4: Initializing the 34K™ core - Multi-Threaded bootstrap iSSUES...........cccceeeeeeiiiiiie. 51
4.1: Bootstrapping without worrying about Multithreading ... 51
4.2: Configuring your choiCe Of VPES @Nd TCS ....oiiiiiiiiiiiiiiiiieeiie ettt e et e e e e e e e e e s e e ennnenes 52

4.2.1: Setting Up @ VPE fOr 1€gacy SOfWAIE........ceii ittt e e e e e e e e e e e eeneeees 53

4.2.2: Sharing and Not Sharing the TLB .........ciiiiiiiiii et e e e et e e e e e e e e e s e e annenees 53
4.3: Setting UP @ TC 10 TUN @ TAIEAM ...ttt e e e e e e e e e st r e e e e e e e e e e e e annnenes 55
4.4: TCs recycCled as SNAUOW FEOISIEIS .. ... iiee ettt e e e e e e e e e ettt e et eeaeeeaesannbeebeeeeeeaaaeeeesaaannnenes 55

Chapter 5: The MIPS32® DSP ASE ..., 57
5.1: Features provided by the MIPS® DSP ASE ...ttt e e e e e s e s s ae e e e e e e e e e s e s snnnenaeeeeees 57
5.2: The DSP ASE CONTIOl FEQISTON . .iiiitiiieiie et e e e e ettt e e e e e e e s e e e e e e e e e s e s s ea et e e ereaaeaeeeesannsnntananeneees 58

5.2.1: DSP GCCUMUIBLOIS ....eiiiiitiiiies ittt ettt e ettt e e sttt e e s e a bttt e e e s b e et e s ansb et e e e s nbeeeeesannneeas 59
5.3: Software detection Of the DSP ASE .......oi it e e e s 59
I B S T Y 1 ot 1o £ PP OOUPPRPTPPPR 60

5.4.1: HINES iN INSIUCHION NMAMES ...ceiiitiiiiie ittt e e et e e e st e e e e e st e e e e e nbbeeeeeanbeeas 60

N A 11 0] 4= (TR GV o TSR 61

5.4.3: Arithmetic - saturating and/or SIMD TYPES ....uuuuiiiiiieeeeeiiiiiiiiireree e e e e e e e e s s st ereeaeeeeeesanssnsrnrneereees 61

5.4.4: Bit-shifts - saturating and/Or SIMD tYPES......uuuuuuiiiiiieeeeeii ettt e e e e e e rrr e e e e e e e e e s e e snnrrnrereeees 61

5.4.5: Comparison and "conditional-move" operations 0N SIMD tyPeS.......cccciviviiieiiiiiieiee e eesiieeeeeeeas 61

5.4.6: Conversions to and from SIMD tYPES .....cccuruiiiiiiiiieee e iee et e e e e e e e e s s r e e e e e e e e e s e e annrenraeereees 62

5.4.7: Multiplication - SIMD types with result in GP regiSter ........cuuuiiiiiiiiee e 62

5.4.8: Multiply Q15s from paired-half and aCCUMUIALE.............ccocviiiiiiiiiic e 63

5.4.9: Load with register + register a00rESS .......ccuvuiiiiiiiiieee s et e e e e e e s e e e e e e e e e e e s e s snnarnaeeeeees 63

o O D IS o Ofe g i o] I =10 1] (T = o o SO 63

5.4.11: AcCUMUIALOr @CCESS INSLIUCTIONS ...ttt ettt e e et e et e e e e nneeas 64

5.4.12: Dot products and building blocks for complex multiplication...............cooveviiiiiiieiiee e, 64

5.4.13: Other DSP ASE INSIUCHIONS .....eeiiiiiiiiiiieiiiiiie ettt et e st e e e e e st e e e e e ennbeeeeeanneeas 65
5.5: Macros and typedefs for DSP iNSIIUCLIONS ........coociiiiiiiiie e e e e e ee e e e e e e e e s e s naeeeeees 66
5.6: Almost Alphabetically-ordered table of DSP ASE INStIUCLIONS .........uvviiiiiiiiee it e e eee e 67
5.7: DSP ASE INStIUCHION tIMING ..eeeiiiiiieiiieiie ettt e e e e e e e e s e e e e e e e e e s s e snaan e aeeaeeaeaeesannnnntnnaneenees 70

Chapter 6: Memory map, caching, reads and writes and translation ................ccccceee e, 71
(O I L= 0 T=T 0T Y 1 1 =T PP U TP TP PPRTPPPP 71
(SO P C=To I g aF= o] o[ To o] 011 [o] o TP U TP TR OPRTPPPP 72
6.3: Reads, writes and SYNCRIONIZALION .............cooiiiiiii e e e e e e e e e e e e e e e e s e e e e e as 72

6.3.1: Read/write ordering and queues iN the 34K COIE.......cooiiiiiiiiiiiii e 72

6.3.2: The “SYyNC” INSIFUCHION 1N 34K ...oiiiiiieieiie ettt ettt e s e e s e e e e e e e e e aeaeaeaeaeaeanes 73

6.3.3: Write gathering and “write buffer flushing” in 34K ..., 74

6.3.4: Parity error exception handling and the CacheEIT regiSter ...........cuuuiiiiiiiiiiiiiiiieiee e 74

LSRG TR T = £ O 1 I (=T [ ] C] PPPPUUPUUSTP 75

RSNl = T U =T g (o = (ot =] o] (o] o PP PTT PP POPPPPPPR 76
O S O (o [T T PP U TP TR PPRTPPPP 76

6.4.1: CaCheability OPLIONS ...ttt et e e e e oot e et e e e e e e e e e n e e e e aeas 76

6.4.2: Uncached aCCeIBIatEd WITES ........oiii ittt e e e e e e e et eeeeeas 77

6.4.3: The cache instruction and software cache management...............oouvvviiiiiiiiiiiiin e, 77

6.4.3.1: Read/write synchronization and the cache INStruCtion ...............cccoovviiiiiiiiccce e 78

6.4.4: Cache management when writing instructions - the “synci” iINStruction ..............cccccoeeeeeeeiiiiiiiiieennn, 78

4 Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



6.4.5: Cache management and multithreaded CPUS.............ccooiiiiiiiiiiieerr e e e e e e e e, 78

6.4.6: Cache initialization and tag/data regISTEIS ......cccciiiii i e e e e e e e e e e e e e araans 79
B.4.7: CACKNE AlIASES. ....ceeiiiieei ittt e ettt e e e e ettt e e e e e e e e e eeaaaeas 80
(S A = Tod o L= (o o 141 T TP PPPUPPUUSPP 81
6.4.9: Cache control for Multithreading CPU...........iiiiiii it a e e e e e e e e e e e e e aaananes 81
6.4.10: Cache management and multithreaded CPUS.............cooiiiiiiiiiiiierrr et e e e aeaeaens 81
6.4.11: Cache initialization and tag/data regISLEIS .......ccccieiiii e e e e e e e e e e e ae e aaaans 82
6.5: Scratchpad MEMOIY/SPRAM . ... ... ettt e e e oottt e e e e e e e e e s bbb eeeeaaeas 83
6.6: The TLB @nd tranSIAtION .......cooiiiiiieeeee ettt e e e e e ettt e e e e e e e e e s bbb e e e e eaaeas 85
B.6.1: TNE TLB AITAY ..iiii i i i e e et e e e e e e e e e e e e e e e e et e et et eeeeea e et e e e e aeeaeaeaeeaeaeaeaeeeeeeeesessrnranns 85
6.6.2: The TLB and the MIPS® MT ASE .......ouiiiiiiiiiiee ettt ettt e e e e st e e e e s nnbeeeeeannseeas 86
6.6.3: Live translation and MICTO-TLBS.......cooiiiiiiiiiiiiie ettt e e e e e e e e e st aeeeeeeas 86
6.6.4: Reading and writing TLB entries: Index, Random and Wired ...............cccccviiiiiiiiiniiie e, 86
6.6.5: Reading and writing TLB entries - Staging regiStErS .........cccoiiiiiiiiiiiiiiiirers e e e e e e e e e e e e eeeeaneens 86
6.6.6: TLB initialization and dupliCate ENTHES...........uuiiiiiiiiiiei et 88
Chapter 7: Kernel-mode (OS) programming ......ccooeeiiiiiiiiii i, 89
7.1: Hazard DArrier INSIIUCLIONS .....ooiiiiieieee ettt e e e e e e e ettt et e e e e e e e s e e s s bb e e et e e eeaaeaeeaaannneeeeeeeaeeas 89
7.2: MIPS32® Architecture Release 2 - enhanced iNterrupt SYStEM(S) .....vvvveiiiiriieiiiiiiee e 90
7.2.1: Traditional MIPS interrupt Signalling and Priority..........coooueeieoiiiiiie e 91
7.2.2: VI mode - interrupt Signalling @nd Priority..........oooiieeieeiiiiie e 92
7.2.3: External Interrupt Controller (EIC) MOGE.........uuiiiiiiiii ittt 92
RS M 1= To [0 =T S (=T £ OO TP TP TP PP PPUPPPPOPPPPP 93
7.3.1: Recycling multi-threading CPU’S TCS &S SNadOW SIS .......cccoiiiiiiiiiiiiiiiieeiiee e 95
T4 SAVING POWET ...ttt e o4ttt e o412ttt e 44k b ettt o4 4a ket e o4 ek b bt e e e e aa bt et e e e e enbb e e e e e abbr e e e e 95
Chapter 8: 34K™ core features for debug and profiling .......cccoooiiiiiiiii e 97
S0 I 0 I I A o g o 1T o 0 =Y o1 o W T P 97
8.1.1: Debug communications through JTAG ........uuiiiiiiiiieee e e e e e e e s eeeees 98

S0 I B 1= o 18 o N 0 0T [P 98
8.1.3: The debug unit and Multi-threading .........cccviiiiiiii e e 99

S I S T | [t 1= o] o1 o PP 99
8.1.5: The “dseg” Memory dECOUE FEQION .......ccuuveiieiieeieeeeeeeie sttt e e e e e eee e s e s s sssasbe e e aeeeeeeeseeannnsrnrnneneeeees 100
8.1.6: EJTAG CPO registers, particularly DEDUG ........uuiiieeeiii e sreen e 102
8.1.7: The DCR (debug control) memory-mapped regIiStEr .........uuuiuiiiieeiee e 104
8.1.8: JTAG-ACCESSIDIE FEQISIEIS ...uvviiiiiieiee e ittt e et e e e e e e e s e e s e e e et e e eeeessesnnnsrnreeaaeeeees 105
8.1.9: EJTAG DreakpOiNt FEOISIEIS ...uuiiiiiii e e e i ittt e e e e s et e e e e e e e s e s s s e e e e e e e e e e s eeannsrnneeaneeeaees 107
8.1.10: Understanding breakpoint CONITIONS .........uuiiiiiiieeeiei i e e e e e e s ereeeeees 109
8.1.11: IMPrecise AehUQ DIEaKS......uuuiiiiiiiee et e e e e e e e e e e s e e e e e e e e e e s e e annrrnreeaaeeeees 109
8.1.12: PC Sampling WIth EJTAG ...ueeeeiiieie e ettt e e e e et e e e e e e e s e e s st e e e e e e aeeeseeannsrnrenaneeeees 110
8.2: PDtrace™ inStruction tracCe faCIIItY ..........ueuiiiieeeiii i e e e e e e 110
8.2.1: 34K core-specific fields in PDtrace™ JTAG-accessible registers........cocvvvvvviviieeeee e ceiiiieeeeeeen 111
8.2.2: CPO registers for the PDIraCe™ I0QIC .....uuuvrriiiiriiiee e e s ittt e e e e e e e s e s et r e e e e e e e e s e s annnanrneeeeeeees 112
8.2.3: JTAG triggers and local control through TracelBPC/TraceDBPC.........cccccvviieiieieee e 113
oI S U 1T I = (ot I T L= N =T o P PURSRSR 114
8.2.5: Summary of When trace NAPPENS .......ooiiiiiiiiie e e e e e e e s e aaeeeees 114
SR S O = O VY= 1 o o 0T 1| £ ESSPP 115
S =Ty (o) g F= g o= oo 1B g1 =T = PR PPPTI 115
8.4.1: Reading the eVENT LADIE. .........eeiiiieii e e e e e e s e aae s 117
Chapter 9: Programming the 34K™ COre in USEr MOUE ......ccooiiiiiiiiiiiieeee e e e 121
S B0 I 1= 0 T ] o) = T T OO PPRP TP PP 121
Programming the MIPS32® 34K™ Core Family, Revision 01.30 5

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



9.2: User-mode accessible "Hardware regiStErS" .........oovviiiiiiiiiiiiiiiis i e e e e et 122

LS IR T (= (= (o 1T o e = = 122
9.4: Using “synci” when Writing iNSIIUCIONS...........oooiiiiiiieeeee e e e e e e e e e e 123
9.5: Tuning software for the 34K family PIPEliNe ... 123
9.5.1: Cache delays and mitigating their ffeCt ... e 124

9.5.2: BranCh delay SIOt........ccoiiiiiiiieeee ettt a e e e e e e e e e e e e e e e e e 124

9.5.3: Branch misprediCtion EIAYS ..........oooi ittt e e e s 125

9.5.4: Data dependency delays ClasSSIfIed............uuiiiiiiiii e 125

9.6: Floating point instruction timing and data dependeNnCIES. ........c.oiiiiiiiiiiiiiie e 128
9.6.1: FPU register dependenCy TEIAYS .......cooiuiiiiiiiiiiiee ettt e e e e e e e as 128

9.6.2: Delays caused by “long-latency” instructions looping in the M1 stage..........cccccceeeiiiiiiiiiiiiieneenenn. 128

9.6.3: Delays on FPU load and Store iNStrUCIONS ...........ccooiiiiiiiiiiieeeeee s e e e e e e e e e e e e e e e eeeeeaeanannnnns 129

9.6.4: Delays when main pipeline waits for FPU to decide not to take an exception .............ccccvvvveeeeennn. 129

9.6.5: Delays when main pipeline waits for FPU to accept an inStrucCtion................ccccvveiininiiiiiiiieeeeenenn. 129

9.6.6: Delays on MfCL/MECL INSITUCTIONS ....uvuuuiiiiiiieie e e e e e e e et e e e e e e e e e e e e aaaeeeeeeeeeeaeaeanrnnns 130

9.6.7: Delays caused by dependency on FPU status register fieldS ... 130

9.6.8: Slower operation in “MIPS I™" compatibility MOTE ............cccvvivieieeeeeeeeee e, 130
APPENAIX A REFEIENCES .uuiiiiiiiiiiiiiiiitiiieeiietireetaeeeeee aeeeeeeaaeeeestsessessteessassssssssessssssssssssssasssssssssresssnnssees 131
APPENAIX B: GIOSSAIY ..ot e e e e e e e e e e e e e e e e e e as 133
Appendix C: CPO register summary and referenCe . .......ooiuiiiiiiiieiiiee e 137
C.0.0.1: Power-up state Of CPO FEQISTEIS ......uueeiiiiiiieei ittt e e e e eeeae s 137

C.0.0.2: A note on unused fields iN CPO FrEQISTEIS .......uuuuriiiiiieie e e et 137

C.1: CPO regiSterS DY NAIMIE .....uieiiiiiie i e e e e e e e e e e e e e e e e ee e e e e e e eeaeaeaes e sasn e e s 138
C.2: CPO regiSters DY NUMDET ... ...uuieeie i e e e e e e e e e e e e e e e e e et et e aeeeaeae e e e e s 138
C.3: CPO regiSters DY fUNCLION ......i e e e e e e e e e e e e e e e e e e et e eeeeaeae e a e e e s 141
C.4: Miscellaneous CPO regiSter dESCIPLIONS .......ooiii ittt et e e e e e e bbb e e e e e e e e e e e aenbbeeee s 142
(Ot S = 1L [N =T 1] (=] PP PPPRPTRRRPRTPN 142

C.4.2: Exception control: Cause and BadVAdAr FEQISIEN .......couuiiiiiiiiiieee e 143

C.4.3: COUNE QNG COMPAIE ...ttt e ettt e e e e e e e e e bbb ettt e e e e e e e e e s e s bbb b e sttt et e e e e e e e e e annbbbbeeeeaeaeens 145

C.4.4: PRId, Configuration and EBaSE regiSterS........ciciiiiiiieiiiiieeeeeeeee s e e e e e e e e e e e e e e e e e e eeeaaaananrnnns 145

C.4.5: Configuring interrupts - The INtCtl and SRSCH regiSterS........cuiiiiiiiiiiiiiiiiiiee e 150

(O T I O T 1] (] PP PPPTPTRRRPRRPRN 151

(O Ny A O ol o ST (=0 Y (= £ T PP PPPPTRRRRPSPN 151

C.4.8: EJTAG UNIL TEUISTEIS . .iiiiiiiiiieeeeeietett e et e e s et e e e e e e e e e e et e e et ee et aeae et e e e s e aeaaeaeeaeaeaeeeeeeeseensnnrnnns 151

C.4.9: WaAtCHPOINT FEOISTEIS ...ttt ettt e e e e e e e e e s bbbttt et e e e e e e e e e aanbb b b beeeeeeeeeas 151

C.4.10: Performance COUNTET FEQISIEIS ....uuuuuuuuiiiiie e e i et e e e e e e e e e e et et e ettt a e s e e e e e e e eaeaaeaeaaeeeeeeenessenrnnes 152

C.4.11: Parity/ECC CONLIOL .. ..ottt e e e e e e e ettt e s e e s e e e e e eaeaaaaeaeeeeeeeeennssnrnnns 152

C.4.12: Registers added for MUItItNreading........ccooiieiiiiii e e e e e e e 152
Appendix D: MIPS® Architecture quick-reference ShEet(S) ......uuuuuvurerrreririeireiieiiieeiieeereerreerrereeeenn. 153
D.1: General purpose register NUMDErS aNd NAIMES ..........ueiiiiiiiiiie ettt e s ee e 153
D.2: Floating point iNFOMMATION. .......ceiiiiiiiii ittt e ek e e e e e bt e e e abb e e e e e abaeeeeeaa 153
(D B D v W (=T o] (=TT =T o[ ¢= L1 o] T PP T P PP PP TPPP 153

D.2.2: Setting up the FPU and the FPU CONLrol FEQISTEIS ........vviiiiiiiiiiie it 154
Appendix E: CPO Registers 0f the 34K COre ... ....uiiiiiiiiiiiiee et 159
E.1: CPO REQISIEr SUMMIAIY ...ciiiiiiieititeeeit e et e e e e e s ses e e et e e aeee s e s assa e aeeeaeeaeeesaaaasssssbaearaeaaeeesesanassnsssnneneeeeees 159
E.2: CPO REQISIEr DESCIIPIIONS ... iiitiiieiiteeee e e e e s eee e et e e e e e e s e e ss et eeeeeeeeeeesaa s nsesbaearaeeaeeeeesannnnnssnnenneeeeees 161
E.2.1: Index Register (CPO Register 0, SEIECE 0)....uuiiiieeiieiiiiiiiiiiiiie e r e e e e s e e e snaarreeneeeee s 162

6 Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



E.2.2: Random Register (CPO Register 1, SEIECt 0) ....uuuiiiiiiiiii i a e 162

E.2.3: EntryLoO and EntryLol Registers (CPO Registers 2 and 3, Select 0) ........ccccvevveiiiiiiiiiieieeeeeeeeee, 163
E.2.4: Context Register (CPO Register 4, SEIECE 0) ..uuuuuuiiiiiiiii i a e e 164
E.2.5: PageMask Register (CPO Register 5, SEIeCt 0).....ccoiiiiiiiiii i 165
E.2.6: Wired Register (CPO Register 6, SEIECT 0) ....uuuruuuiiiieieiei e e e e e e e e 166
E.2.7: HWREnNa Register (CPO Register 7, SEleCt 0).....uuiiiiiiiiii e 167
E.2.8: BadVAddr Register (CPO Register 8, SEIECE 0) .....iiiiiiiiii e 167
E.2.9: Count Register (CPO Register 9, SEIECt 0) ...uuuuuuuiiiii i a e e 168
E.2.10: EntryHi Register (CPO Register 10, SEIECE 0)....uuciiiiieiiiii e a e 168
E.2.11: Compare Register (CPO Register 11, SeleCt 0).......cccuuriiiiiiiiiiaeaieiiiiiii et 169
E.2.12: Status Register (CPO Register 12, SEIECE 0) ...uuuuiiiieiiie i a e e 170
E.2.12.1: OPErating MOUES.......coiiiiiiiiiteee ettt e ettt e e e e e e e e e s bbb b e e e e e e e e e e e e e aanas 170
E.2.12.2: COProCeSSOr ACCESSIDIIILY ......uueeeiiiiiiieeiiii ittt e e e e e e e 171
E.2.13: IntCtl Register (CPO Register 12, SEIECT 1) ..uuuuuuiiiii it a e e e 175
E.2.14: SRSCtl Register (CPO Register 12, SEIECE 2) ....uuiiiiiiii i 176
E.2.15: SRSMap Register (CPO Register 12, SEIECTE 3) ..ot 178
E.2.16: Cause Register (CPO Register 13, SEIECT 0) ...uuuuiiiieiiiii e a e 179
E.2.17: Exception Program Counter (CPO Register 14, SeleCt 0).........coouiiiiiiiiiiiiiieiieeeeeeiieeee e 182
E.2.18: Processor ldentification (CPO Register 15, SeleCt 0)........cccooiiiiiiiiiiiiiees e 183
E.2.19: EBase Register (CPO Register 15, SEIECE 1) ...uuuiiiiiiiiii i 184
E.2.20: Config Register (CPO Register 16, SEIECE 0) ...uuuuiiiiiiiiiii e e e 185
E.2.21: Configl Register (CPO Register 16, SEIECE 1) ....ciiiiiiiiii e 187
E.2.22: Config2 Register (CPO Register 16, SEIECE 2) .....ciiiiiiiiii e 189
E.2.23: Config3 Register (CPO Register 16, SEIECE 3) ...uuiiiiiiiiii i 190
E.2.24: Config7 Register (CPO RegiSter 16, SEIECE 7) ..uuuiiiiiiiii i 192
E.2.25: LLAddr Register (CPO Register 17, SEleCt 0) ......cceieiiiiii e 193
E.2.26: WatchLo Register (CPO Register 18, SeleCt 0-3) .....cccoiiiiieieiiiiieeeeeeeeer e a e 193
E.2.27: WatchHi Register (CPO Register 19, Select 0-3)......cccciiiiiiiiiiiiiie e 194
E.2.28: Debug Register (CPO Register 23, SEIECt 0) ...uuuuiiiiieii i 195
E.2.29: Trace Control Register (CPO Register 23, SeleCt 1).......ccccooiiiiiiiiiiieeees e 199
E.2.30: Trace Control2 Register (CPO Register 23, SEleCt 2).......ccccoiiiiiiiiiiieees e 201
E.2.31: User Trace Data Register (CP0O Register 23, SeleCt 3) .......ccoviiiiiiiiiiiieer e 203
E.2.32: TracelBPC Register (CPO Register 23, SEIECL 4) .....ccoooii i 204
E.2.33: TraceDBPC Register (CPO Register 23, SEIECt D) ...ccooiiiiiiiiiiiieeee e 204
E.2.34: Debug Exception Program Counter Register (CPO Register 24, Select 0).........c.ooooiiivviviiennenenn. 205
E.2.35: Performance Counter Register (CPO Register 25, select 0-3).......ccovvvviiiviiiiiiiiiiiiiiiieeeeeeeeeeeeeeee 206
E.2.36: ErrCtl Register (CPO Register 26, SEIECE 0) ...uuuuiiiiiiiie i a e e e 208
E.2.37: CacheErr Register (CPO Register 27, SeleCt 0) ....cccoeieiiii e 210
E.2.38: TagLo Register (CPO Register 28, SeleCt 0,2,4) ...cccoeieii i 213
E.2.39: Datalo Register (CPO Register 28, SEleCt 1,3) ....cciiiiiiiiiiieieiiieeeee s 214
E.2.40: DataHi Register (CPO Register 29, SEIECT 1)...uuuiiiiiiiiei e a e 215
E.2.41: ErrorEPC (CPO Register 30, SEIECE 0).....uuuuuriiiiiiiieie i e e e e e e e e aeaees 215
E.2.42: DeSave Register (CP0O Register 31, SEIECt 0).....ciiiiiiiiiiii e a e 216
APPENAIX F: REVISION HISTOIY .uuuiiiiiiiiiiiiiiiiisiiitiietisesiseeresesssesesseesssesssesssssssssssessssssssssssssassssssssssssssnnseees 217
Programming the MIPS32® 34K™ Core Family, Revision 01.30 7

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



List of Figures

Figure 2-1: Fields in the VPECONIIOl FEQISTEI..........veieeieiieieiies ettt s e s e e e e e e e aeaaaaaaaaaaaees 34
Figure 2-2: Fields iN the TCSIAtUS FEOISTEN .......iiiiiieeeeeeeeie et e e e e e e ettt et a e s e s e e e e aeaaeaaaaaaeaanenes 35
Figure 2-3: Fields in the TCBING FEOISIEN .......ciiiiiieeeeeee et e e e e e e e e e ettt e e et s e s e s e e e e aeeaeaaaaaaaaeaaees 37
Figure 2-4: Fields in the MVPCONTO-1 rEQISTEIS ......veiiiiiiiiiiiiiie et e e e e e e ettt e e s e e e e e e e e e aeaaaaaaeaaaeees 37
Figure 2-5: Fields in the MVPCONIIOI FEQISTEN .........veieiiiiieieee sttt s e e e e e e e e e aeaaaaaaaaaaeaes 38
Figure 2-6: Fields in the VPECONTO-1 FEQISTEIS.......cuieiiiiieiiiiiieieee e e e e e e e ettt a s s e e e e e e e aeaaaaaaaaaaeees 39
Figure 2-7: Fields iN the VPEOPL FEQISTEN .......ue ettt e e e e et e e e e e e e e e s e bbb e e e eeeeeas 40
Figure 3-1: The 34KT™ COre PIPEINE ...ttt e e e ettt e e e e e e e e e s et eeeeeas 41
Figure 3-2: Fields in the TCSchedule and VPESchedule registers (WRR policy manager) .........cccccoovviiivviiennnnnn. 46
Figure 3-3: Field layout in @n ITC CEll SLAUS VIEW...........uuuiiiiiiiiiiie e e e e ettt s e e e e e e e e e aaaaaaaaeaeees 47
Figure 3-4: ITC configuration INfOrMAtION.............ooiiiiiii et s e s e e e e e e e aeaaaaaaaaaneees 48
Figure 5-1: Fields in the DSPCONLIOI REQISTEI ..........vuiiiiiiiiiieeie ettt e s e e e e e e e e e aeaaaaaaaaaaeees 58
Figure 6-1: Fields in the CaChEEIT FEQISIE .........iieieeeeee ettt e s e s e e e e e e e aeaaaeaaaaaaeees 74
Figure 6-2: Fields iN the ErTCH FEQISTEI ......cci ittt e e e ettt e s e e e e e e e e e aeaaaaaaaaanenes 75
Figure 6-3: Fields in the encoding of @ cache INStIUCION .........ccoiiiiii it e e e e e e e e e e 77
Figure 6-4: Fields in the ITagLo and DTagLo REQISIEIS .....uuuuuiiii i a e e e e e e e e e aaaaaans 80
Figure 6-5: Fields in DTagLo/ITagLo when used for way-seleCt RAM .............ooiiiiiiiiiiiiiiiicee i eeaeaens 80
Figure 6-6: Fields in the ITagLo and DTagLo REQISIEIS .....uuuuiiiiiie e e e e e e e e e e e e e e e aaaaes 82
Figure 6-7: Fields in DTagLo/ITagLo when used for way-seleCt RAM .............ooviiiiiiiiiiiiiiies e e e 82
Figure 6-8: SPRAM (scratchpad RAM) configuration information in TagLo..........cccooiiiiiiiiiiiiii e 84
Figure 6-9: Fields in @ 34K™ COre TLB ENEIY ......ooiiiiiiiiiiiiiieie s e e e e e e e ettt e et e e s e s e e e e e e eaeaaaaaaeaaneees 85
Figure 6-10: Fields in the EntryHi and PageMask regiSterS.......ccoiviiiiii i e e e e e e e e e e e aaanaees 86
Figure 6-11: Fields in the ENtryLO0-1 FEQISTEIS .. ..eiveieieieieiiiieeeee e e e et e e e e e e e e e e e et et e ettt e e s e s e e e e aeeaeaaaaaaeaaneees 87
Figure 7-1: Fields in the INtCH FeQISTOI .. ..ot e e e e ettt e s e e e e e e e e e aeaaaeaaaaaaeees 91
Figure 7-2: Fields in the SRSCtl register (shadow register Set CONtrol) ............oooevviiiiiiiiiiiiiiir e, 93
Figure 7-3: Fields iN the SRSIMAP FEQISTEN .......u ittt e e e e et r e e e e e e e e e s e bbb aeeeeeeas 94
Figure 7-4: Fields in the SRSCONTO FEOISTEN .......oviieiieiieei sttt e ettt e s e e e e e e e e e aaaaaaaeaaaaeae 95
Figure 8-2: Exception cause bits in the debug regiSter.............. e 103
Figure 8-1: Fields in the EJTAG CPO DEDUQ FEOISIEN ......uuuriiiiiiieie ettt a e e e e e e e e aaeaeaees 103
Figure 8-3: Debug register - exception-pending flags .......coeeeiiiiiii e 104
Figure 8-4: Fields in the memory-mapped DCR (debug control) regiSter ............iiiiiiiiiiiiiiiieeeee e 104
Figure 8-5: Fields in the JTAG-accessible IMPCOAE rEQISTEN.........oiii it 105
Figure 8-6: Fields in the JTAG-accessible EJTAG_CONTROL regiSter..........covviviiiiiiiieiiiiiiiiiie e eneeeeeeaeaaeaeaee 106
Figure 8-7: Fields in the IBS/DBS (EJTAG breakpoint Status) regiStersS ..........uueueiiiieiaiiiiiiiiiiiiiee e 107
Figure 8-8: Fields in the hardware breakpoint control registers (IBCn, DBCN) ........cccoiiiiiiiiiiiiiiiieieeeee e 108
Figure 8-9: Fields in the TCBCONTROLA FEQISIEI .....uvuiiieiiiiiiiieie e e e et e e e e e e e e e e ettt s e e e e e e e aaeaaaaeaeees 111
Figure 8-10: Fields in the TCBCONTROLB FEQISIEN .......uuuutiiiiiiiiiieee i e e e ettt e a e e e e e e e e aaaaeaeees 111
Figure 8-11: Fields in the TCBCONTROLC FEQISTEI .......uuueiiiiiiiieie e e e e e e ettt a e e e e e e e e aaaaeaeees 111
Figure 8-12: Fields in the TCBCONFIG MEQISIEN ......cvvviiiiiiiiiiceie e et a e a e e e e e e e eaaaaeaeees 112
Figure 8-13: Fields in the TraceControl and TraceControl2 regiStersS.........cooiiiiiiiiieieiiiiers e 112
Figure 8-14: Fields in the TracelBPC/TraCeDBPC rQISIEIS . ....uuiiiiiiiie it e e e e e e e aeaees 114
Figure 8-15: Fields in the PerfCtl FEOISIEN .........iiiieeeeeeeeee st e e e e e e e e e aaaaeaeees 116
Figure 9-1: Overview Of the FPU PIPEIINE .......uuiiiiii et e e 128
Figure C-1: All Status regiSter fIRlUS. .......cce ettt r e e e e e e e aaeaaaaeaeees 142
Figure C-2: Fields iN the CaUSE FEOISIEN ........coiiiiiiieeeeeeee e e e e e e e e e e e et et e et a s e e e e e e eaeaaaaaeaeees 143
Figure C-3: 34K™ processor ID (PRIA) FEOISEN .....cciiiiiiiiiitete ettt e e e e e e e 146
Figure C-4: Fields in the CoNnfig FEOISIEN .........ciiiiiiieeeee et e e et e e e e e e e e aaeaaaaeaeees 146
8 Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Figure C-5:
Figure C-6:
Figure C-7:
Figure C-8:
Figure C-9:
Figure C-10
Figure D-1:
Figure D-2:
Figure D-3:
Figure E-1:
Figure E-2:
Figure E-3:
Figure E-4:
Figure E-5:
Figure E-6:
Figure E-7:
Figure E-8:
Figure E-9:

Figure E-10:
Figure E-11:
Figure E-12:
Figure E-13:
Figure E-14:
Figure E-15:
Figure E-16:
Figure E-17:
Figure E-18:
Figure E-19:
Figure E-20:
Figure E-21:
Figure E-22:
Figure E-23:
Figure E-24:
Figure E-25:
Figure E-26:
Figure E-27:
Figure E-28:
Figure E-29:
Figure E-30:
Figure E-31:
Figure E-32:
Figure E-33:
Figure E-34:
Figure E-35:
Figure E-36:
Figure E-37:
Figure E-38:
Figure E-39:
Figure E-40:
Figure E-41:
Figure E-42:
Figure E-43:
Figure E-44:

Programming the MIPS32® 34K™ Core Family, Revision 01.30

Fields in the ConfigL-2 FEQISTEIS ....cccii it e e e e e e e e e e e e et e e et as 147
Fields in the CoNfig3 FEQISTEN ......ii it e e e e e e e e e et e e as 148
Fields in the CoNfig7 REQISIEN ... ..ciii i e e e e e e e e e e et et e e as 149
Fields iN the EBASE FEQISTEN .....uiiii i e e e e e e e e e e e e e e e et et e e e e e e e e aa b ae s 149
Fields iN the CONEXE FEQISTEN ... e e e e e e e e e e e et e e e e as 151
: Fields in the WatchLo/WatChHi reQISIErS .......cccece e e e e e e e 152
How floating point numbers are stored in @ rEQISIEN .......ocuuiiiiiiiiiiee e 154
L e (o ST It g T o G =T 1] (= O 155
Floating point control/status register and alterNate VIEWS ...t 156
INAEX REQISIEr FOIMAL .....ccoiiiiiii e e ettt e s s e e e e e e e eaaeaeaaaaaeeeeeessneenranes 162
RaNdom ReQISIEr FOIMMIAL ..........oviiiiiiiiiiiic s e e e e e e e e e et e et a e e e e e e aeaaeaaaaaaaaeeeeesssnnnrnnes 163
EntryLo0, ENtryLOL ReQISIEr FOMMIAL ......vuuiiiiiiie e i et e e e e e e e e e e e e e e e e e e e e eeeeeneanrane 163
(070191 (=) (Rl RY=T0 5 (=] g o] 1 1 1= | PP UUPPRPTSTP 164
PageMask ReQISTEr FOMMAL ...........ouuiiiiiiiiiiieii ettt s e e e e e e e e e e e e e e aeeaeeeeeerseernrnnes 165
Wired and Random ENntrieS iNthe TLB ..o 166
Wired ReQISIEr FOIMMAL ......cccii i e e e e e e e e e e e et e e e e e e e e e et et s e e e e e e e e e e eeeaeaeaeees 166
HWRENA REQISTEr FOMMAL ..ot e ettt e a e e e e e e e e e aeaaaaaeeeeeeeesennenranes 167
BadVAdAr REQISIEr FOIMAL .......eeviiiiiiiiiiiiiiei ettt e e e e e e e e e e e e aaaaeaaeeeeeesssnenrnnes 168
CoUNt REQISTEN FOIMMAL ...oeiiiiiiiiiiiit e e e e e ettt s s e s e s e e e e e e e aeaeaeaeeeeeeeeessensrnnnnes 168
ENtryHi REQISIEr FOIMAL .....ciiiiiieeeeieiee sttt e e s e e e e e e e e e aeaeaeaaeeeeeeeeesernrnnes 169
Compare REQISTEI FOIMMAL .......oiiiiiiiiiiiite et e e e ettt e e e e e e e e e s et e e e eeeeeeeas 169
StatuS REQISIEN FOIMMIAL ....ooeiiiiiiiiiieiiii e s e e e e e e ettt s e e s e s e e e e e e e aeaeaeaeeeeeeeeeesennrnrnnes 171
INECHl REQISIEr FOIMMIAL ...t e e e e e e e e e e e e e et e e et a e e e e e e e e e e aeaaaeaeees 175
SRSCt REQISIEr FOIMMAL ..oeeeiiiiiiiiiiiiiei ittt s s e s e s e e e e e e e aeaeaeaeeeeeeeeeesessrarnnes 176
SRSMapP REGISIEN FOIMAL ....eeiiiiiiiiii ittt e e e e et e e e e e e e e e s e b b eeeeeeeeeas 178
CauSE REQISIEr FOIMAL ...iiiiiiiiiiiiii it e e e et e e ettt a e e s e s e e e e e e eaeaeaaaeeeeeeeeeesesernrnnes 179
EPC REQISIEI FOIMAL .....coiiiiiiiiiiieee st e et et ettt e e e e e e e e e e e e eeaeaaeeeeeeeeesenesnrnnes 183
PRI REQISIEr FOMMAL ......coiiiiiiiiieeee s e e e e e e e et e ettt e e s e e e e e e e eeaeaeaeaaeeeeeeeeesernrnnes 183
EBase REQISIEr FOMMIAL .........ooiiiiiiiiiiiii s s e e e e e e e e et et et e ettt e e s e e e e e e e e eaeaaaeaeeeeeeeesenernrnnes 184
Config Register FOrmat — SEIECT O .....uiiiiiiiiii e e e e e e e e e e e e e e e e e eaa e 185
(070 o) {o J RN q=To TS (=T gl o] 1 = | PP PUPUPPRTTN 187
Config2 REQISIEr FOIMAL .....eiiiiiiiiieiiiiee ettt e s e e e e e e e e e e e aeaeaeaeeereeeeeseessrnrnnes 189
Config3 REQISIEr FOIMAL .....eviiiiiiiiiiiiise e et s s s s e e e e e e e e e aeaeaeaeeeeeeeeeeeensrnrnnes 191
(070 o) o AN q=To |15 (=T gl o] 1 = | PP PPUPUPPRTTPN 192
......................................................................................................................................................... 193
WatChLO REQISIEr FOIMAL .....ccciiiiiiii e e e et e e e e e e e e e e e e aaaaeaeees 193
WatChHI ReQISIEr FOIMMAL ...t e e e e e e e e e e e e aaeaeees 194
Debug ReEQISIEr FOMMIAL ........ciiiiiiieiiiieee e s e e e e e et et e ettt e e s e e e e e e e aeaaaaaeaaeeeeeeeeenernrnnes 195
TraceControl ReQISTEr FOIMAL ..........cccoiiiiiiie e e e e as 199
TraceControl2 RegISter FOIMAL ..........ccooiiiiiiiie e e e e e e e e e 201
User Trace Data RegiStEr FOIMMAL .......uuuuueiiiiii it e e e e e e e e e e e e e e e e e e e eeeeenernrnnes 203
TracelBPC REQISIEr FOIMAL .....cciiiiii i e e e e e e e e e e e e e e e e et as 204
TraceDBPC REQISEr FOIMAL .....cccoiiiiei e e e e e e e e e e e e e e e e as 205
DEPC ReEQISIEr FOMMAL ......oiiiiiiiieieiiieiteie s s s s et e e e e e e e e e e et et e e e e et s e s e e e e e e e aeaeaaaeaeeeeeeeesenernrnnes 206
Performance Counter CONtrol REQISIEN .......iiiiiiiei s e e e e e e e e e e e e e e eeeaeaeraannes 207
Performance Counter COUNt REQISIET .....uuuiiiii i e e e e e e e e e e e e e e e e e eeeaeraranes 208
O 1 =T o ] (=T PP PTPPUPUPRRRN 209
(O Vol g [T g LT 1] (] PP PSUPUPPRRPN 210
TagLo Register Format (ErrCtl]WST]=0, ErfCt[SPR]Z0) .....cuutiiiiiiiieiiiiiiiiiiiiiieee e 213
TagLo Register Format (ErrCtlIWST]=1, ErfCt[SPR]Z0) ......uuttiiiiiiieaiiiiiiiiiiieeee e 213
TagLo Register Format (ErrCtl]WST]=0, ErfCH[SPR]Z1) ...uutiiiiiiiiiiiiiiiiiieeeeee e 213
Datal.o ReQISIEr FOIMMIAL .......coiiiiiieiiiiiiiies s e e e e e e e e e e e et e e e et e e e e e e e e e e aeaeaaaeaeeeeeeessenesnrnnes 215
DataHi ReQISTEr FOMMAL .........oiiiiiiiiiiiicie st e s s e e e e e e e e e aaaeaaaaeeeeeeeeesernrnnes 215
9

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Figure E-45: ErrorEPC ReQISter FOIMAL .......oooiiiiiiiieeeeee et e e e e e e e et e e e e e a e e e e e aeaaaeaeaeees 216
Figure E-46: DeSave ReQISter FOIMAL ...........oiiiiiiiiiieieei st e e e e e e et e et e et e e e e e e e e e e aeaaaaaaaeees 216

10 Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



List of Tables

Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 2.5:
Table 2.6:
Table 3.1:
Table 3.2:
Table 5.1:
Table 5.2:
Table 6.1:
Table 6.2:
Table 6.3:
Table 6.4:
Table 8.1:
Table 8.2:
Table 8.3:
Table 9.1:
Table 9.3:
Table 9.2:

MTTR/MFTR - "U" @nd "SEL" VAIUES ........eiiiiiiiic et 28
MT instruction summary in alphabetiCal Order ..........oooiiiiiiii e 30
MTTR/MFTR "assembler idioms" in alphabetical Order ... 31
CPO registers required DY MIPS® MT ASE ...ttt e e e ee e 33
Thread exception codes in VPECONIOIIEXCPT] .. ..uuiiiiiiiiiiiiieiei ittt e e 34
TC summary state as expressed in per-TC register fleldS ... 37
Dynamic priorities for finer resolution - group priority SEQUENCES .........cccuuviriiiiiieieeeaee it e e 46
ITC cell views and What theY O..........uuueiiiiii i e e e e e e e e e e e e e e e e e arar e 47
Mask bits for instructions accessing the DSPCONrol regiSter.........ccooeeeeiiiiiiiiiiee e 63
DSP instructions in alphabetiCal Order ............. i 67
Basic MIPS32® architeCture MEeMIOIY MAP .......eeiiiiaeeaiiaaitiiie ettt e e ettt e e e e e e e e e s ibbb e e eaeaeaeaaan 71
e P CCTo I aaTT e g o] VA =T o] o1 o o T PP RSP PPPPPPPPR 72
CACNE COUE VAIUEBS ...ttt et e e e e e e e e bbbt ettt e e e e e e e e e bb et e eeeaeaeas 77
Operations on a cache line available with the cache INStruUCHION ... 79
JTAG instructions for the EJTAG UNIT ......ooiiiiiiiiiiie ettt e e e e e e e e e s annaees 98
EJTAG debug memory region Map ("ASEO™) ... e e ettt ettt e e e ee e e e ee s 101
PerformanCe COUNTET EVENTS ........iiiiiiiii ittt ettt et e e e e e e e bbbt et e e e e e e e e e s e bt ae b e eeeeeaeeas 118
HINES fOr “Pref” INSIIUCTIONS .....ueie et e e e e e e e e e st eeeeeaeeas 123
Lazy producer — regiStEr JEIAYS ......ccoii ittt e e e e e e a e e as 126
Register — eager CONSUMET AEIAYS..........cooiiiiiiieiee e 126

Table 9.4: LoNG-1atenCy FP INSIIUCTIONS ... .uuuiiii i e e e e e e e e e e e e e e e e e e e e e e e e e ae s e aa e as 129
Table C.1: CPO regiStEIrS DY NMAIME .......uuiiiiiiiiee et e e ettt e e e e e e e e e e e e e e e aeeeeeeeeeeeaeaesesaaann e nas 138
Table C.2: Cross-referenced of CPO registers by NUMDET .........oovviiiiiiiiee e 138
Table C.3: Exception Code values in CAUSE[EXCCOUR] ......cciiiiiiiiiiiiiiiie ettt e e e e e e e 144
Table C.4: EXCEPLION ENIIY POINTS ...ttt e e e ettt e e e e e e e e s e e e bbbt ettt e e e e e e e e e s s bbbbasbeeeeeaeaeeaaaann 150
Table D.1: Conventional names of registers with usage MNEMONICS ........ciiiiiiiiiiiii e 153
Table D.2: FPU (CO-ProCesSOr 1) CONLIOl FEQISTEIS. .. .. ettt ettt et e e e e e e e e e e e e e e e e e 155
BIE= o] (ST i I O O I o L= 1S3 (=] O 159
Table E.2: CPO REQISIEN FIEIU TYPES. .. ettt ettt e ettt et e e e e e e e s e b b bbb breeeeaaeeeaaaanas 161
Table E.3: Index Register Field DeSCHPIONS .........uuiiiiiiiiiieee ettt e e e e e e e e e bbb e e e e e e e e e s e e aans 162
Table E.4: Random Register Field DESCHIPLIONS ........uuiiiiiiiiieeiiiiiitie ettt e e e e e e e e e e e e e e e e e e e 163
Table E.5: EntryLoO, EntryLol Register Field DeSCHPIONS .......couuiiiiiiiieiie ettt 163
Table E.6: Cache CONEIENCY AttIIDULES ... ... i e e e e e e e e e e et e e e e e e e e e ae e e as 164
Table E.8: PageMask Register Field DESCIIPLIONS........uuiiiiiiaaiiiiiiie ettt e e e e e e e e e e e e 165
Table E.9: Values for the Mask Field of the PageMask ReQISter...........uuiiiiiiiiiiiiiiiiccee e 165
Table E.7: Context Register Field DESCIIPLIONS ........uuiiiiiiiiieeeiiie ittt e e e e e e e e e s e e e e e e e e e e 165
Table E.11: HWREnNa Register Field DESCIIPIIONS........uuiiiiiiaiiiiiiiiite ettt e e e e e e e e e e e e 167
Table E.10: Wired Register Field DESCIPLIONS ... .....uiiiiiiiiieieeeiie ittt e e e e e e e e e bbb e e e e e e e e e e e e aaas 167
Table E.12: BadVAddr Register Field DEeSCHIPLION .......utiiiieiiaeiiiiitite ettt e e e e e e e e e e e 168
Table E.13: Count Register Field DESCIIPLION ..........uutiiiiiiieeiee ittt e e e e e e e e e e e e e e e e e e e e 168
Table E.14: EntryHi Register Field DESCIIPLIONS ........uiiiiiiiiiieei ittt ettt e e e e e e e e e e e e e e e e e 169
Table E.15: Compare Register Field DESCIIPLION .......uu ittt ettt e e e e e e e e e e e e e 169
Table E.16: Status Register Field DESCHPIIONS. ........uui ittt ettt e e e e e e e e s e e e e e e e e e e e aaas 171
Table E.17: INtCtl Register Field DESCIIPLIONS ........uuiiiiiiiiieeeee ittt e e e e e e e e e e e e e e e e e e e e e e aaas 175
Table E.18: SRSCtl Register Field DESCIIPLIONS ........uiiiiiiiiiieei ittt e e e e e e e e e s e e e e e e e e e e 176
Table E.19: Sources for new SRSCtI[CSS] on an Exception or INTErrUPt ........oooieiiiiiiiiiiiieeeeee e 178
Table E.20: SRSMap Register Field DeSCIIPLIONS .......utiiiiiiiaiiiiiiiiiie ettt e e e e e e e e e e e e e e e e 178
Programming the MIPS32® 34K™ Core Family, Revision 01.30 11

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Table E.21:
Table E.22:
Table E.23:
Table E.24:
Table E.26:
Table E.25:
Table E.27:
Table E.28:
Table E.29:
Table E.30:
Table E.31:
Table E.33:
Table E.32:
Table E.34:
Table E.35:
Table E.36:
Table E.38:
Table E.37:
Table E.39:
Table E.40:
Table E.41:
Table E.42:
Table E.43:
Table E.44:
Table E.45:
Table E.46:
Table E.47:
Table E.48:
Table E.49:
Table E.50:
Table E.51:

12

Cause Register Field DeSCIPLIONS .....c.oiiiiiiiiiiiie ettt e et e et e e e e e e e eeeeaaeeas 179
Cause Register EXCCOUE FI@IU.......ccoii i e et 181
EPC Register Field DESCIIPLION ...ttt e et e e e e e e bbb e e e e e e e e e e e e anas 183
PRI Register Field DeSCIIPLIONS . ...ttt e e ettt e e e e e e e e e s bbb e e e e e e aaeeeaaanns 183
Config Register Field DeSCIPLIONS .......ooiiiiiiiiiieee ettt e et e e e e e e bbb eeeaaeeas 185
EBase Register Field DESCHIPLIONS .........uuiiiiiiiiiaeiiie ittt e e e e e e e e e e e e e e 185
(OF Vol o S @0 g [T (=T oV AN 11 ] o 11 (=S 187
Configl Register Field DESCIPLIONS ......cociiiiiiiiieee ettt e e e e e e e et eeeeaaeeas 187
Config2 Register Field DESCIPLIONS ......cocieiiiiiiieii ettt e et e e e e e e et eeeeaaeeas 189
Config3 Register Field DeSCIPLIONS ......ciciiiiiiiiieii ettt et e e e e e et eeeeaaeeas 191
Config7 Register Field DeSCIPLIONS ..ottt e et e et e e e e e et eeeaaeeas 192
WatchHi Register Field DESCIPLIONS .......iiiiiiiiiiiiiie ittt e et e e e e e e e s aeeeeneeees 194
WatchLo Register Field DESCIIPLIONS. ......cii ittt e e e e e e e e 194
Debug Register Field DESCHIPLIONS ........uuuiiiiiiiiieeiii ittt et e e e e e e e e e e e e e e e anns 196
TraceControl Register Field DeSCHPIONS ..........uiiiiiiiiiiee et e e e e 199
TraceControl2 Register Field DeSCIPLIONS ........uuiiiiiiiiiee ettt e e 201
TracelBPC Register Field DeSCIPLIONS .......oiiiiiiiiiiiieeie et e e e e e e e 204
UserTraceData Register Field DESCHPLIONS ......cooiiiiiiiiiiiiii et e e 204
TraceDBPC Register Field DeSCHIPLIONS. .......oc..iiiiiiiiiiieee ettt e e e e 205
BreakPoint Control Modes: IBPC and DBP ...........cooouiiiiiiiiiiiee ittt 205
DEPC ReEQISIEI FOIMALS .....ieiiiiiiiiiiieiiiiie i s e e e e e e e e e e e e e e e e et et et e eeeete et a s s e s e e e e e eaeaaeaeaaaeaeseeesennsrnrnnes 206
Performance Counter REQISIEr SEIECES ......ccoiiiii i e e e e e e e e e e e e e e 206
Performance Counter Control Register Field DeSClPtIONS........c.oiiiiiiiiiiiiiieiee e 207
Performance Counter Count Register Field DeSCIPLIONS.........coiiiiiiiiiiiiiieeeee e 208
ErrCtl Register FIeld DeSCHIPIIONS. ...ttt e ettt e e e e e e e e e e e e e e e e aanas 209
CacheErr Register Field DESCHIPIIONS. .........uutiiiiiiiiiaee ettt e e e e e e eeeeaeeas 211
TagLo Register Field DEeSCIIPLIONS. ......ui ittt e e e e e e e e e e e s aaneeeeee e 213
DatalLo Register Field DESCHIPLION .........uuiiiiiiiiiieei ittt e e e e e e e e e e e e e e e aans 215
DataHi Register Field DeSCIIPLION. ... ....uutiiiiiiiieee ittt e e e e e e e e e e e e e e e e e anas 215
ErrorEPC Register Field DEeSCIIPLION ......uuuiiiiiiiieeeiii ittt e e e e e e e e 216
DeSave Register Field DESCIIPION ... ...uti ittt e e e e e e e e e e e e e e e e e anns 216

Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Chapter 1

Introduction

In this chapter you'll find:

Section 1.1, "Chapter summary": what’s in the chapters (hot linksif you're reading online).

Section 1.2, "Typographical conventions': amanual like thisis made easier to read (though perhaps not made
more beautiful) if we use typographical conventions so you can recognize machine registers, instructions and so
on. Here'swhat they look like.

Section 1.4, "Key features of the 34K™ core": aquick guide to the important features of the 34K core.

Section 1.5, " Specification summary": aterse summary of facts and figures.

1.1 Chapter summary

Chapter 2, “The MIPS® MT ASE - Multithreading the RISC way” on page 17: about the MIPS Multi-Threading
instruction set extension (“ASE”).

Chapter 3, “How the 34K™ core implements multi-threading” on page 41: implementation options and more
details.

Chapter 4, “Initializing the 34K ™ core - Multi-Threaded bootstrap issues’ on page 51: setting up the 34K core's
multi-threading system.

Chapter 5, “The MIPS32® DSP ASE” on page 57: the instruction set extension for faster media algorithms.

Chapter 6, “Memory map, caching, reads and writes and translation” on page 71: al about memory accesses and
trandation.

Chapter 7, “Kernel-mode (OS) programming” on page 89: use of “hazard barriers’, the advanced interrupt sys-
tem, shadow registers and power management.

Chapter 8, “34K™ core features for debug and profiling” on page 97: EJTAG debug unit, watchpoints and per-
formance counters.

Chapter 9, “Programming the 34K ™ core in user mode” on page 121: on tuning code specifically for the 34K
core family.

Appendices.

Appendix A, “References’” on page 131: further reading.

Appendix B, “Glossary” on page 133: aglossary of terms which may be unfamiliar (particularly relating to
multi-threading).
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* Appendix C, “CPO register summary and reference” on page 137: functionally orientated index and guide to the
34K core's “co-processor zero” registers and fields.

e Appendix D, “MIPS® Architecture quick-reference sheet(s)” on page 153: handy guide to easily-forgotten data
on MIPS.

* Appendix E, “CPO Registers of the 34K Core” on page 159: reference-manual long-format tables of the CPO reg-
isters and fields (if you are printing this manual, you may like to bind this section separately).

e Appendix F, “Revision History” on page 217: for this document.
1.2 Typographical conventions

CPU register names are in oblique monospace. Co-processor zero (CPO0) registers fields are shown after the register
name in brackets, so the interrupt enable bit in the Status register appears as Status[IE]. CPO register numbers are
denoted by n.. s, where“n” isthe register number (between 0-31) and “s” isthe“select” field (0-7). If the select field
isomitted, it's zero. A select field of “x” denotes all eight potential select numbers.

The acronym CPO in the paragraph above is aword defined in Chapter B, “ Glossary” on page 133 and shows upin
italics- but if you're reading on-lineit also shows up as blue, showing that it'salink which you can click to get to the
definition.

References to other manuals are collected together in Appendix A, “References’ on page 131 and look like this
[MIPS32].

Instruction mnemonics and assembler code fragments are set inbold monospace, core interface signal namesin
small italics, and C or other programming language constructs in monospace.

To useregister and field names in your program, you' ll need a C header file or something similar. It's probably better
and easier not to write your own: see [m32c0.h] and [mt.h].

1.3 Finding information in this manual

If you're reading this manual on-screen, text shown in blueisahot-link; click on the text to go to the section, figure or
table referenced. The chapter index and lists of tables and figures at the start of the book is click-through too.

All the special Co-processor zero (CPO) registersare listed in Appendix C, “ CPO register summary and reference” on
page 137. That appendix has the registers listed by name, by number and by function. The by-number table has hot-
links to other sections where each is mentioned - and for those reading on paper, all those links have page numbers.
There's an alternative description of all the CPO registers and fields in the more formal style used in other MIPS Tech-
nologies manuals in Appendix E, “CPO Registers of the 34K Core” on page 159.

1.4 Key features of the 34K™ core

The 34K coreis a32-bit MIPS32 CPU with two novel instruction set extensions:

*  TheMIPS®R MT ASE: The multithreading ASE (“ application-specific extension” to the MIPS architecture). It'sa
modest addition to the instruction set, but a profound change to the CPU, which can now run multiple threads
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concurrently. The set of software-visible resources devoted to one thread are known asa TC. The 34K core
alows for two multithreading models which are very different for software:

— Multiple Virtual Processing Elements (VPES) in a CPU: each “VPE' has at least one TC together with its own
copies of everything required to make it just like an independent MIPS CPU. Your 2-VPE (or more) system
seemsto software just like a 2-CPU “SMP” multiprocessor: indeed, it can run SMP software - software which
knows nothing about MIPS MT - without requiring any CPU-related changes.

— Multiple concurrent threads running within one V PE, usable by software which knows about MIPS MT. These
multiple threads are relatively cheap, because they’re equipped only with the resources necessary to run user-
level programs (but they share alot of OS-controlled resources.)

Much of this manual won’t make any sense until you get your head round multithreading, so unless you're thor-
oughly familiar with it aready you should acquaint yourself with Chapter 2, “The MIPS® MT ASE -
Multithreading the RISC way” on page 17.

 DSP ASE: thisisalot of new computational instructions with a fixed-point math unit crafted to speed up popular
signal-processing algorithms, which form alarge part of the computational load for voice and imaging applica-
tions. Some of these functionsare** SIMD” - they might, for example, do two math operations at once on two 16-
bit values packed into one 32-hit register.

There'saguide to the DSP ASE in Chapter 5, “The MIPS32® DSP ASE” on page 57 and the formal specifica-
tionis[MIPSDSP].

1.5 Specification summary

The 34K coreis provided as a synthesizable package, and customers have considerable freedom to customize it. But
all 34K cores share these:

e CPU architecture: compliant to Release 2 of the MIPS32 Architecture [MI1PS32].

»  Multi-threading: as defined by the Multithreading extension to the MI1PS32 architecture as specified by
[MIPSMT].

The 34K core can be synthesized to be able to run five concurrent threads (5 TCs) in up to two “virtual proces-
sors’ (2 VPES).

It may be equipped with abank of Inter-Thread Communication storage (ITC) locations, following the recom-
mendations of [MIPSMT].

» DSP-orientated instruction set: it implements the DSP extension to the M1PS32 architecture, see [MIPSDSP].

»  MIPS16e™: the 16-bit instruction set option for compact code, see [MIPS16€].

«  O-stagepipelinel: asophisticated branch prediction unit keeps the CPU efficient, even when it's only running one
thread.

e Separatel- and D-caches: 4-way set associative. The SoC designer may choose from 16, 32 or 64K bytes size for
each cache (and can even omit either cache). Parity checking in the cacheis optional.

1. 11-stagefor MIPS16e instructions
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Caches are non-blocking, and both allow for hit-under-miss and miss-under-miss - the I-cache uses that to alow
a cache-hitting thread to continue even though an I-cache refill is pending for some other thread.

The D-cacheis write-back (memory regions may also be configured a write-through and a special "uncached
accelerated” write mode). You can lock data into the caches.

*  OCP systeminterface: industry-standard interconnect.

SoC Builder’s Optional features

Some features are provided only at the option of the SoC integrator, and may depend on separate licensed material
from MIPS Technologies:

e CorExtend™ user-defined instructions:. the 34K Pro Series™ core family allows you to add custom instructions
as described in [CorExtend)].

»  Floating point unit: fitted to 34Kf™ cores, with 32 full 64-bit floating point registers.
»  Fixed mapping MMU: reduces core size when a TLB is not required.

e Instruction- or data-side “ scratchpad” memory: each can be up to IMbyte of high-performance on-chip mem-
ory, which can be dual-ported to the OCP interface for “push” /O architectures.

e EJTAG debug unit: on-chip debug resources, summarized in Section 8.1, "EJTAG on-chip debug unit".
»  Power-management options. summed up in Section 7.4, "Saving Power" below.
* OCP L2 extensions: to alow front-side L2 cache.

Refer to [34K_INT] for more details about the options.

1.6 Pipeline and implementation

In documents about M1PS Technologies other cores you’'d have found a section here with the basic pipeline. With the
34K core that is hard to describe without knowing something about multi-threading (particularly) so we've moved it
to Section 3.1, "The 34K™ core pipeline and multithreading” bel ow.
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Chapter 2

The MIPS® MT ASE - Multithreading the RISC way

Weuse“MT” for “multi-threading”. So what does a MIPS architecture CPU do to run multiple threads concurrently?
That question is one about “ architecture” - the corresponding “how does the 34K core run multiple threads?’ question
is about implementation, and is answered below in Chapter 3, “How the 34K™ core implements multi-threading” on

page 41.

In this chapter:
e Section 2.1, "What's athread and its context?": basic definitions.
e Section 2.2, "Why multi-threading?': motivation.

e Section 2.3, "Different kinds of multi-threading: TCs and VPES": we offer two levels of multi-threading in one
CPU.

e Section 2.4, "When can’t threads run?': and what they’re doing when stopped.

*  Section 2.5, "Thread-scheduling decisions and the policy manager": what happens and what influence can you
have.

*  Section 2.6, "Multithreading, exceptions and interrupts": interrupts and other exceptionsin the MIPSMT CPU.
e Section 2.7, "Multithreading, non-blocking loads and stores, and gating storage”
e Section 2.8, "MIPS® Multithreading ASE - new instructions"

e Section 2.9, "Multithreading ASE - CPO (privileged) registers': understanding multi-threading in fine detail.

Why multi-threading takes a lot of thinking about

Any form of concurrency makes your head hurt. Our brains are doubtless extremely parallel: we can talk on a cell-
phone and drive with only a’50% increase in our chance of crashing. But our ability to reason correctly is distinctly
sequential, and so far we have not bred a race of super-kids who can write explicitly parallel software.

Multi-tasking software has been successfully understood by dividing it into sequential chunks ("threads’, though a
more precise definition follows) which communicate and synchronize with each other only in carefully controlled
ways. You can then unleash aflock of threads and allow them to evolve separately. Programmers find it almost impos-
sibleto keep track of what every thread isdoing at any onetime - but with simple-enough rules about the interactions,
the system will still work.

The multithreading CPU pushes thread concurrency down to the hardware level, so you should expect to find it some-
what mystifying from time to time. To really understand multi-threading and the 34K core you need to be able to
switch between a software-orientated threads-eye-view (where threads are internally sequenced and other threads are
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happening somewhere else) and a hardware engineers CPUs-eye-view (where everything happens in sequence along
the pipeline). Thisis difficult, but we hope not impossible. This chapter takes the “thread” viewpoint, and the next
chapter stays closer to the hardware.

2.1 What's athread and its context?

There are acouple of critical phrases and acronyms which it's useful to define carefully before we start:

Thread: a set of computer instructions read and activated in their programmed order.

Operating systems most often use the word “thread” specifically for application-software visible threads sched-
uled by the OS. But our wider definition means that any piece of software must have at least one thread. Skid
buffer

By this definition something like an interrupt handler (which is not reached as aresult of normal program flow)
counts as athread in its own right. This more general definition of "thread" seemsto be amore logical starting
point for describing multi-threading hardware.

Thread context: you might want to consider the complete state of a running thread, enough so you could restart it
successfully. But for our purposes we're particularly interested in the part of the state which gets stored inside the
CPU - what [MIPSMT] callsthe “thread context”. The thread context always (of course) includes the Program
Counter (PC) and the general-purpose registers. There are some good justifications for narrowing our focus
down to the state held in the CPU:

1. Wedon't need to encompass the thread’s data stored in memory, because we know how to share memory
already (for OS-defined threads, for example);

2. Wedon't include state which is inherently inaccessible to this particular instruction stream - so kernel-only
readable CPO registers are invisible to a user-privilege thread;

3. Wedon't include state which islogically unnecessary, and just kept for efficiency - for example, cache con-
tents, which generally make no difference to the underlying memory image.

With this definition, what isincluded in the thread context varies according to what sort of softwareis running.
For aLinux interrupt handler on a conventional MIPS architecture CPU the CPO registers are part of the thread
state, but for a Linux application thread they're not visible.

You could have found the definitions of Thread and Thread context in Appendix B, “Glossary” on page 133 below.
Any word or phrase in blue (or dightly faint in real black-and-white print) is probably explained. If you're reading
online and it's blue, it will link to its definition: try it.

2.2 Why multi-threading?

18

Traditionally, a CPU only held one thread's context (one PC, one set of registers). Operating systems providing mul-
tiple threads held all the state for the non-running threads in OS-specific data structures.

But MIPSMT CPUs are equipped with more than one PC and register set so they can hold more than one thread’s
context.

There's more than one reason why you might want to build a multithreading CPU. For MIPSMT the main motivation
isto build a CPU which can continue to do useful work when some computation is held up for a period of afew to
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2.3 Different kinds of multi-threading: TCs and VPEs

some hundreds of CPU cycles - typical of cache misses and some other interactions in embedded systems. Such a
hold-up is too short to allow an OS to borrow the CPU to do something else (the OS thread-switch overhead is itself
probably 100 cycles or more). But in many workloads such hold-ups are frequent enough that the CPU spends half its
time waiting for data.

A multithreading CPU can keep other threads making progress when one thread is held up. If (asis commonly the
case these days) the real workload is already split into multiple threads, that can turn into extra application perfor-
mance without modifying application code.

The extrathread state storage (mostly the register file) only represents a fraction of the gate count of a CPU, so this
extra performance has cost only a small increment in area and complexity. That's why in 2005 everyone wants to do
multithreading.

2.3 Different kinds of multi-threading: TCs and VPEs

In some ways the simplest thing to do isto replicate every software-visible piece of CPU state. Then your multi-
threading CPU will look pretty much like two CPUs which happen to share memory, creating a“virtual multiproces-
sor” (VSMP). That'swhat Intel’s newer multithreading x86 processors do; you can drop aLinux kernel designed for a
two-way multiprocessor onto such a CPU and it just works. It's an easy way to get a software market for a new tech-
nology.

But performance-critical embedded applications are those where the multithreading is an explicit part of the system
design - we'll call it “explicit multithreading” or EMT. EMT is new, so we don’t need to offer backward compatibil-
ity. An EMT application does not need the whole CPU replicated; it can manage with what is visible to user-level pro-
grams - the PC, GPRs and alittle more.

The original and ingenioustrick inthe MIPS MT architecture isthat you have a choice of either model, and can even
do both in the same CPU at the sametime. SoaMIPS MT CPU has multiple TCs (the acronym started out as Thread
context), but also provides for more than one VPE (“VPE" started out as a Virtual Processing Element.) A TC pro-
vides the minimum required to do explicit multithreading, while one or more TCswith their own VPE really look like
an independent CPU, enough to provide a congenial home for software which doesn’t really want to know about
MIPS MT - perhaps even a non-M T-aware legacy operating system.

2.3.1 How an MT CPU’s hardware uses TCs and VPEs

Each instruction being run by an MT CPU has a TC number. Whenever the instruction accesses some state - reads or
writes a general-purpose register, for example - it usesits TC number to extend the register-number field whichis
already defined inside the instruction. An instruction sees a different set of registers depending on the TC number: it's
very simple, and it just works.

It's not quite that simple on a MIPS architecture CPU, because of the TC/V PE trick mentioned above. So this instruc-
tion might be for TC #5 (it uses general purpose registers from the fifth bank) but VPE #1 (it gets most of its CPO reg-
isters from thefirst bank). Again, this should just work. What's more complicated, of course, isto get those CPU
resources working which can’t simply be reduced to registers. But that’s not architecture, it'simplementation, and
described in Chapter 3, “How the 34K ™ core implements multi-threading” on page 41 below.

2.3.2 CPU resources and registers shared between all threads

Many of the CPU’s resources are not replicated for MIPS MT, just used by whichever TC is identified by the instruc-
tion accessing the resource. They include:
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Caches: the cache’s contents are just like memory (only faster) and unproblematic. On a CISC CPU the cacheis
usually completely invisible to running software, and there’s no issue at all about multiple threads - but MIPS
architecture CPUs generally need the OS to intervene in the caches at some points.

The MIPSMT ASE requires that the writeback and invalidate cache instructions used by real OS’ when run-

ning are multi-threading safe. Cache manipulations may be independently mixed by two VPESs! without immedi-
ate harm; even if one VPE invalidates a cache entry from right under the feet of another one, everything should
keep working - the consuming VPE will either get the old copy (which it was happy with) or cache-miss and pull
in anew one (which should be just the same data).

However, arbitrary re-initialization of a cache already in use by another VPE will not be safe; writeback data
could belost. Programs running on separate VPES would probably be well-advised to get cache initialization
done by athread running alone before other VPEs are enabled.

With amultithreading workload, cache performance could suffer; multiple threads will probably produce alarger
and more diverse “working set” of active memory regions. However, a cache works well (or not) when optimiz-

ing repeated accesses over spans of code executing hundreds of thousands to millions of instructions. During that
time which even asingle-threaded workload will climb all over application and OS space. The 34K core's caches
are aready 4-way set associative, which should be enough to minimize misses caused by overlapping hot-spots

of several concurrent threads. Our measurements to date back that up.

Main pipeline: each of the 34K core’s main pipeline stages just serve the TC associated with the current instruc-
tion. No prablem.

The TLB (sometimes): the MIPS MT ASE allows the TLB entries to be shared between all VPEs, or partitioned
between VPEs. The 34K core can be configured to do either (to share the TLB, set MVPControl[STLB] to 1.)

If the TLB is not shared, it is partitioned by hardware so each VPE sees its own independent array of entries.

When the TLB is shared, there's a problem of managing concurrent access by the two VPEs. It's up to OS soft-
ware to control concurrent access by OS maintenance routines. But that still leaves the risk that one VPE's main-
tenance software will collide with another VPE's TLB refill exception handler: see Section 4.2.2, " Sharing and
not sharing the TLB" for how that’s avoided.

Basic configuration registers: in a highly adaptable design like the 34K core the initialization software needs to
know the full resource complement of the CPU, or it can’t know how to share it between the VPEs.

The registers MVPControl and MVPConf0-1 allow software to see what resources are provided CPU-wide, and
these registers are not replicated per-V PE.

Performance counters: since these are infrequently used, but it’s valuable to have as many as possible available,
the four registers are shared between both VPEs.

Thisis more implementation than architecture, but some software-invisible resources are also shared. Notably, the
34K core's “branch history table” (BHT) in the instruction fetch unit is shared. That seems quite wrong: the branch
histories of different threads are certainly likely to be different. But the BHT was only statistically correct anyway;
the branch history is only recorded in entries indexed by some modest number of low virtual address bits. Evenin a
conventional single-thread CPU, different branches could map onto the same entry and cause confusion (and thus

The CPO registers used with the cache instruction are only replicated per-VPE, so EMT code must take

care to avoid re-entry into cache management functions by other threads.
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lower the prediction accuracy) - but there are enough different entries that thisrelatively rarely happens. Having mul-
tiple threads doesn’t really make it much worse, and the BHT should continue to perform well in typical applications.

2.3.3 CPU resources and registers replicated per-TC

Some state needs to be independently kept for each TC, including:

Program counter and general purpose (integer) registers: the TC's program counter can be seen and adjusted
(whenthe TC ishalted, otherwiseit’samoving target) in TCRestart. The architecture does not define what you'll
get if you read your own TCRestart; probably some "historical value".

Each TC, of course, hasits own set of 32 general purpose registers. It also needs its own copies of the accumula
tor registersin the multiply-divide unit (hi/lo), and the extra accumulator registers and control register provided
as part of the DSP ASE described in Chapter 5, “The MIPS32® DSP ASE” on page 57.

Privilege state: some TCs (sharing aVPE) may be in the kernel while others are running user-mode software. So
each TC hasits own copy of the user-mode/kernel-mode flags Status[KSU]. TCStatus[TKSU] provides a conve-
nient per-TC view of the same flags. Each TC gets a copy of the TCContext register too: it has no hardware sig-
nificance, but provides a useful scratch register for the OS to keep some key thread identifier.

Address space: we don’t want to insist that all TCswhich share a VPE must execute in the same address space.
Different address spaces in MIPS architecture CPUs are managed by only returning TLB translations for virtual
addresses when they're presented together with the right "ASID" value, an arbitrary 8-bit token held in
EntryHI[ASID] while the system runs.

So each TC also hasits own copy of the EntryHI[ASID] field - the same field is accessible as TCStatus[TASID].

Access to co-processors: the 34K core’'s FPU - when fitted - is built with just one set of registers. That makes
sense because the registersin the floating point unit already occupy alot of logic space, and the 1-register-set
FPU design isidentical to that used in the 24K™ core family. But it means that the FPU can't be used by multi-
ple concurrent threads.

Some other co-processors might have one set of data registers per TC, supporting arbitrary multi-threading.

In the MIPS architecture you can’t use any co-processor unless you first turn on the corresponding Status[CUX]
bit in the status register. MIPS MT uses that to provide a mechanism to share the co-processors, detailed in the
notesto Figure 2-2 below. As part of that mechanism the Status[CU3-1] bitsare also visible at TCStatus[TCU3-1].

Which VPE we're using: a TC must know which VPE isbelongsto, or it can’t get at the right copy of the per-
VPE registers. The VPE dffiliation is readable and writable in TCBind[CurVPE]. (Each VPE aso has a distinct
number readable at EBase[CPUNum], to allow seamless use of multi-CPU software on multiple VPES.)

TC halted: think of thisas"TC anesthetized" - it stops the TC from wriggling around when under surgery, or
even just close inspection. It occupiesits own 1-bit register TCHalt so it can be set and cleared atomically.

While thisis set the TC isfrozen: won't run, can’t be picked by £ork. The architecture abhorsthe idea of a
halted thread being half-way through a synchronization access, and any pending load/store to Gating Sorage
will berolled back when this bit is set. From a hardware point of view the gating storage access is aborted; but
unless you do something special to stop it the access will be quietly retried once the OS is finished with its main-
tenance and clears TCHalt.

TC interrupt-exempt: set TCStatus[IXMT] to mean this TC will never be picked to handle an interrupt exception
(even if that means the interrupt is completely ignored).
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Per-TC flags: there are also bitsto control the ability of fork to seize a“free” TC and makeit run anew thread,
and for other purposes. See the description of £ork in Section 2.8, "MIPS® Multithreading ASE - new
instructions” and the notes on Figure 2-2.

Debug state: the single-step bit Debug[SSt] is replicated per-TC, for fine debugger control. The debugger is also
given acontrol bit Debug[OffLine] which it can useto prevent TCs other than the one under debug from springing
into life during single-step or when running a thread to the next breakpoint.

2.3.4 CPU resources and registers replicated per-VPE

We want a TC running alonein a VPE to be a MIPS32-compliant processor in its own right, so each V PE replicates
all the CPO registers required by release 2 of the MI1PS32 specification (afew read-only registers are in fact shared
between V PEs on the same CPU, but they're read-only, so who's to know?)

So what is replicated?

Sate related to exceptions: MIPS architecture experts will recall that you enter exception mode by taking an
exception, and remain in it until you either return with an eret or (more common in a complicated OS) you
carefully clean up exception-dependent information and then manually clear Status[EXL].

The MIPS MT architects determined that only one TC from a VPE is allowed to be in exception mode at any one
time - when one TC takes the exception, its VPE siblings are suspended until the first TC clears Status[EXL]. To
do otherwise would require alot of extrareplicated state, and would lead to some nasty concurrency hazards.

Interrupt system and interrupts: interrupt signals to the chip are wired to VPEs separately (a reasonable strategy
may beto wire all the VPEsin parallel to the sameinputs, but that's an SoC designer’s decision).

Theinterrupt management fieldsin the Cause and Status registers are all per-VPE.

Cache management registers:. all the cache operation staging registers are per-VPE. In fact, most of the CPO reg-
isters are per-VPE.

The TLB (sometimes): on the 34K core the TLB may either be shared, or partitioned invisibly so that two VPEs
each think they have their own dedicated chunk of the TLBZ.

The EJTAG debug unit: the physical unit may or may not be replicated, but the registersin its CPO software inter-
face (DEPC, DESAVE and Debug) are replicated per-V PE.

In debug mode all TCs other than the one running the debugger are suspended, regardless of VPE dffiliation.
Moreover, the TC in debug mode continues to run even if it is otherwise marked as halted, not-allocated etc.
More detailsin Section 8.1.2, "Debug mode".

2.4 When can’t threads run?

22

A CPU can be compliant to the MIPS MT ASE without being committed to any particular thread-scheduling algo-
rithm - the decision as to which thread's instruction to pick next isimplementation-dependent. But that level of
abstraction is difficult, so let’s make some working assumptions - which will, happily, turn out to be correct for the
34K core.

The amount of the TLB awarded to each VPE is configurable when your coreis synthesized. Ask your hardware engineer.
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Some implementations permit customizable hardware outside of the core to influence the CPU to favor one TC over
another when deciding what instruction to run next; see Section 2.5, "Thread-scheduling decisions and the policy
manager” below.

But before worrying about that, let’s look at something simpler. A practical CPU might run instructions in turn
("round-robin") from each live thread. But what about that weasel word "live"? When can athread not make
progress? Well, it can be:

Waiting for memory data: most often, to resolve a cache miss (for of the order of 50 cycles) - making use of this
idle time isthe first motivation for contemporary multithreading.

Or this might also be an uncached read of some device-register data (of the order of 100-500 cycles) - particu-
larly relevant to embedded applications.

Blocked on read/write “ gating storage” : we envisage that multithreading applications are likely to use special
memory |locations where the wait-for-transfer is used as a deliberate way of matching the speed of the software to
the arrival of data either from other threads, or some direct hardware source/sink. Waits of this kind may extend
for thousands of cycles. Sothe MIPS MT ASE describes how some memory locations are accessed according to
special rules which make them Gating Storage, and describes a particular application of gating storage to
optional ITC locations. See Section 3.3, "Inter-thread communication storage (ITC)" for the facility provided by
the 34K core.

Blocked on an "interrupt-like" external signal: athread which waitsfor a particular hardware signal isan obvious
multithreading analogue of an interrupt handler, and likely to be useful. You'll see how the MIPS MT yield
instruction can be used for that purpose.

Halted - closed for maintenance: there are bound to be things the OS wants to do with TCs which can’'t be done
whileit’slive, and each TC comes with a"Halt" button in the TCHalt register.

Not "allocated": the MT system includes the £ork instruction, which provides a very lightweight way of start-
ing anew thread - potentialy, it's even usable from user-mode in a protected OS. An OS obvioudly can’t simply
relinquish control of thread scheduling, but it can arrange to provide apool of *“‘free” threads which £ork can
use - they’re a bit like taxis waiting at ataxi-rank for customers. The TCs “at the rank” are prevented from run-
ning code by having their TCStatus[A] (“alocated”) bit clear. If a system doesn’t use £ork, then it must take
care to set the allocated bit explicitly on any TC which isto run.

Affiliated to an unactivated VPE: that is, one with VPEConfO[VPA] zero.

Asleep after executing a wait instruction: in which case it won’t awake until its VPE gets an interrupt (it doesn’t
matter which TC runsthe interrupt code, all TCs are woken from their sleep).

Suspended - temporarily inhibited to avoid some concurrency problem: for example we'll seethat a VPE
becomes "single-threaded” whileit is handling exceptions, so that implicitly suspends all the VPE's other TCs.
OS software can achieve asimilar effect using instructions such as dmt (stop all other threads with the same
VPE &ffiliation) and dvpe (stop all other threads, even in different VPES).

“ Offlined” by a debugger: using Debug[OffLine], typically so the debugger can isolate another thread for test.

In this manual we'll try to consistently use the word stopped for a thread subject to any of the conditions above - and
by analogy, we'll use the same adjective to describe the TC which is executing the thread. The opposite of "stopped"
islive.

We'll distinguish a stopped thread as either:
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»  Salled: waiting for a condition which could be experienced by a program on a single-threaded CPU - that
includes waiting for data from a cache miss or an uncached read, OR:

»  Blocked: waiting for something other than the above. That’s some deliberate multithreading synchronization by
yield, agating storage read, or explicitly stopped as aresult of software activity.

The blocked state is new with MIPS MT. The nearest thing that a thread on anon-MT MIPS CPU can cometo
"blocked" iswhen the CPU is asleep after executingwait.

For blocked threads we'll use halted, suspended and asleep in the specific senses above. The use of thesetermsis
compatible with the formal specification [MIPSMT], though that uses running to instead of live. In the formal speci-
fication “running” means either live or waiting for a normal read/write.

Regardless of why athread is stopped:

* The CPU: will beinterested in issuing instructions from some other live thread. In asimple pipelined CPU, that
may involve discarding some instructions from the stopped thread, if they’ve already entered the main pipeline.

* TheOS may beinterested in taking control when athread is blocked for along time - the TC could be in princi-
ple given another thread which might be able to make more progress. The OS overhead in changing the TC to
another thread - really the same job as a thread-switch on a conventional CPU - is likely to be more than 100
instructions so the OS should only do this when the thread is likely to remain stopped for many hundreds of
cycles.

But it'simportant that the OS has the power to take a blocked thread and detach it from its TC cleanly, so it can
be restarted. That motivates some of the key features of the architecture, including the details of Gating Storage,
see Section 2.7.1, "Gating storage”.

2.5 Thread-scheduling decisions and the policy manager

The MIPS MT architecture is agnostic about thread scheduling. The immediate choice of which thread to run next is
made inside the core; in the absence of any directions to the contrary, this choice is required to be fair to TCsin the
long run.

However, in MIPS Technol ogies cores we envisage arather dumb in-core scheduler given long-term hints by a Policy
Manager (PM) which, living outside the core, may be customized for specific applications.

In particular the TCSchedule and VPESchedule registers (if implemented at all) will typically be inside the policy
manager block; so what they do is strictly implementati on-dependent.

Theway thein-core scheduler in the 34K coreworksis described in Section 3.2.1, "The Dispatch Scheduler”, and the
choice of policy managers available from MIPS Technologiesisin Section 3.2.3, "Policy managers available for the
34K ™ core family".

2.6 Multithreading, exceptions and interrupts

24

An exception in asingle-threaded MIPS architecture CPU isusually quite disruptive in the pipeline, and is commonly
implemented by discarding alot of execution state (pipelines get flushed and instructions discarded). An exception on
aMIPS MT machine happens within athread context - and other threads (at |east those on separate VPES) expect to
continue undisturbed. So you'd expect there to be some difficulties when we redefine exceptions on a multithreading
machine.
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There are two types of exceptions:

* Interrupts are “asynchronous’ - they happen for reasons unconnected with any particular instruction and are dis-
cussed in Section 2.6.1, "Multithreading and interrupts" below.

»  Synchronous exceptions, associated with a particular instruction. That’s what we'll [ook at first.

Bear in mind that an OSis aprogram (a set of threads, in fact). It's not characterized by the TC which happens to exe-
cute some part of it. The OS' exception handlers are each separate threadsin their own right, in the meaning given by
our definition of Thread.

Synchronous exception handlers are run by the TC whose instruction caused the exception. The TC immediately
ceases work on its thread and starts fetching instructions from the appropriate exception handler.

The MIPSMT ASE requires that once a TC enters exception state, all the other TCs within the same VPE are sus-

pended. None of the other TC'sinstructions may be executed until the VPE's Status[EXL] hit iscl eared! by the excep-
tion handler. The exception handler (a new thread, remember) runs with kernel privileges and has accessto all the
defined CPO registers, Because only one TC can be in exception state, the exception-related CPO registers need only
be replicated per-VPE.

Inyour MIPSMT system an exception not only causes a hiccup to the thread which takesiit, but also suspends unre-
lated threads in the same VPE. If your application needs to maximize concurrency, you should consider minimizing

exceptions - you may be able to use athread blocked on an ITC access or yield condition instead. And, of course,

arrange that exception handlers (as soon as they can) save the state necessary that they can drop back out of exception
mode.

2.6.1 Multithreading and interrupts

In the MIPS architecture interrupt management is by CPO registers (in particular, Cause and Status). Those registers
are replicated per-V PE, not per-TC; so interrupt masking and steering is managed per-V PE. Even interrupt "wiring"
into the coreis per-VPE.

Each interrupt input may be connected to just one VPE or to al of them: ask your hardware engineer. In some sys-
tems you may be able to redirect interrupts (outside the CPU) under software control. If you connect and unmask an
interrupt on multiple VPES, any number of them may take the interrupt exception - you probably don’t want that to
happen, so either don’t connect or don’t enable some of them...

Theinterrupt exception may be taken by any available TC associated with the VPE.

The MIPS architecture already provides multiple ways to refuse an interrupt exception: an interrupt to any thread
from this VPE can be prevented by exception mode, a global interrupt-enable flag which may be zero, and by per-

interrupt mask bits: that is by Status[EXL], Status[IE] and Status[IM]2. The MIPS MT architecture adds yet another
reason not to take an interrupt. You can now set a new per-TC CPO register field TCStatus[IXMT] to make the TC
Interrupt exempt. That will prevent the particular TC from being used for an interrupt exception. It's most obvious
useisto permit some TC to run athread which benefits from living in an interrupt-free universe.

1. That may seem somewhat restrictive, but is necessary: critical exception handling state in the CPO registersis not replicated
per-TC, only per-VPE.
And it's not so bad asit looks, because it's already good practice to minimize the amount of code which runs with
Status[EXL] set.

2. Thislistisnot comprehensive.
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2.7 Multithreading, non-blocking loads and stores, and gating storage

26

Most modern MIPS architecture cores implement non-blocking loads: that is, the core does not simply stop and wait
for the load data to arrive. Instead, the register target of the load is marked and computation continues. If the data
arrives before the program tries to use it, the data is sent directly to the register. But if some other instruction wantsto
read the register before the data arrives, the "consuming” instruction waits.

That meansthat athread inaMIPS MT machine which doesa“slow” load stops on the consuming instruction. When
that happens the TC is still holding resources (e.g. the "fill buffer" in the CPU’s bus interface unit which remembers
the load, waits for the data, and associates it with the register).

If you are using long-delayed loads as a means of synchronizing your application, hon-blocking loads are unwel-
come: it would be preferable for the thread to stop on the load itself. So we provide away to do that: memory loca-
tions used for synchronization can be mapped as gating storage.

2.7.1 Gating storage

The MIPSMT ASE provides for akind of storage |ocation whose behavior is adapted to loads which might be quite
long-delayed, and which you may want to use for intentional thread synchronization. Such alocation is called Gating
Sorage. A thread loading from a memory region marked as “gating” will block on theload itself. Thisis not the stan-
dard way of doing things: athread which reads from a normal location which is slow to respond would run on until it
attempted to use the data (that’s a*“non-blocking load”).

It turns out to be useful to generalize thisto writes aswell as reads: even stores to gating storage locations block until
the core gets an indication that everything went OK.

If athread is blocked on a gated storage access and the OS decides that one of its valuable TCs has been hanging
around too long, then the OS can take action. If the OSwritesa 1 to the TC's TCHalt register any gating storage
access will be aborted, with the TCRestart address set to re-execute the load/store. Once the TC is safely halted, the
OS can decide to use the TC for something else. When the thread is eventually scheduled again, the load instruction
will be re-executed. Meanwhile the CPU hardware can forget about it.

The coreinterface provided for gating storage locations also permits external logic to abort an uncompleted load or
store. Perhapsit’s better to describe this as “ compl ete the operation with an exceptional condition”. The thread doing
the access gets an exception, with the restart address set so the load/store will be retried after the exception. The gat-
ing storage exception is synchronous, and you're guaranteed that the restart location captured in EPC will point to the
load/store (or a preceding branch, if the load/store isin a branch delay slot). The exception can only happen if the
thread is till waiting for the load/store, and the thread isn’t otherwise prevented from running.

If required an OS can take control of all GS load/stores; set VPEControl[GSI] and all GS accesses trigger an excep-
tion.

Out on the gating storage interface, no external party can see whether a TC iswaiting or not. All GS transactions
involve delivering something which waits around until the other side responds (some software books call this kind of
synchronization a rendezvous).

Gated storage provides the opportunity to provide I TC locations - aform of what some of you may have read about
before as“full/empty storage”. The I TC implementation which isoptiona inthe 34K coreisdescribed in Section 3.3,
"Inter-thread communication storage (ITC)" below.
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2.8 MIPS® Multithreading ASE - new instructions

There are very few extrainstructions:

fork rd,rs,rt:firesup athread on afree TC (if available, see below). rs points to the instruction where the
new thread isto start, and the new thread’s rd register gets the value from the existing thread's rt.

Some vital per-TC state is copied from the parent. That's whether you're in kernel or user mode, defined in
TCStatus[TKSU], (which isthe same as Status[KSU]); and what address space you're part of, defined in
TCStatus[TASID], (which is the same as EntryHi[ASID].)

When the thread hasfinished itsjob it should useyield $0 to free up the TC again.

fork/yield arethe only MIPS MT instructions usable in user mode (they’re also highly original, and are
likely not to be extensively used in early MIPS MT architecture applications using substantial OS layers - they
might be hidden inside the OS, but you won't see them for awhile in Linux user code).

fork will only select aTC which is both "free" (TCStatus[A] is currently zero) and which is specifically marked
as usable by fork because TCStatus[DA] is set.

fork may fail if asuitable TC isn’t waiting at the “taxi-rank”. In that case you get an exception (“ Thread Over-
flow”) which an OS may catch and fix up before restarting the application; that way the application remains
unaware of the problem. This provides theillusion of an indefinite supply of TCs, in the same way that avirtual
memory system provides an indefinite supply of memory - you'll hear this described as that “ £ork has been vir-
tualized” or made Virtualizable.

yield $0 hasamatching"Thread Underflow" exception, which occurs when you're about to reach a situation
where all for-hire TCs are parked (because then the system might stop forever, with no threads running the code
which might make another thread run...).

There'salot moreto say about yield, seethe bullet below and Section 2.8.1, "Yield, Yield Qualifiers and threads
waiting for hardware events'.

mftr rd,trno,u,sel,handmttr rt,trno,u,sel,h:areprivileged (CPO) instructions ("move to/
move from thread register") which provide read/write access to another TC’s registers.

The other TC isidentified by VPEControl[TargTC]. The trno, u, sel fieldsidentify which register of that TC
you are accessing. Their encoding is complicated: we'll present detailsin Table 2.1 below, but here’s a quick
summary:
Whenu==0, trno isaCP0 register and sel isthe auxiliary 3-bit "select” field found inmtc0/mfc0;
Whenu==1 and sel1==0, trno isageneral purpose register;
Whenu==1 and se1>0, you get to access more exotic registers, as detailed in Table 2.1 below.
The h value should be specified as 1 when you're abtaining the high half of aregister which is double the size of
aGPR. In other cases, omit it. However, this argument is not required for the multiply unit accumulators, where

the low and high half have separate t rno register numbers.

That's fairly confusing, and the details are presented again in Table 2.1.
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Table 2.1 MTTR/MFTR -"U" and "SEL" values

sel | trno Other TC’s register type
0-7 | 0-31 |CPOregisters.

0-31 |General-purpose integer registers

Multiply unit lo and hi respectively.

~lr|lof =
o

Low and high half (respectively) of DSP accumulator 1

Low and high half (respectively) of DSP accumulator 2

12 |Low and high half (respectively) of DSP accumulator 3

16 |DSPControl register.

1 2 0-31 |Floating point (CP1) registers

1 3 0-31 |Floating point control registers, as usually accessible with cfc1/
ctcl.

1 4 | 0-31 [Co-processor 2 dataand control register sets, respectively.

1 5 | 0-31 |Implementations are free to define large CP2 register sets, the M T
ASE provides an extra 5-hit "rx" field to provide more bits for
selecting the CP2 register, but the MT ASE does not define a stan-
dard assembler syntax to generate it.

The hardware does nothing, inherently, to make sure that register changes as aresult of other-thread activity are
seen tidily; unless you are really sure that the other thread is currently leaving the register alone, it's safer to
ensure that the other TC is halted (shut down for maintenance) before m£txr/mttxr will work reliably.

When disassembling binary codeit is painful to have to hand-decode the trno, u, sel, h fields, so tool provid-
ers are recommended to support the alternative “idioms” described in Table 2.3 below, which are probably more
memorable than binary numbers. Most tools will be symmetric, so you will be able to write the idioms too: but
that doesn’t necessarily mean you should write code with them. You will, I hope, use meaningfully-named C pre-
processor constants for all the various fields in your assembly source code, so it may be kinder on those who
come after you if you expect them to remember just the mt t r/m£txr mnemonics.

Note that access to the registers of a TC affiliated to a different VPE is available only when VPEConfO[MVP] is
set - it’s often used as a safety-catch. In some environments (where you' re not meant to be able to get at the other
VPE's state) you'll find you can’t set VPEConfO[MVP].

If you attempt to read aregister number which isnot valid on your CPU, you will get an all-ones (-1) value back.
* dmt: suspend all other threads affiliated to the same VPE.

Under the hood this atomically clears the VPEControl[TE] bit, returning the original value of VPEControl to an

optional register argumentl; so it is convenient to bracket a piece of code which needs to be single-threaded
within the VPE by:

dmt rt

ehb # need hazard barrier to be sure it took effect
. # guaranteed to be the only live TC in this VPE
mtcO0 rt, VPEControl

1. They fit in with the encoding already used for atomic update of a CPO register by the disable-interruptsinstruction di etc.
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The “hazard barrier” should always be used when you change some CPO condition and need to know it's taken
effect when you run a subsequent instruction - see Section 7.1, "Hazard barrier instructions’.

OS code which updates registers and resources which are only replicated per-VPE will typically need thiskind of
protection, unless already multithreading-protected by something higher-level.

The emt instruction atomically sets the VPEControl[TE] bit and returns the old value. It isrelatively rarely used;
it's more robust to replace the whole original value of VPEControl with anmtc0, because then things still work
if you inadvertently nest one single-threaded block within another.

* dvpe: suspend/un-suspend all other threads, even those in other VPES. In many systems VPE independenceis
much prized, and then thisinstruction islikely to be restricted to initialization software. Under the hood it clears
the MVPControl[EVP] hit, returning the old value. Again, there’s an evpe instruction, but asingle-threaded block
is better terminated by restoring the whole MVPControl register with an mtc0.

* yield rd,rs:amulti-purposeinstruction, whose action depends on the value inrs. If and when it returns, rd
is set to a bit-vector which shows the active inputsto yield - at least those enabled by the YQMask register.
More in the section below.

So:

*  Whenrs == 0: (also discussed under the bullet called “fork” at the start of Section 2.8, "MIPS®
Multithreading ASE - new instructions") terminate the thread and clear the TCStatus[A] bit, permitting re-
allocation to another purpose by £fork. If thiswasthe only live TC with TCStatus[DA] set (that is, the last
TCinthe fork pool), you get a“thread underflow” exception.

*  Whenrs ==-1: polite pause while other threads get a chance to run. To be more precise, the thread will be
stopped briefly while the yield indication is sent out to an external scheduling policy manager, if fitted (see
Section 2.5, "Thread-scheduling decisions and the policy manager".) Such a policy manager may respond, in
particular, to changes communicated by writing the TCSchedule and/or VPESchedule registers.

After this sort of yield thisthread will not run again for long enough that the policy manager has time to
respond. But the thread hasn’t been stopped and will normally run again soon, at the priority newly deter-
mined by the policy manager.

*  Whenrs == -2: has no scheduling effect, purely done for the value delivered tord. Andayield -2 never
produces a*“yield scheduler” exception.

» whenrs > 0: waitsfor one or more of a set of signals to be asserted; from up to 31 signals available on your
CPU, it is sensitive only to those selected by a“1” bit in thers value. That's complicated, see Section 2.8.1,
"Yield, Yield Qualifiers and threads waiting for hardware events' below.

But in particular, if the rs value includes a bit which is not set in YQMask, you get an "invalid qualifier”
exception.

Software can ensure that any yield which would deschedule athread (or any yield -1 whose return status
would be zero) produces a"yield scheduler” exception. A secure OS might do that because it wants to “scrub”
the TC'sregisters of any application data before the TC is returned to the free pool. To achieve this effect set
VPEControl[YSI] (the "did any work" test depends on TCStatus[DT].)

A yield instruction must not be in abranch delay slot.

Programming the MIPS32® 34K™ Core Family, Revision 01.30 29

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



The MIPS® MT ASE - Multithreading the RISC way

2.8.1 Yield, Yield Qualifiers and threads waiting for hardware events

When the rs argument of theyield rs instruction is positive, the thread waits for a hardware condition; the thread
will wait until the bitwise-and of rs and the hardware signal vector is non-zero. Thisis a cheap and efficient mecha
nism to get athread to wait on the state of some input signal.

Coresinthe 34K family may have up to 16 external hardware signals attached. Because the yield instructionis
available to user (low-privilege) software, you might not want it to have sight of all your hardware signals. The CPO
register YQMask is abit-field wherea“1” bit marks an incoming signal as accessible to the yield instruction.

In any OS running more threads than TCs you might want to reclaim a TC blocked on such ayield. If you need to
do that while continuing to monitor the condition, then you'll probably want your system integrator to ensure that the
yield condition is also available as an interrupt, so you can get the OS' attention when the condition happens.

The OS can zero-out corresponding bits 0-15 of YQMask to prevent them being used - ayield rs which attempts
to use one of those bits will result in an exception.

In the two-operand formyield rd, rs the rd register getsaresult, which is a bit-map with a 1 for every active
yield input which is enabled by YQMask (bits which are zeroed in YQMask may return any value, don't rely on them).
Thesingle-register formyield rsisreadly yield $0,rs.

2.8.2 All MT instructions in alphabetical order

That'sin Table 2.2 - but not quite al. There are alarge number of convenience mnemonics (“assembler idioms”)
which are not separate instructions, but which map onto some variant of the access-other-TCs-register instructions
mttr and mftr. Rather than fill the table with these, we've consigned them to Table 2.3 below. If you're looking up
an unfamiliar instruction, please ook in both tables.

Table 2.2 MT instruction summary in alphabetical order

Instruction Brief Description
dmt rt Clear VPEControl[TE], which suspends execution of al other TCs affiliated to the same
VPE. Thert register receives the original value of VPEControl; if you don’t specify rt it
defaults to $0.
dvpert Disable all multithreading, including any other TCs affiliated to other VPEs, leaving this

thread running alone. Implemented as an atomic clear of the MVVPControl[EVP] hit. If you
specify aregister rt it receives the previous contents of the MVPControl register.

emt The “enable’ pairs of dmt/dvpe respectively.

You may not need these instructions: when you've finished a section of code which must
be single-threaded in some sense, it may be preferable to restore the whole VPEControl/
MVPControl register from the value you got back when you ran the disable instruction, as
suggested in the description of dmt in the running text above.

evpe

fork rd,rs,rt Find aTC and activate it, so it starts at rs. The new thread’s rd register will be set to the
value provided in rt. Lots more details above.
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Table 2.2 MT instruction summary in alphabetical order

Instruction

Brief Description

mftr rd,trno,u,sel,h

“Move from thread register” and “Move to thread register” - get/set the value of aregister

mttr rt,trno,u,sel,h

belonging to some other TC, using the general-purpose register rd asasink, or rt asa
source. For aper-VPE register, you will accessthe VV PE affiliated to the target register - so
to access a VPE first set up a TC affiliated to it.

The other TC isidentified by VPEControl[TargTC], and the register you're accessing is
selected by al of trno, u and sel - as described above or in Section 2.1, "MTTR/MFTR -
"U" and "SEL" values".

yield rd,rs A multi-purpose instruction, whose action depends on the value in rs. When rs==0, it ter-
minates the thread and makes the TC available for a subsequent fork.
When rs==-1, pauses while other threads run and any scheduling policy change filters
through.
yield withrs==-2isjust doneto poll yield inputs.
When rs>0, you wait for one of the yield input signals, but only one for which there'sa
corresponding bit setinrs.
Table 2.3 MTTR/MFTR "assembler idioms" in alphabetical order
Write as Equivalent Description
cftcl rd, ft mftr rd,ft,1,3 Get datatrom/send data to another TC's floating-point (coprocessor
cttel rt, ft mttr rd,ft,1,3 1, CP1) control register ft.
mftc0 rd,rt mftr rd, tcOr,0 Read other TC's CPO register.
mftcO0 rd,rt,sel mftr rd,tcOr,0,sel
mftcl rd, ft mftr rd,£ft,1,2,0 Read low 32 hits from other TC's floating point data register.
mftdsp rd mftr rd,16,1,1 Read other thread’s DSPControl register.
mftgpr rd,rt mftr rd,rt,1,0 Read other thread's general purpose register rt.
mfthecl rd, ft mftr rd,ft,1,2,1 Read high 32 bits from other TC's floating point data register.
mfthi rd mftr rd,1,1,1 Read the other TC's hi multiply/divide unit register, which isthe
same as the first of ...
mfthi rd,ac0 mftr rd,1,1,1 Read the high half of one of the other TC's ac0-3 DSP accumula-
mfthi rd,acl mftr rd4d,5,1,1 tors.
mfthi rd,ac2 mftr rd,9,1,1
mfthi rd,ac3 mftr rd,13,1,1
mftlo rd mftr rd4,0,1,1 Read the other TC'slo multiply/divide unit register, which is the
same as the zeroth of ...
mftlo rd,acO mftr rd,0,1,1 Read the low half of the other TC's ac0-3 DSP accumulators.
mftlo rd,acl mftr rd,4,1,1
mftlo rd,ac2 mftr rd4,8,1,1
mftlo rd,ac3 mftr rd,12,1,1
mttcO0 rt,rd mttr rt,tcOr,0 Write other TC's CPO register.
mttcO0 rt,rd,sel mttr rt,tcOr,0,sel
mttcl rt,fd mttr rt,£d4,1,2,0 Writedatafrom rt to the high half of the other TC's floating point
register fd.
mttdsp rt mttr rt,16,1,1 Write to the other TC's DSPControl register.
mttgpr rt,rd mttr rt,rd,1,0 Write to the other TC's general purpose register rd.
mtthel rt, fd mttr rt,£d4,1,2,1  Writedatafrom rt to the low half of the other TC's floating point
register fd.
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Table 2.3 MTTR/MFTR "assembler idioms" in alphabetical order

Write as Equivalent Description

mtthi rt mttr rt,1,1,1 Write to the other TC's hi multiply unit register, which 1s the same
asthe zeroth of ...

mtthi rt,ac0 mttr rt,1,1,1 Write to high part of the other TC's ac0-3 accumulator.

mtthi rt,acl mttr rt,5,1,1

mtthi rt,ac2 mttr rt,9,1,1

mtthi rt,ac3 mttr rt,13,1,1

mttlo rt mttr rt,0,1,1 Write to the other TC'slo multiply unit register, which is the same
asthe zeroth of ...

mttlo rt,acO mttr rt,0,1,1 Write to low part of the other TC's ac0-3 accumulator.

mttlo rt,acl mttr rt,4,1,1

mttlo rt,ac2 mttr rt,8,1,1

mttlo rt,ac3 mttr rt,12,1,1
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2.9 Multithreading ASE - CPO (privileged) registers

All the CPO registers new to or affected by the MT ASE arein Table 2.4.

Register

Table 2.4 CPO registers required by MIPS® MT ASE

Description

Per-TC registers

TCStatus Per-TC run-time control/status fields. Includes alternate views of per-TC fieldsin old CPO registers.

TCBind VPE &ffiliation and own TC number of this TC.

TCHalt Per-TC - write one to halt the TC for maintenance, zero to let it run again. No further description
needed.

TCRestart Per-TC - address of instruction the TC will run next. Unambiguous only when the TC is halted.
Writing TCRestart (to control where the TC executes from next time it is made live) has side-
effects; in particular it clears the link bit which associates aload-linked/store-conditional pair, see
Section 3.5, "Synchronization: "II" and "sc" instructions implementation”.

TCContext per-TC 32-bit read-write scratch register for OS use, no hardware-interpreted fields.

Per-VPE registers

VPEControl Per-V PE - status and control fields for exception and m£ tr/mt tx instruction support.

VPEConf0-1 read-only status of VPE setup

YQMask bitfield where “1” bits define valid select bits for ayield instruction - see Section 2.8.1, "Yield,
Yield Qualifiers and threads waiting for hardware events'.

VPEopt Can be used to mark any cache "way" (aquarter) of the primary |- and D-caches asinaccessible to
the owning VPE, to keep it clear for the other one.

SRSConf0-4 Fixeswhich TC's GPRs are recycled as shadow register sets.

Whole-CPU control and availability of MT resources

MVPControl writable register to determine how multiprocessing facilities work.

MVPConf0-1 read-only summary of CPU MT resources

Software hintsand controls on thread scheduling

TCSchedule

VPESchedule
TCScheFBack

Per-TC, writable register to influence thread scheduling. It's not really part of the core, and the
description is for our sample thread scheduling policy manager.

Per-VPE, writable register to influence scheduling

Optional read-only register providing statistical information about thread scheduling.

New fieldsin old registers
EBase[CPUNum]
Config3[MT]
Debug[OffLine]

Identity of running VPE within CPU

set if this CPU implements the MIPSMT ASE.

aper-TC bit which a debugger can set to quiesce a TC while it debugs another thread (but without
affecting any non-debug state).

2.9.1 What CPO registers are per-TC, per-VPE and per-CPU?

At first sight the CPO register map looks like quite a chaotic mixture of fields replicated per-TC, per-V PE or not repli-
cated at al. But in fact the rules are fairly simple, and there are only afew special cases:

» All registerscaled "TCxx" are per-TC.
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» All other CPO registers (not called "TCxx") are per-V PE except for:

— MVPControl, MVPConf0-1 are not replicated, there's just one set on a CPU.

— The performance counter count and control registers are per-CPU.

— A handful of fieldsin pre-MT MIPS32-standard registers are replicated per-TC: they include those which are
found in TCStatus asfields called “ Txx”, plus the debugger controls Debug[OffLine] (a“thread halt” control
for debuggers) and Debug[SSt] (single-step).

Like all other CPO registers, many fields are not initialized by hardware when the CPU isreset. And - special for MT

- CPO registers other than those belonging to VPE #0 and TC #0 are not initialized at all.Unless you are confident
that random contents in some particular register are safe, it’s your responsibility to write registers to sensible values.

2.9.2 VPEControl

Figure 2-1 Fields in the VPEControl register
31 22 21 20 19 18 16 15 14 87 0
VPEControll 0 |YSI |GSI | 0 | EXCPT| TE | 0 | TargTC |

In VPEControl:
YSI, GSI: "intercept" bits for yield and Gating Storage operations.

By setting one or both of these bits 1, an OS can arrange to be notified (by an exception) if any thread would oth-
erwise become blocked by ayield instruction, or on an access to gating storage. The exception will only hap-
pen if the TC's TCStatus[DT] bit is set, that isif the TC has run an instruction since it was last deallocated.

YSI affectsany yield instruction which would block; but ayield which testsfor a condition which is already
true, or ayield -2 will not be affected (ayield -2 isjust apoll - seethebullet on "yield")

GSI affects any gating storage access which will block the thread?.

EXCPT: encodes the cause of the last thread exception. This refines the information returned by Cause[ExcCode] - we
don’'t have enough reserved values to encode all the thread exceptions separately. Like the old cause register field,
VPEControl[EXCPT] isonly valid so long as the TC remains in exception mode (recall that in exception mode only
one TC within the VPE may run).

The possible values are:

Table 2.5 Thread exception codes in VPEControl[EXCPT]

0 Thread overflow on fork.

1 Thread underflow on yield.

2 Bad qualifier fedtoyield.

3 Exception on gating storage operation

4 yield which would have blocked run while VPEControl[YSI] isset to 1.

5 Gating storage access which would have blocked attempted while
VPEControl[GSl] issetto 1.

1. Gating storage operations are uncached, and may be slow; but GSI won't lead to an exception because the accessis slow, only
if the gating storage interface is told that the operation is blocked.
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TE: "enable multithreading” - when clear, only one TC attached to the VPE is allowed to issue instructions. Y ou
normally set/unset this using the dmt/emt instructions.

TargTC: selects the TC number of the "other thread context” in themt tr/mftr instructions - TCs are numbered from
0 upward. Thereisn't room to encode the TC number in the instructions. Note that since the whole of VPEControl is
aper-VPE register, TC-multithreaded software will need some kind of lock (perhaps dmt/emt brackets) around any
code which usesmttr/mftr.

2.9.3 TCRestart, TCHalt and TCContextt

Three registers without internal fields:

» TCRestart holdsthe thread’'s “PC” - more accurately, when the TC is halted it holds the instruction address
wherethe TC will restart. If aTC istoretry aninstructionin adelay sot, TCRestart will point to the branch but
the TCStatus[TDS] flag will be set.

e TCHalt: just write a1 to the register, and the TC will halt and will be safe to inspect and reprogram. Write a zero
toletit run again. TCHalt isfor the use of MT-aware OS code.

e TCContext isapure 32-hit software register, without any hardware effect. OS software finds it useful to have a
per-TC register where it can write an ID or key pointer which identifies the thread.

2.9.4 TCStatus

Figure 2-2 Fields in the TCStatus register

31 28 27 26 2524 23 22 21 2019 18 17 16 15 14 1312 11 10 9 87 0
|TCU3-O|TMX| 0 |RNST| 0 |TDS|DT| 0 |TCEE|0|DA|O|A|TKSU|IXMT| O| TASID |

TCU3-0, TMX, TCEE, TKSU, TASID: Thesefields - most of those starting with a"T", in fact - provide convenient
aternate views of somefieldsin legacy CPO registers. They are fields which, with MIPS MT, need to be replicated
per-TC. Thisis valuable because code can change them without the difficulty of doing a non-atomic read-modify-
write sequence on one of the legacy registers (which would mean having to read-write many fields which are shared
with any other TCsin the VPE.)

Thefields listed are views of the Status[CUO-3], Status[MX], Status[CEE], Status[KSU] and EntryHi[ASID] fields
respectively, and to get a complete view of what any of them do you are recommended to look at the notes on
each of those CPO registers.

WE'll deal with these dternate-view fields first:

TCU3-0: set ahit to enable this TC to run instructions for the corresponding co-processor. There are four bits but only
two feasible co-processors. CP1 isthe floating point unit (if fitted) and CP2 is available for custom use. CP3 is not
available on coresin the 34K family, so TCStatus[TCU3] aways reads zero.

The floating-point unit available as coprocessor 1 for 34K family cores has only one set of registers, so it may only
be used by one TC. It isthe OS' responsibility to make sure that's done. Custom or future coprocessors may
replicate all their state per-TC (so they may be freely multithreaded) or provide fewer, perhaps just one, register
Set.

TMX: another view of Status[MX], which isthe enable bit for the instructionsin the MIPS DSP ASE (in theory it
plays the same role for the older but less-used MDM X, but that will never be found in a 34K family core.) It's
visible here because it’s a per-TC field.

Programming the MIPS32® 34K™ Core Family, Revision 01.30 35

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



The MIPS® MT ASE - Multithreading the RISC way

TCEE: another view of the per-TC Status[CEE] enable bit implemented by a"CorExtend" (user-defined) instruction
block which needsit, usually because it includes some registers which it may need akernel to save across
exceptions and context switches.

TKSU: aconvenient view of the per-TC Status[KSU] bits which determines the privilege state of the CPU.
TASID: aconvenient alternative view of the per-TC EntryHi[ASID] field.
RNST: (read-only) status, which can be used to find out why a blocked TC is blocked, with values meaning:

0 Not blocked.

1 Asleep after await.

2 Blocked on yield (thatis, waiting for one or more of the Yield
Qualifier signalsto activate).

3 Waiting for gating storage load/store to complete.

TDS: qualifiesthe per-TC restart address TCRestart, indicating that the thread is stopped in a branch delay slot (in
which case TCRestart will point to the branch.) An analogue of Cause[BD].

DT: "dirty" bit - set whenever the thread being run by the TC makes progress. More precisely, set when any of thisTC's
instructions completes (though instructions in exception, error-exception or debug mode are not counted); it isaso
set if the TC is successfully started as aresult of a fork.

Thisisfor the use of an OS overseeing applications forking at user level; it can inspect its free-TC pool and dis-
cover which ones have done any work since last time it looked. This may be important, because a TC which has

done work for one applicati on® mi ght have some of that application’s datain its registers, and cannot be automat-
ically allocated to a different application for fear of leaking data (applications are not supposed to see one
another’s data). The OS must make sure it scrubs all the TC's registers before that happens; this bit is part of the
mechanism which letsit find out when it needs to scrub.

DA: "dynamically alocatable" - when clear, this TC may not be allocated as aresult of a fork.
If asaresult a fork can't find a TC to use, it takes a "thread overflow" exception.
If the only dynamically allocatable and live TC executes ayield (which might lead to the silence of the grave),

it takes a"thread underflow" exception instead.

A: "activated" (sometimes, "allocated"). Can’t run instructions without this bit, which is set by fork and cleared by
yield $0.

IXMT: set 1 to prevent this TC from handling interrupts.
Summary TC status
The TCHalt and TCStatus[A,DA] fields interact as shown in Figure 2.6 and may be best understood together. Note that

the EJTAG debug Debug[OffLin€] bit, if set, overrides all of them and prevents the TC from live its thread. OffLine,
though, doesn’t affect whether a TC may be selected by a fork.

1. InaLinux context "process' would be more precise than "application”.
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Table 2.6 TC summary state as expressed in per-TC register fields

Register bits What happensto TC
TCHalt TCStatus
[A] [DA]
1 X X TCishalted, fit for inspection and mantenance by software running
on some other TC
0 0 0  TCisnot running, nor may it be used by fork.
0 0 1 TCis"parked at the taxi-rank" ready to be used as aresult of a
fork instruction
0 1 X  TCisworking through the instructions of some thread. Maybeit's

not currently live, but that will be for a thread-specific reason.

2.9.5 TCBind
Figure 2-3 Fields in the TCBind register
31 29 28 21 20 18 17 16 43 0
| 0 | CurTC | 0 |TBE| 0 | CurVPE |

CurTC: (read-only) returnsthe TC’'s own identity - the ID of the TC which ran them£c0 instruction, or which isthe
target of amftr.

The zero field which occupies bits 18-20 below CurTC is reserved by the architectural definition. It can save a
mask operation when you need to use CurTC as an index into an array of 4- or 8-byte objects.

TBE: set by hardware when atransaction causing abus error isidentified as resulting from aload issued by this TC: see
Section 6.3.6, "Bus error exception” for details. It remains set until explicitly written to zero.

CurVPE: the ID number of the VPE affiliation of this TC. Y ou write thisfield to change a TC' s affiliation, but only
when the "V PE configuration mode" safety-catch bit MVPControl[VPC] isset. In principleit’ s possible for athread to

set its own TC' s affiliation, but that seems fraught with difficulty. Thiswill most often be set by some supervisory
thread using anmttr instruction).

2.9.6 MVPConf0-1 - read-only multithreading-specific configuration information

The MVPConf0-1 registers present aread-only summary of the CPU’s multithreading resources.

Figure 2-4 Fields in the MVPConf0O-1 registers

31 30 29 28 27 26 25 16 15 14 13 109 87 0
MVPConfO| M | 0 | TLBS| GS| PCP| 0 | PTLBE |TCA | 0 | PVPE | 0 | PTC |
31 30 29 28 27 20 19 18 17 109 87 0
MVPConf 1| CIM | ClF| 0 | PCX | 0 | PCP2 | 0 | PCP1 |

MVPConfO[M]: a"continuation" bit - if zero, MVPConf1 isn't implemented, and acts asiif it was all-zero.
MVPConfO[TLBS]: 1if it's possible to share the TLB. To do that you'd have to set MVPControl[STLB], see Figure 2-5.
MVPConf0[GS]: reads 1 if the CPU is able to support Gating Storage as described in Section 2.7.1, "Gating storage”.

MVPConfO[PCP]: read-only bit. Reads 1 if it’'s possible to deny access to one or more primary cache "ways' to each
VPE. This feature must be enabled in MVVPControl[CPA] and the way inhibition programmed in VPEopt, as
described in Section 2.9.10, "VPEOpt register - reserve some cache "way" for use of one VPE".
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MVPConfO[PTLBE]: the number of TLB slots which may be provided to different VPES according to initialization
software. Will read zero - even on a CPU with asharable TLB - if the TLB configuration has no option other than
shared or split in some fixed way.

MVPConfO[TCA]: reads 1 on 34K, because it is possible to dynamically assign TCsto a VPE (by writing
TCBind[CurVPE].) Other MIPS MT implementations may not let you do that.

MVPConfO[PVPE,PTC]: how many separate VPES/TCs respectively are available on this CPU (the field encodes
“number of things minus one”, so that zero means“one VPE” (or TC).

MVPConf1[C1M]: the floating point unit (co-processor 1) implements the MDMX™ extension to the instruction set, as
described in [MDMX]. Thiswill always be zero on CPUs in the 34K core family.

MVPConf1[C1F]: co-processor 1 implements 64-bit floating point instructions as defined in [M1PS64].

MVPConfl[PCX,PCP2,PCP1]: how many register set contexts are available for CorExtend™, co-processor 2 and co-
processor 1 respectively.

2.9.7 MVPControl Register - CPU-wide VPE control

MVPControl is aread/write per-CPU control/status register.

Figure 2-5 Fields in the MVPControl register

31 4 3 2 1 0
MVPControll 0 | CPA |STLB| VPC | EVP |

MVPControl[CPA]: set 1 to enable the per-VPE VPEOpt registers (see Figure 2-7 and notes) to deny aV PE use of one
or more ways of the primary caches. Check MVPConfO[PCP] first, to see whether this featureis available.

MVPControl[STLB]: set to enable TLB sharing between the VPES, see Section 4.2.2, "Sharing and not sharing the
TLB".

MVPControl[VPC]: "configuration mode" - a heavy-duty safety catch. When thisbit is set to "1", it becomes possible to
write to configuration register fields which are read-only on conventional M1PS32-compliant CPUs.

Thisis obviously afairly dangerous thing to do, and it’s unlikely to be a good idea to change the configuration
registers except when launching aV PE with software which believesit isre-initializing itself. In particular, make
sure that no other VPE isrunning by executing advpe; ehb sequence - the ehb (“hazard barrier”) instruction
makes sure that subsequent instructions don’t start until the dvpe has taken effect.

But with thisbit set ("unsafe"), aMIPSMT CPU can be set up by M T-aware software to configure aVPE with its
choice of CPU resources, then pass that VVPE to legacy (non-MIPS-MT-aware) software with that choice of
resources presented by the standard ConfigNN registers.

With this bit zero, the fields in the ConfigNN registers revert to read-only.

MVPControl iswritable only if the "master VPE" safety catch VPEConfO[MVP] is set to 1.

MVPControl[EVP]: when clear, instructions will only be executed for the thread which was running when this bit was
cleared - even TCs affiliated to other VPES will not be run. This bit is usually manipulated with the dvpe/mtc0
instructions.

38 Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



2.9 Multithreading ASE - CPO (privileged) registers

2.9.8 VPEConf0-1 registers - initializable per VPE resource lists

These are per-V PE registers which are read to show what resources are available to software on the VPE. Somefields
arewritable, but that's only when the V PE-access saf ety catch VPEConfO[MVP] is already set. That means that setting
your own VPEConfO[MVP] to zero is an irreversible abdication from inter-V PE power if other VPESs do the same.

Figure 2-6 Fields in the VPEConf0-1 registers

31 30 29 28 21 20 19 18 17 16 15 2 1 0
VPEConfO| 1 | 0 | XTC | 0 |TCS|SCS|DCS| ICS| 0 |MVP|VPA|

31 28 27 20 19 18 17 109 87 0
VPEConf1| 0 | NCX | 0 | NCP2 | 0 | NCP1 |

VPEConfO[XTC]: When only one TC in aVPE is running because the VPE is in exception mode or VPEControl[TE] is
clear, thisfield identifies that one running TC. XTC can be written by mt tr as part of cross-VPE initidization if you
want to initialize a VPE so it starts with just one TC running aone. Anything might happen if you tried to write this
field on arunning VPE, so you're prevented from doing so - the field is not writable unless the target VPE's

VPEControl[VPA] is zero.

Of course theinitializing thread, running such amttr, will need its own copy of VPEConfO[MVP] set to do cross-
VPE access in the first place.
VPEConfO[TCS,SCS,DCS,ICS]: read-only bitswhich tell software which caches are shared with at |east one other VPE.

The separate bits are for tertiary, secondary, L1 D-cache and L1 I-cache respectively. There's no way for a34K core
to be fitted with un-shared caches, so a 34K core will have DCS and ICS set (and will have the other bits set if it has

L2 or L3 cache).

VPEConfO[MVP]: "master virtual processor" - a safety catch bit, which must be set before software can touch registers
in different VPES (or in the TCs of different VPE affiliation).

It also controls write access to MVPControl.
VPEConfO[VPA]: Virtual Processor Activated. If zero, no TCs bound to this VPE will run.

VPEConf1[NCX,NCP2,NCP1]: number of CorExtend, coprocessor-2 and coprocessor-1/floating-point contexts
available to this VPE. These fields are writable at configuration time to zero, one or the number of TCs affiliated to
the VPE! and will be reflected in the VPE’s view of Config[UDI] (for CorExtend) and Config1[C2,FP]. If athread
within the VPE isto run alegacy OS, you can use that to determine whether the legacy software sees UDI, CP2 and/

or floating point capability.
2.9.9 YQMask register - enable yield “conditions”

YQMask is abit-map where you write a“1” bit to make the corresponding yield condition usable for the
yield mask instruction, as described in Section 2.8.1 “Yield, Yield Qualifiers and threads waiting for hardware

events’.

1. If thisfield was set to “number of TCs” but the number of TCs affiliated to the V PE subsequently changes (it can happen) the
field will be automatically updated.
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2.9.10 VPEORpt register - reserve some cache "way" for use of one VPE

Two OS programs running on separate VPEs of aMIPS MT CPU progress independently of each other, and the
thread scheduling rules usually make sure that each gets afair proportion of the CPU’s attention. However, one
unavoidable interaction is that threads on both V PEs are competing for the same cache resources.

The 34K core's primary caches are 4-way set associative, and thisis usually enough to provide for the active “work-
ing set” of all loaded threads.

Occasionally acritical routine may need such a good response time that it is unacceptable for it to be dislodged from
the cache by an unrelated thread. Where this affects atiny piece of code, your best bet is probably to lock the code
concerned into the cache, as described in Section 6.4.8, " Cache locking"”.

But if some legacy code consigned to the independent environment of one VPE is suffering because of competition
for cache locations from an unrelated program on the other VPE, you may also have the choice of reserving some part
of the cache for the use of a VPE: to check whether this facility is available on your core, test MVPConfO[PCP].

Thisfacility islarge-scale, affecting awhole cache “way” - that's 25% of a cache, removing one out of the four cache
locations available to store any particular cache-line sized piece of memory. It's implemented by getting aVPE to
sacrifice the ability to load data into one or more cache ways, making it unusable for any of the VPE's threads.

Caution: You almost certainly shouldn’t do this. Thisisafacility offered to dig systems out of avery particular kind
of hole. Only use it after careful measurement has convinced you that you have a problem caused by competition for
cache resources, and keep measuring to make sure you're getting the effect you need.

Figure 2-7 Fields in the VPEOpt register

31 12 11 87 43 0
VPEOpt| 0 | IWX3-0 | 0 | DWX3-0 |

But once you're sure: to enable thisfacility at all, you need to set MVPControl[CPA]. Then to renounce the use of one
of the four cache ways in the I- or D-cache for anything you miss on in future, set the corresponding IWXnn/DWXnn
bit in the VPEOpt register, as shown in Figure 2-7. Sincethisis done on a per-VPE basis, it’'s possible (though odd) to
completely deny yourself use of some part of the cache. After CPU reset these fields are cleared to zero, so if you
don’t need thisfacility, just ignore it.

2.9.11 Shadow register configuration SRSConf0-4

A TC'sregisters can be borrowed and used as a“ shadow set” for another TC. These registers control how thisisdone.
It seemed simpler to combine their description with the rest of the shadow register system in Section 7.3, " Shadow
registers’.

2.9.12 Thread scheduling hints - TCSchedule, TCScheFBack, VPESchedule

The TCSchedule, TCScheFBack, and VPESchedule registers are inputs to wholly implementati on-dependent logic,
so their description is not in this chapter, but in Section 3.2, "Thread scheduling in the 34K core" below.
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Chapter 3

How the 34K™ core implements multi-threading

In this chapter:

e Section 3.1, "The 34K™ core pipeline and multithreading™ how it all runs.
e Section 3.2, "Thread scheduling in the 34K core"

e Section 3.3, "Inter-thread communication storage (ITC)"

e Section 3.4, "The 34K™ core and interrupts"
3.1 The 34K™ core pipeline and multithreading

The 34K pipelineis shown in Figure 3-1. It inherits the 24K core's basic pipeline. You can find a simplified descrip-
tion of the 24K core pipelinein [PROG24K], which might be a useful introduction.

Figure 3-1 The 34K™ core pipeline

shared
BHT
. t —
E 2 H
2 g | | | D-cache
A -na -
% IF IS IT \ RF AG EX MS ER | wWB
£ ||
N IFU '—iﬁ J main pipeline
instruction queues
I-cache per-TC

Notes on the pipeline diagram Figure 3-1:

The 34K core issues one instruction per clock and executes instructions for a particular thread strictly in order. We'll
say an instruction is "fetched" when it's read from the I-cache in the IF stage, it's "issued” when it's sent to the RF
stage and "executed" when it emerges from the ER stage without causing an exception.

» Instruction fetch unit: Theinstruction fetch unit ("IFU") occupies the three first stages and is decoupled from the
main pipeline.
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Each TC in the processor has some of its own fetch unit state, and in particular each TC has a dedicated instruc-
tion queue which is kept filled whenever the TC is not stopped.

The IFU works a bit like adog being taken for awalk. It rushes on ahead as long as the lead will stretch (the IFU,
processing instructions two at atime, can rapidly get ahead). Even though you'rein charge, your dog likes to go
first - and so it iswith the IFU. Like adog, the IFU guesses where you want to go, strongly influenced by its
observations of your habits. If you make an unexpected turn there is a brief hiatus while the dog comes back and
gets up front again... but now we're anticipating the next bullet on "branch prediction™. Thiskind of designis
called a"decoupled” IFU.

Once instructions are issued from the IFU they are either completed in order or nullified (that is, essentialy
turned into anop - such instructions continue to occupy a pipeline slot). When athread stops for any reason (see
Section 2.4, "When can’t threads run?") any of itsinstructions which have entered the main pipeline after the
"stopping” victim will be nullified; the fetch unit holds the last couple of instructionsissued inits Skid buffer, so
itisn't necessarily going to have to go back and fetch the instructions from the I-cache all over again.

Even going back to the skid buffer is an avoidable overhead if the thread which stopped was the last runnable
one. The hardware may detect this condition and decide to stall the main pipeline with the post-blockage instruc-
tions till in it when it knows there are no other runnable threads (in the hardware documents thisis called “ sin-
gle-threaded mode™).

Branch prediction: The fetch unit has a couple of ways of predicting the branch target, allowing it tofill aTC's
instruction buffer speculatively without waiting for the main pipeline to do calculations and report on branch
conditions. It has:

»  Target computation: the fetch unit has logic which can compute the target of both PC-relative branches and
long-displacement format jal/3j instructions.

»  Abranch history table: whichis shared by al the TCs, is used to guess the direction of conditional branches.
Thetable isindexed by the low address bits of the instruction’s location, and keeps 2 bits of state for each
dlot. It's surprisingly effective, guessing right over 90% of the time. All branches (including the misnamed
"branch likely" instructions) are treated the same.

* Areturn prediction stack: asmall stack on which the IFU pushes the return address of any subroutine call
instruction. Subroutinereturn (i.e. jr ra) instructions pop the stack and guessthat it delivers the correct
target address.

When multiple TCs are running, only one of them may use this stack. A TC getsto use the stack whenever
all other TCs are blocked for relatively long-term reasons, and gets to keep it (even though conditions
change and other TCs become unblocked) until some other TC qualifies.

When the guess turns out to be wrong or the execution unit encounters an unpredictable computed branch the
execution unit issues a Redirect and nullifies any of the TC'sinstructionsin the pipe; the IFU hasto discard all
gueued instructions for this TC, and start fetching again from the corrected address.

Main pipeline: like the 24K core, the main pipeline is adjusted to provide something more than two clocks for
accessing the L1 caches. It also shares the "skewed ALU" - load/store address calculation is done in the dedi-
cated AG stage ahead of the EX stage where arithmetic and logical functions happen. The skewed ALU keepsthe
load-to-use delay down to just one clock.

There's no such thing as afree lunch; the downside is that aload/store instruction whose address generation
depends on the immediately preceding instruction will have to wait for one clock. Compilers probably find it eas-
ier to move the address cal culation back one placein the instruction stream, rather than to find yet another useful
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instruction which can be moved between the load and use of the data. But code which follows a pointer chain is
guaranteed to take at least three cycles per pointer.

3.1.1 Resource limits and consequences

Thelong pipeline, datainterlocks, and the semi-autonomous |FU mean that the whole pipeline does not advance in
lock-step as in the simplest MIPS architecture CPUs. Updatesto internal states are not so easy to schedule at fixed
times; instead they tend to wait in queues until a convenient moment. Most of the time, the convenient moment
arrives quickly and there is no software-visible effect. But sometimes an unusual code sequence causes updates to be
generated faster than they can be dealt with, the queue fills up and execution of the thread - perhaps the whole CPU
pipeline - hasto be stopped while the updates are done.

Queues which can fill up include:

e Cacheréfillsin flight: there can be four or nine, at build-time option. In a single-threaded application you're
unlikely to reach thislimit unless you are using prefetch or otherwise deliberately optimizing loops. If a series of
prefetches use all available resources, the next unrelated load-miss will stall the pipeline.

A hard-working multi-threading application might get there more often - hence the option to have nine entriesin
the "load data queue" in the 34K core.

* Non-blocking loads to registers: the 34K core has enough resources to have one load outstanding on each TC.
They're used not just for non-blocking loads, but also for a TC blocked on gating storage.

That's enough so that compiled code is unlikely to reach this limit.

» Linesevicted from the cache awaiting writeback (four): the 34K core’s ability to write datawill in ailmost all cir-
cumstances exceed the bandwidth available to memory: this queue will absorb short bursts without delaying any-
thing. A long enough burst of writes will eventually slow to memory speed.

» Register filewrite port (just one): that means that only one instruction can write a register value in each clock.
For instructions which execute down the main CPU pipe thisis not in the least problematic: they arrive at their
register-write stage one at atime in sequence. But instructions with their own pipeline (multiply/divide opera-
tions, loads/stores, coprocessor operations) any result delivered to a general-purpose register must wait for aslot
in which the main-pipeline instruction doesn’t need to write aregister. Typically, this happens very soon: but it
depends on the instruction sequence.

3.1.2 Choosing instruction to issue

There'sacritical piece of logic called the Dispatch Scheduler running inthe IS/IT pipeline stages. It'sjobisto decide
which TC'sinstruction to issue next, and that's the subject of the next section.

But if we look at the whole CPU, we see that the instructions in the main pipeline are not necessarily (nor even usu-
ally) al from the same TC. The hardware carries a TC number down the pipeline with each instruction, and that TC
number is used to extend any register number defined by the instruction to read and write aregister fromthe TC's
own set.

Thisisfine, so long as no threads block. When athread blocks, the fetch unit gets to know about it and will not issue
any more instructions for that TC; but by that time some more instructions for that TC are likely to be in the main
pipeline. These instructions are now doomed, but must be allowed to continue through the pipeline: otherwise

instructions from unrelated, unblocked TCs could not make progresst. The doomed instructions are marked as "nulli-
fied": they will cause no exception, no load or store, and no register write-back.
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Meanwhile, the TC’s own instruction queue istold of the blockage, and told where to restart after the thread is
unblocked. Theinstruction at the head of the TC’s instruction queue won't be the restart one (because one or more
instructions were entered into the main pipeline and nullified). To avoid discarding the whole instruction queue and
re-fetching all the instructions, the instruction queue includes a " skid buffer", which keeps a copy of a couple of
instructions which have been issued but might still be nullified. So the TC which is stopped can back-up the skid
buffer and wait to be running again.

3.2 Thread scheduling in the 34K core

44

In any multithreading CPU you have somehow to determine which instruction to run next.

Thelogic which doesthis job in the 34K coreis called the Dispatch Scheduler ("DS"). On every cyclethe DS selects
an instruction from one of the per-TC instruction buffers and putsit into the main pipeline. Its decision is influenced
by signals from the main pipeline but also by per-TC signals delivered from a piece of logic outside the core, the
Policy Manager (PM). The simplest PMs just tie some interface signalsto fixed levels; there are others which just
feed back some bit-fields from the TCSchedule and VPESchedule registers. Customers can use a MIPS-supplied PM
or create their own - for more details see Section 3.2.3, "Policy managers available for the 34K ™ core family".

Instructions are fetched at the front of the IFU: so how do we choose the TC for which we'll fetch apair of instruc-
tionsfor this clock? That's fairly simple. Fetch will rotate through each running TC which has room on itsinstruction
gueue (though there are minor tweaks in the hardware so an empty queue gets attention quickly).

3.2.1 The Dispatch Scheduler

The dispatch scheduler computes a priority for each TC. Where there are TCs with different priorities, it will do a
cycle-by-cycle round-robin between the highest-priority TCs which are running.

The priority calculation includes the following bits, in something like this order:

*  TheMS hit represents "running”: that means the priority mechanism automatically makes sure that we avoid
selecting an instruction from ablocked TC (and we don’t need any special purpose logic to do that).

*  Thepriority includes the 2-bit per-TC priority which is supplied by the Policy Manager.

* TheLS"priority" bits are for "round-robin” - again, the priority check is overloaded to implement the round-
robin algorithm for otherwise-equal-priority TCs.

Along with thereal TCs, the DS can have one or more Relax TC numbers; when a"relax" number winsthe arbitration
no instruction isissued, and perhaps some energy is saved. Thisfeatureis controlled from the external policy man-
ager (see below) and in particular the VPESchedule register.

3.2.2 Policy manager interface

Theinterface is hardware, really. But if you are programming a core equipped with a custom PM, you probably need
to know something about the hardware interface.

The TCSchedule and VPESchedule registers (if implemented at all) are inside the policy manager and their values
may influence its behavior in any way the designer thinksfit.

If there is only one running thread (so nothing else can happen if the stopped thread is evicted from the pipeline) the whole
34K pipeline may be stalled.
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The policy manager supplies the core with:
* A 2-bit "group number" for each TC, mapping each onto one of four "scheduling groups'.

* A 2-bit priority for every group. A TC then gets a priority from its group, which influences the internal dispatch
scheduler as to which TC’s instruction to schedule next.

* A per-TC"block" signa which when asserted freezesthe TC completely. Thisisnot used (that is, it's hard-wired
deasserted) in MIPS Technologies' own PM designs.

* A setof "relax" signals corresponding to abogus "relax" TC for each VPE; each hasits own 2-bit priority and an
enable.

The PM has access to many signals from the core. Per-TC information includes:

*  VPE membership

* Instruction completion strobe.

(Signals below here are not used by any MIPS-designed PM):

» TC state: running, yielded, halted, suspended, waiting ITC, wait, used as SRS.

* TCrunning, asused by the dispatch scheduler. Note, though, that by the time the PM acts on signalslikethisitis
always somewhat late; so it would be foolish to build hardware which attempted to respond to core signals with-
out any "averaging".

* TCissuestrobe, from DS.

e "TC hasbeenforked". A 1-clock pulse asserted as afork instruction completes.

Then there's some per-V PE information: the basic debug, exception and error-level bits. These are not used by any
MIPS Technologies PM.

3.2.3 Policy managers available for the 34K™ core family

MIPS Technologies will ship the core with a couple of worked-example PMs, which themselves will be useful for
many purposes. You can choose between:

Equal priority (Basic round-robin)

Just wire all the TC priority group values the same, and disable the do-nothing "relax" field in VPESchedule. Then
you'll get simple round-robin influenced only by the heuristics used by the core to keep its pipeline full.

Many applications will work just fine with this simple mechanism. You are positively recommended to avoid using
anything more complicated until you really understand why!

Fixed priority

Hard-wire TC groups and priorities as required, and disable "relax". TCs of equal priority will round-robin, but the
scheduler will favor higher-priority TCs.
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The most likely arrangement is atwo-level scheme offering higher priority for TCsto be used for threads which both
(a) have real-time deadlines, and (b) can be trusted not to consume excess CPU cycles when they have no real work to
do.

The" Weighted Round Robin" (WRR) policy manager

It seemslikeaMIPSMT CPU with two running TCs can only be told to make them equal or to give one uncondi-
tional priority over the other. You might be interested in a system which - instead - would ensure that one of the TCs
consistently got more cycles than the other, but that the less-favoured TC wouldn’t be starved. You can do that, by
feeding the CPU with arapidly-changing set of priorities which average out to what you want.

The building block of thisis a machine which runs through a sequence of states, allowing usto provide four distinct
priority “groups’: other things being equal, TCsin groups 0-3 get respectively 1/15, 2/15, 4/15 and 8/15 of the CPU.
In our policy manager, we can now maintain a“priority group number” for each TC and have it turned into a cycle-
by-cycle priority to achieve our goal.

We run a 15-cycle counter and in each cycle of 15 award different priorities to the groups as shown in Table 3.1:
Table 3.1 Dynamic priorities for finer resolution - group priority sequences

Priority in cycle (higher is better)
Cycle 1 2 3 4 5 6 7 8 910 11 12 13 14 15

Gouwp0O 0 1 0 121 0 1 0 3 0O 1 0 1 0 1 O
Gowpl 12 0 121 3 1 0 2 1 2 O 1 3 1 0 2
Goup2 2 3 2 0 2 3 1 2 1 3 2 0 2 3 1
Goup3 3 2 3 2 3 2 3 O 3 2 3 2 3 2 3

The WRR PM uses dynamic priorities as shown above. You program it through the TCSchedule register, shown at

Figure 3-2.
Figure 3-2 Fields in the TCSchedule and VPESchedule registers (WRR policy manager)
31 4 3 2 1 0

STP| O | GRP

TCSchedule and VPESchedule have lots of space for use by future (more sophisticated) policy managers. The
fields defined are as follows:

STP: set 1 to prevent the associated TC running any instructions at all; for VPESchedule[STP] it disablesthe “relax”
issue-nothing condition, which can be scheduled to save power.

GRP: determines which of the four priority groups this TC will bein, as described above; for VPESchedule[GRP]
thisis the scheduling group for the “relax” condition.

This policy manager does not define a VPEScheFBack register.

TCScheFBack register

TCScheFBack counts up when any instruction is completed by this TC; it is an unsigned 32-bit value, which satu-
rates at the maximum representable value. It is software’s job to writeit to zero or some other low value periodically.
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3.3 Inter-thread communication storage (ITC)

ITC locations are magic memory locations used to provide low-level thread synchronization - which might be inter-
thread (hence"ITC", from "Inter-Thread Communication storage") but could also be between customer-specific hard-
ware and the software thread. Because I TC locations are places where threads wait for potentially long periods of
time, they’re accessed - always uncached - as Gating Storage - described in Section 2.7.1, "Gating storage” above.
The ITC block isapiece of logic outside of the 34K core and connects through the gating storage interface. Because
it's outside the core, SoC integrators are free to use the M1PS-supplied example logic in whole, in part, or to write
their own. This section only describes the features of the sample ITC block supplied in the core package.

Each ITC Cell presents 32 bits of data. You should read/write these locations only as 32-bit data: partial-word loads
and stores may misbehave. Be careful about compiled code too, to make sure optimization doesn’'t remove or alter
any load or store operations. There are 16 different "views" of the same cell, all mapped to double-word boundaries
for compatibility with 64-bit implementations, so each cell occupies 16x64-bits (128 bytes) of memory space. The
different views have behaviors designed to support efficient implementations of popular synchronization operations,
aslisted in Table 3.2. You can build your system with some or all of the ITC cellsbeing FIFOs; to find out which cells
are FIFOslook at the fields in the status view, described in Figure 3-3.

Table 3.2 ITC cell views and what they do

Address Behavior
within
cell
0 "bypass': load/store just read and write the data, without affecting the flags.
If the cell isaFIFO, you write the newest entry and read the oldest (but without pushing the FIFO).
8 "status' view: read or write cell status as shown in Figure 3-3.

16 "empty/full" synchronized view: the cell remembers whether anything has been written to it making it non-
empty (and if it'snot aFIFO, making it full at once). Loads from an empty cell block, as do storesto afull cell.
A load from afull cell makesit non-full, and (eventualy, if it's a FIFO) might empty it.

24 Empty/Full "try" (non-blocking) view. A load from an empty cell returns, but the datais always zero. A store
toafull cell isquietly discarded, and the thread continues to run; but (more usefully) you can use an sc (store-
conditional) instruction targeting this view and it will return 1 if the data was written, O if it was discarded.

32 "PIV" synchronized view: thisimplements a"P/V" counting semaphore. This synchronization trick was
invented by Dijkstra- "p" and "v" are the "wait if zero, then count down" and "count up" functions respec-
tively.

A load from a zero cell blocks until a non-zero value appears. Otherwise the load returns the value and (atom-
ically) decrements the stored value.

Any store causes an atomic increment of the cell value, up to a maximum value of 216-1, at which it saturates.
Stores never block.

P/V operations do not modify the empty and full bits, which should both be cleared before an entry is used for
P/V purposes.

The P/V view of a FIFO location doesn’t make sense, and the result of any such accessis undefined.

40 PIV "try" (non-blocking) view. Same as the synchronized P/V view, except that aload does not block, even if

the cell valueis zero.
Again, don’t use this view for a FIFO cell
48-56 Reserved for future versions of the MIPSMT ASE.
64-120 Implementation-dependent views.

Figure 3-3 Field layout in an ITC cell status view

31 21 20 18 17 16 15 2 1 0
| 0 [FIFOPTR[FIFO| T | 0 [ Ful TEmpty |
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Thefieldsin the ITC cell status view mean:

FIFO_PTR: theindex of the oldest FIFO entry (on aread that’ s the next to be returned), but will read zero unlessthisis
aFIFO cell. Writethe ITC status view with FIFO_PTR zero, Full =0 and Empty = 1 to reset the FIFO.

FIFO: (read-only) 1if thiscell isaFIFO (that is, it has more than one word of storage.) In the ITC implementation
distributed with the 34K family, al ITC FIFOs have four words of storage.

T: "trap” bit - causes any data access (i.e. any "empty/full” or "P/V" access) to this cell to result in an exception. Set by
an OS which wantsto keep track of reads and writes, perhaps because it’s recycled a TC which was waiting here and
wants to know when it might have been unblocked.

Full/Empty: described in Table 3.2. There are separate full and empty bitsto allow ITC cellsto quietly grow into FIFOs
with multiple words of storage. Write Empty to 1 to reset the FIFO to a clean empty state.

3.3.1 Configuring ITC base address and cell repeat interval

The configuration information for the ITC spaceis held in two "tags' accessed by overloading the

cache Index Load Tag D and cache Index_Store_Tag_D instructions (it's much like the mechanism
used for scratchpad RAM). Set the ErrCtI[ITC] bit to tell the instructions to access | TC space configuration "tags”, and
use addresses 0 or 8 in the cache instruction address field:

The ITC-configuration "tags' show up asin Figure 3-4.

Figure 3-4 ITC configuration information

31 10 9 1 0
Addr=0| BaseAddress | 0 [ITC En|
31 30 20 19 17 16 10 9 32 0
Addr= 8| M | NumEntries | 0 | AddrMask | 0 | EntryGrain |
What can you do with these?

BaseAddress, AddrMask: alow you to set the ITC starting physical address and region size, with at best a 1Kbyte
resolution. Once thisis set up and enabled, all accesses to this physical address range will go to ITC, and will no
longer show up on the main system interface - so these locations will “overlay” anything else you expected to be
there. Take care not to overlap any vital address.

The ITC cells can be put at any address whose alignment matches the total size of the ITC region (if you had 64
ITC cells at 256byte intervals you could place them at any 16K byte aligned address).

To do that set AddrMask:

AddrMask ITCregionsize AddrMask ITCregionsize

0 = 1Kbyte OxF = 16K bytes
1 = 2Kbytes 0x1F = 32K bytes
3 = 4K bytes 0x3F = 64K bytes
7 = 8Kbytes OX7F = 128K bytes

ITC en: set 1touselTC - it's zero from reset, making ITC invisible until you want it.
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NumEntries: aread-only field which tells you how many 32-bit ITC cellsare providedl.

EntryGrain: let’s you control the cell spacing. Tightly spaced cells save on memory space, but widely spaced cells
spread across a number of TLB pages, permitting different cells to be mapped to different processes. If you set the
cell spacing very high, you'll limit the number of cells you can accessin the usual 1TC region.

When the EntryGrain field is zero, cells are packed at 128-byte intervals. Other values result in cells at intervals
of 128x 2EMYGran pytes or:

EntryGrain  ITCcel interval EntryGrain  1TC cell interval

0= 128bytes 4 = 2Kbytes
1= 256bytes 5 4K bytes
2 = 512hytes 6 = 8Kbytes
3= 1Kbyte 7 = 16K bytes

To program these locations first set the ErrCtI[ITC] bit, which tells the cache instruction to access I TC information.
Read the registersto find out how many ITC cells are available; then program your choice of cell interval and base
address, with the region size set to match.

Don't forget to clear ErrCt[ITC] afterwards, so that cache operations can continue as usual.

3.4 The 34K™ core and interrupts

Asyou may recall from Section 2.6.1, "Multithreading and interrupts’, the interrupt system isreplicated per-VPE; so
the 34K core may have two interrupt systems. Interrupt inputs (including Int0-5, NMI and the EJTAG debug interrupt
DINT) are presented separately for the two VPEs at the core interface.

Only the internally-generated timer and performance counter overflow interrupts are always local to the VPE (you
can find out what interrupt number they use by looking in the IntCtl register shown as Figure 7-1).

In the 34K core any TC which is not interrupt-exempt may handle an interrupt. However, where there is a choice:
* Aninterrupt will be delivered to any thread which is adleep after await instruction (if thereis one); otherwise:

» Theinterrupt will be delivered to any non-exempt, active thread which is not blocked waiting for a gating storage
access; and only then:

» Theinterrupt will be delivered to an active-but-blocked thread.

See Section 7.2, "MIPS32® Architecture Release 2 - enhanced interrupt system(s)" for information about the inter-
rupt signalling and handling options that the 34K core shares with other M1PS32 CPUs.

3.5 Synchronization: "lI" and "sc" instructions implementation

In coherent multi-processor or software multi-threaded systems, the 11 and sc instructions work together to provide
an RMW operation on amemory variable (with an arbitrary modification of the value) which succeeds only if itis
guaranteed to have been atomic - that is, no other thread can have seen the value of the same variable between the
read and the write. Moreover, sc returns a value which reports when atomicity could not be guaranteed, and the store

1. Earlier versions of this specification used a "logarithmic" code for number of entries.

Programming the MIPS32® 34K™ Core Family, Revision 01.30 49

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



How the 34K™ core implements multi-threading

50

wasn't done; that allows software to build aretry loop to implement atomic operations. The risk of non-atomicity is
detected by the cache snoop logic for cache-coherent multiprocessors, and by the intervention of an exception on
software-schedul ed uniprocessors.

The MIPSMT ASE requiresthat 11/sc also work between concurrent threads on an MT CPU. Each TC is equipped
with a CPO register called LLAddr, which remembers the physical address (at |east to the enclosing 32-byte block) of
the target location of any 11/se sequence. The 34K core detects possible non-atomicity by checking every write
made by any thread against the LLAddr of all other TCs.

The hardware keeps a single bit of state per TC called a"link bit" - the link bit is not directly visible to software. The
link bit is most often zero, but is set by a 11 instruction and then cleared by any condition threatening atomicity. It's
cleared if:

e Some other TC's store isto the same block as our LLAddr;

* Aneret instruction runsfor this TC's VPE (which means there’'s been an exception, which could mean thisTC
has been rescheduled in the middle of its sequence);

»  Some other software wrote this TC's TCRestart register to cause it to execute elsewhere. Thisisto catch condi-
tions where OS software running on some other thread "reschedules’ the TC: we don’t want the link bit to sur-
vive such indignities.

Then the sc succeeds only if the link bit is still set when it executes.

Inthe MIPSMT ASE the sc instruction is also used to provide feedback from astoreto an I TC location which might
fail: see Section 3.3, "Inter-thread communication storage (ITC)".
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Chapter 4

Initializing the 34K™ core - Multi-Threaded bootstrap
Issues

You are likely to deal with MIPS MT features at three stages as you boot the system:

* Boot the system, probably without dependence on the MIPS MT extension. It's good if first-level system boot-
strap (which is bound to be awkward, system-dependent code) is not aso sensitive to changesin the CPU feature
Set.

So thefirst-level bootstrap typically wants to make sure that any new multithreading behavior is suppressed until
wanted: see Section 4.1, "Bootstrapping without worrying about multithreading”.

e SetupVPEsand TCs.

Once you reach the point where you're running software which wants to exploit multithreading, you need to dis-
cover what resources the CPU has, and to set them up. That’s described in Section 4.2, " Configuring your choice
of VPEsand TCs".

Specia care should be taken when you're initializing a VPE which isto run non-M T-aware "legacy" software -
perhaps awhole legacy operating system: notesin Section 4.2.1, "Setting up a V PE for legacy software"

If you are running co-operative software on two VVPEs and are able to make minor changes to the source code, it
will usually be more efficient to share the TLB entries (the "legacy-ready” approach isreally a hard-wired parti-
tion of the entries): see Section 4.2.2, " Sharing and not sharing the TLB".

» Thread initialization for explicit multi-threading, see Section 4.3, "Setting up a TC to run athread".
4.1 Bootstrapping without worrying about multithreading

It's usually going to make sense to deal with the complexities of multi-threading only at the point in the system where
you start to use the facilities. For many systems that means that initial bootstrap software (perhaps a boot monitor or
reset-time diagnostic) will be better off ignoring multithreading.

Fortunately that’'s straightforward. A MIPS MT CPU comes out of reset with just TC #0 running, affiliated to VPE
#0, and looking single-threaded. Moreover, the VPEConfO[MVP] bit is set, so the bootstrap software is all-powerful
and can do whatever is required to set up the right VPEs and threads for the system.

Now bootstrap your computer. If the software needs to know it, it can read its own TC and VPE number from TCBind.

As always, bootstrap software is responsible for initializing CPO registers; aregister may only be skipped if you are
certain that random contentsin it will not disrupt your software.
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When you arrive at that software which wants to start an extra VPE or TC, you first need to discover what resources
your CPU has. The pre-multithreading Config and Config1-3 registers used to tell you everything; butinaMT CPU,
those registers reflect just one VPE’s resources, which in turn depend on what has been configured through
MVPControl and VPEConf0-1 (detailsin Figure 2-5 and Figure 2-6 and the notes to them) In fact, since in the 34K
coreinitialization software has afair amount of control over what resources are allocated to each VPE, somefieldsin
the previously read-only Config registers are writable. However, that’s only done where necessary: for example, since
all VPEs share the caches, all VPES can and do use read-only cache information from Config1-2.)

The total CPU resources are enumerated in MVPConf0-1, which you can seein detail in Figure 2-4 .

Getting a second VPE/TC into use

Suppose you have some software loaded into memory, but you want to start running it with TC #1 bound to V PE #1.
Currently both the per-VPE and per-TC registers and other resources are in their post-reset state: the critical ones
need software initialization before they can start.

Only athread with VPEConfO[MVP] set can do this - fortunately VPE #0 will come out of reset with MVP set (if you
aready cleared it, you've resigned. Reset the CPU and try again!). Then set MVPControl[VPC].

Set VPEControl[TargTC] to 1, the other TC's number, so you can write the other TCsregisterswithmttr.

You certainly don’t want the other VPE running while you do this sort of thing, and you should clear your
VPEControl[EVP] bit while you're working. You should probably use the dvpe/mtc0 instructions as a"bracket”,
rather than manipulating the EVP bit directly. So your overall flow should be like this:

dvp tO

ehb # execution hazard barrier, make sure dvp takes effect

set MVPControl [VPC]
(initialise VPE #1 and TC #1)

mtc0 t0, VPEControl # undo the dvp
OK, so now let’'slook at how you "initialize VPE #1 and TC #1".

From now onmttx will operate on the TC of your choice. You'll probably want to do quite alot of set-up of both
per-TC and per-VPE fields

So for TC#1.:

e Set TCHalt. Infact TC#1 can't run anything yet, because you're still under dvpe control - but the MT specifica
tion allows CPUs to treat the “halted” state specially. Don’'t omit this.

e TC#1'sVPE dfiliation may not be set as you wish, so set TCBind[CurVPE] to 1 (the other VPE's number)

e A word of warning. This section lists all the “important” fields. When any MIPS CPU is powered up, only a
rather small set of CPO register fields are initialized. But when aMIPS MT CPU is powered up, only fields for
VPE #0 and TC #0 are initialized at all. Your new VPE may have random garbage in any writable CPO field. So
if yours may be the first use of that VPE from power-on, iterate over all the CPO registers setting all writable
fieldsto “safe” values.
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e Set TCStatus. TCStatus[A]:will have to be set to 1 so the TC can run (this bit isthe “alocated” bit for fork, and
isrequired when setting up athread manually.) All other bits can be zero, at least to start with - once you get
something working, though, go back to the detailed description in for any other fieldsin Section 2.9.4,
"TCStatus' on page 35.

*  Set TCRestart to the program location where you want your new thread to start.
Now let’slook at VPE#1 s registers..

e Set VPEControl zero, and set VPEConf0 to leave VPEConfO[XTC] = 1 (it should match your affiliated TC number,
and must do so if you want to start the software “single-threaded”), VPEConfO[MVP] = 0, VPEConfO[VPA] = 1.
For full details consult Figure 2-1 and Figure 2-6 and their notes.

e Set VPE #1/TC #1's Status register: If your intention is to have VPE #1's software mimic "coming out of reset"
you might want to set its Status[EXL] set 1, so it starts in exception mode. Think about Status[BEV] - if set and
your new thread takes an exception (which quite often happens with brand new code, due to one slip or another),
then with BEV set it will use the ROM exception vectors, which are always shared with VPE #0 - and might not
be what you wanted. On the other hand, if you do clear Status[BEV], make sure you've set up code to catch any
exceptions delivered at the non-ROM address.You might also set EBase to give VPE #1 different exception entry
points from VPE #0 (unless you really want to share them).

e Set VPE #1's VPEConfl register. VPEConf1[NCP2, NCP1, NCX] determine whether your new VPE will be able
to use coprocessors 2 and 1 (CP1 is the floating point unit) and the UDI instruction set, respectively. If the co-
processor has only one bank of registers, you may well want to deny use of the co-processor to all but one of the
VPEs.

At the end of our sequence you re-enable multithreading (by restoring the old value of VPEControl). Your last step is
to usemttr to write TC #1's TCHalt to zero. Now TC#1 should start up and start running your code.

4.2.1 Setting up a VPE for legacy software

In general you can support only one piece of legacy software on a 34K family core. The V PESs see the same basic
MIPS architecture memory map, and a few things are commonly shared - not least the exception entry points.

Your legacy software hasto be told (by some means, beyond the scope of this manual) not to use all the physical
memory in the system. Most likely the new M T-aware software will also need to use some virtual memory in the
kseg0/ksegl regions, too.

The "legacy" VPE needs to be carefully set up to fool the old software into seeing and using a congenial M1PS32
CPU. That means:

1. SetupthisVPE with just one TC;

2. You'llinitialize al the relevant new MIPS MT registers and resources to keep the legacy software happy for its
lifetime. Consult the full list of registersin Section 2.9, "Multithreading ASE - CPO (privileged) registers”.

4.2.2 Sharing and not sharing the TLB

It's not really visible to software whether thereis really more than one TLB in any 34K core, but you can software
configure it so that you get either:
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» Hard partition: each VPE appears to haveits own TLB fully compatible with the MIPS32 architecture (the sizes
of the VPE's TLBs are as set when the SoC was built - so while thiswill often be half-size each, it may not be);
OR

*  Shared: the VPEs share al the TLB'’s entries (up to a maximum of 64 entries). Thisis certainly agood choice if
one of the VPEs doesn’'t usethe TLB at al (which is not unusual in many legacy embedded systems.)

But it isalso particularly likely to be agood choice if the VPEs are to run the same software and that software is
under your control; for example, if you're using them to run a close approximation to adual-CPU SMP Linux OS
(aVSMP system.)

But to share the TLB you will need to make some modifications to the TL B maintenance code, as described
below.

To partition the TLB just set MVPControl[STLB] zero, and set both VPE’s Config1[MMUSize] fields to the appropriate
size (the split is configurable by your SoC designer).

To sharethe TLB set MVPControl[STLB] to 1. It will probably be convenient to set Configl[MMUSize] to show the full
array. A changeto STLB should be made only by "unmapped" code, and with the TLB empty of valid entries.

You don’'t usually need to make any change to the critical TLB refill exception handler, so long as - asis usual - it
relies on random replacement (that is, the update to the TLB is done with a t 1bwr instruction.) The TLB CPO regis-
tersused in atypical TLB miss handler include Context, EntryHi, EntryLo0-1 and PageMask. All are replicated for
each VPE.

The Random register ishandled specialy. tlbwr will not use avalue for Random which coincides with the other
VPE’s value of the manually-set TLB index register Index.

Meanwhile, other kernel software may be doing software-driven updates to the TLB (mostly that means removing
entries). The TLB maintenance software will need to run single-threaded, at least in part. There are three possible
sources of unwanted concurrency, and software has to attend to two of them:

1. Theother VPE may itself be performing some TLB maintenance. This can be fixed with a one-thread-at-a-time
software semaphore, just like the ones you use in an SMP OS.

2. Another TC belonging to the same VPE may get a TLB-related exception. This can be fixed by bracketing criti-
cal parts of the TLB maintenance routine with admt/mtc0 pair, disabling all TC-level parallelism while the
operation is completed.

3. A TC belonging to the other VPE may get a TL B-related exception. But the hardware makes this OK. The only
resources the two VPESs share are the TLB entriesitself, and the only entry the other VPE will accessisthe one
used by t1bwr asindexed by the Random register. The hardware will ensure that the Random value used by the
other VPE will be different from the Index value you're using for your maintenance routine. So no softwarefix is
needed.

For efficient use of TLB entries, maintenance software should return Index to an unused value (which represents no
entry) as soon asit has finished - otherwise you're blocking Random from selecting some particular TLB slot. The
recommended value is 0x8000.0000; the top bit of Index iswritable on MIPS MT CPUs for this purpose.

There's another more subtle change. The TLB is used early in the pipeline to trandlate instruction addresses. A TLB-
related exception (“TLB Invalid” for example) detected at this stage is not taken until and unless the instructions are
scheduled into the main pipeline. By that time many instructions from other threads may have gone past, and perhaps
one of them may have done arefill which dislodged theinvalid TLB entry. So the TLB invalid exception handler
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might find there’'s no translation entry in the TLB at all: your best bet, in that case, is probably to just return from the
exception without doing anything, which will lead to a TLB miss exception and all should get fixed up.

4.3 Settingup aTCto run athread

The easiest way to set a previously-unoccupied TC running athread is to use the £ork instruction.

To prepare to use £ork you need to make sure thereis at least one TC with the TCStatus[DA] bit set to 1 (which indi-
catesit's available for fork), the bit TCStatus[A] zero (i.e. the TC is not aready in use), and TCHalt zero.

However, there's nothing to prevent you from setting up a TC manually; just set the thread restart address TCRestart
and set TCStatus[A]. You should almost always set TCHalt before doing manual adjustments on aTC, and clear it

when you'vefinished. If the TC started to run (perhaps an interrupt routine) while being worked on it would be likely
to lead to confusion.

4.4 TCs recycled as Shadow registers

The MIPS32 architecture permits CPUs to be configured such that a particular interrupt handler (or in some cases all
exception handlers) should be invoked with a complete aternate set of general-purpose registers: a Shadow register

set. That allows you to write avery low-overhead handler, because you don’t have to save the interrupted thread’s reg-
isters.

There are some applications where explicit multithreading will fix your problem better than shadow registers. But
there are other caseswhere you really want shadow registers rather than multiple TCs, and the 34K core gives you the
choice - you can close down a TC for thread business, and make its registers available for shadow set use. See Section
7.3.1, "Recycling multi-threading CPU’ s TCs as shadow sets".
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Chapter 5

The MIPS32® DSP ASE

The MIPS DSP ASE is provided to accelerate alarge range of DSP algorithms. You can get most programming infor-
mation from this chapter. There’'s more detail in the formal DSP ASE specification [MIPSDSP], but expect to read
through lots of material aimed at hardware implementors. You may also find [DSPWP] useful for tips and examples
of converting DSP agorithms for the DSP ASE.

Different target applications generally need different data size and precision:

e 32-hit data: audio (non-hand-held) decoding/encoding - awide range of "hi-fi" standards for consumer audio or
television sound.

Raw audio data (as found on CD) is 16-hit; but if you do your processing in 16 bits you lose precision beyond
what is acceptable for hi-fi.

» 16-bit data: digital voice for telephony. International telephony code/decode standards include G.723.1
(8Ksample/s, 5-6K bit/s data rate, 37ms delay), G.729 (8Khit/s, 15ms delay) and G.726 (16-40K bit/s, computa-
tionally simpler and higher quality, good for carrying analogue modem tones). Application-specific filters are
used for echo cancellation, noise cancellation, and channel equalization.

Also used for soft modems and much general "DSP" work (filters, correlation, convolution); lo-fi devices use 16
bits for audio.

»  8-hit data: processing of printer images, JPEG (still) images and video data.
5.1 Features provided by the MIPS® DSP ASE

Those target applications can benefit from unconventional architecture features because they rely on:

»  Fixed-point fractional data types: It isnot yet economical (in terms of either chip size or power budget) to use
floating point calculations in these contexts. DSP applications use fixed-point fractions. Such afractionisjust a
signed integer, but understood to represent that integer divided by some power of two. A 32-hit fractional format

where the implicit divisor is 21° (65536) would be referred to as a Q15.16 format; that's because there are 16 bits
devoted to fractional precision and 15 hits to the whole number range (the highest bit does duty as asign bit and
isn't counted).

With this notation Q31.0 is a conventional signed integer, and Q0.31 is a fraction representing numbers between
-land 1 (well, nearly 1). It turns out that Q0.31 is the most popular 32-bit format for DSP applications, since it
won't overflow when multiplied (except in the corner case where -1x-1 leads to the just-too-large value 1). Q0.31
is often abbreviated to Q31.

The DSP ASE provides support for Q31 and Q15 (signed 16-bit) fractions.

e Saturating arithmetic: It's not practicable to build in overflow checks to DSP agorithms - they need to be too
fast. Clever algorithms may be built to be overflow-proof; but not al can be. Often the least worst thing to do
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when a calculation overflows is to make the result the most positive or most negative representable value. Arith-
metic which doesthat is called saturating - and quite alot of operationsin the DSP ASE saturate (in many cases
there are saturating and non-saturating versions of what is otherwise the same instruction).

»  Multiplying fractions: if you multiply two Q31 fractions by re-using a full-precision integer multiplier, then
you'll get a64-bit result which consists of a Q62 result with (in the very highest bit) a second copy of the sign bit.
Thisisabit peculiar, so it's more useful if you always do a left-shift-by-1 on this value, producing a Q63 format
(amore natural way to use 64 bits). Q15 multiplies which generate a Q31 value have to do the shift-1eft too.
That’'s what all themulq... instructions do.

* Rounding: some fractional operations implicitly discard less significant bits. But you get a better approximation
if you bump the truncated result by one when the discarded bits represent more than ahalf of thevalueof alin
the new LS position. That’s what we mean by rounding in this chapter.

*  Multiply-accumul ate sequences with choice of four accumulators: (with fixed-point types, sometimes saturating).

The 34K already has quite a slick integer multiply-accumulate operation, but it's not so efficient when used for
fractional and saturating operations.

The sequences are made more usable by having four 64-bit result/accumulator registers - (the old MIPS multiply
divide unit hasjust one, accessible as the hi/lo registers). The new ac0 isthe old hi/lo, for backward compatibility.

*  Benéefit from"SMD" operations.: Many DSP calculations are a good match for "Single Instruction Multiple
Data" or vector operations, where the same arithmetic operation is applied in parallel to several sets of operands.

In the MIPS DSP ASE, some operations are SIMD type - two 16-bit operations or four 8-bit operations are car-
ried out in parallel on operands packed into a single 32-bit general-purpose register. Instructions operating on
vectors can be recognized because the name includes. ph (paired-half, usually signed, often fractional) or . gb
(quad-byte, always unsigned, only occasionally fractional).

The DSP ASE hardware involves an extensive re-work of the normal integer multiply/divide unit. As mentioned
above it has four 64-bit accumulators (not just one) and a new control register, described immediately below.

5.2 The DSP ASE control register

58

Thisisapart of the user-mode programming model for the DSP ASE, and is a 32-hit value read and written with the
rddsp/wrdsp instructions. It holds state information for some DSP sequences.

Figure 5-1 Fields in the DSPControl Register

31 28 27 24 23 16 15 14 13 12 7 6 5 0
[ O [ ccond | ouflag | O [EFI] ¢ [ scount | O | pos |

In Figure 5-1:

ccond: condition bits set by compare instructions (there have to be four to report on compares between vector types).
"Compare" operations on scalars or vectors of length two only touch the lower-numbered bits. DSPControl bits 31:28
are used for more ccond bits in 64-bit machines.
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ouflag: one of these bits may be set when a result overflows (whether or not the result is saturated depends on the
instruction - theflag is set in either case). The "ou" stands for "overflow/underflow” - "underflow" is used here for a
value which is negative but with excessive absolute value.

Any overflowed/underflowed result produced by any DSP ASE instruction sets aouflag bit, except for addsc/
addwc and shilo/shilov.

The 6 bits are set according to the destination of the operation which overflowed, and the kind of operation it
was:

Bit No Overflowed destination/instruction
16-19 Destination register isamultiply unit accumulator:
separate bits are respectively for accumulators 0-3.
20 Add/subtract.
21 Multiplication of somekind.
22 Shift left or conversion to smaller type
23 Accumulator shift-then-extract

EFI: set by any of the accumulator-to-register bitfield extract instructions extp, extpv, extpdp, Or extpdp. It'Sset
to 1if and only if the instruction finds there are insufficient bitsto extract. That is, if DSPControl[pos] - which is
supposed to mark the highest-numbered bit of the field we' re extracting - is less than the size value specified by the
instruction.

c: Carry bit for 32-bit add/carry instructions addsc and addwec.

scount, pos: Fields for use by "variable" bitfield insert and extract instructions, such as insv (the normal MIPS32
ins/ext instructions have the field size and position hard-coded in the instruction).

scount specifies the size of the bit field to be inserted, while pos specifies the insert position.
Caution: in al inserts (following the lead of the standard MIPS32 insert/extract instructions) pos is set to the
lowest bit number in the field. But in the DSP ASE extract-from-accumul ator instructions (extp, extpv, ext-

pdp and extpdpv), pos identifies the highest-numbered bit in the field.

The latter two ("dp") instructions post-decrement pos (by the bitfield length size), to help software which is
unpacking a series of bitfields from a dense data structure.

Themthlip instruction will increment the pos value by 32 after copying the value of o to hi.
5.2.1 DSP accumulators
Whereas a standard M1PS32 architecture CPU has just one 64-bit multiply unit accumulator (accessible as hi/lo), the

DSP ASE provides three 64-bit accumulators. I nstructions accessing the extra accumulators specify a 2-hit field as 0-
3 (0 selects the original accumulator).

5.3 Software detection of the DSP ASE

You can find out if your core supports the DSP ASE by testing the Config3[DDSP] bit (see Table C-6).

Then you need to enable the instruction set by setting Status[MX] (or its alternate view TCStatus[TMX]) to 1, for any
TC which will execute code in the MIPS DSP ASE.
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5.4 DSP instructions

60

The DSPinstruction set is nothing like the regular and orthogonal MIPS32 instruction set. It's a collection of special-
case instructions, in many cases aimed at the known hot-spots of important algorithms.

We'll summarize the instructions under headings, but then list all of them in Section 5.2, "DSP instructionsin
alphabetical order”, an aphabetically-ordered list which provides a terse but usually-sufficient description of what
each instruction does.

5.4.1 Hints in instruction names

Aninstruction’s name may have some suffixes which are often informative:

q: generally meansit treats operands as fractions (which isn’t important for adds and subtracts, but isimportant for
multiplications and convert operations);

_s: usually means the full-precision result is saturated to the size of the destination; _sa isused for instructions which
saturate intermediate results before accumulating; and x: denotes rounding (see above);

.w, .ph, .gb: suggest the operation is dealing with 32-bit, paired-half or quad-byte values respectively. Where there
aretwo of these (asinmacq_s.w.phl) thefirst one suggests the type of the result, and the second the type of the
operand(s).

v: (in ashift instruction) suggests that the shift amount is defined in aregister, rather than being encoded in afield of
the instruction.

To help you get your arms around this collection of instructionswe’ll group them by likely usage - guided by the type
of the result performed, with an eye to the application. The multiplication instructions are more tricky: most of them
have multiple uses. We've sorted them by the most obvious use (likely aso the most common). The classification
we've chosen divides them into:

*  Arithmetic - 64-bit

e Arithmetic - saturating and/or SIMD Types

e  Bit-shifts- saturating and/or SIMD types

e Comparison and "conditional-move" operations on SIMD types - includes pick instructions.

e Conversionsto and from SIMD types

e Multiplication - SIMD types with result in GP register

e Multiply Q15sfrom paired-half and accumulate

e Load with register+register address

«  DSPControl register access

*  Accumulator access instructions

» Dot products and building blocks for complex multiplication - includes full-word (Q31) multiply-accumulate

e Other DSP ASE instructions - everything else...
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5.4.2 Arithmetic - 64-bit

addsc/addwc generate and use a carry hit, for efficient 64-bit add.

5.4.3 Arithmetic - saturating and/or SIMD Types

e 32-bit signed saturating arithmetic: addq_s.w, subg_s.wand absq_s.w.

»  Paired-half and quad-byte SMD arithmetic: perform the same operation simultaneously on both 16-bit halves or
all four 8-bit bytes of a 32-hit register. The "g" in the instruction mnemonic for the PH operations here is cos-
metic: Q15 and signed 16-bit integer add/subtract operations are bit-identical - Q15 only behavesvery differently
when converted or multiplied.

The paired half operations are: addq.ph/addq_s.ph, subg.ph/subg_s.ph and absq_s.ph.
The quad-byte operations (all unsigned) are: addu . gb/addu_s . gb, subu.gb/subu_s.qgb.

»  Sumof quad-byte vector: raddu .w. gb does an unsigned sum of the four bytesfound in aregister, zero extends
the result and deliversit as a 32-bit value.

5.4.4 Bit-shifts - saturating and/or SIMD types

All shifts can either have a shift amount encoded in the instruction, or - indicated by atrailing "v" in the instruction
name - provided as aregister operand. PH and 32-hit shifts have optional forms which saturate the result.

e 32-hit signed shifts: include a saturating version of shift left, sh11l_s.w; and an auto-rounded shift right (just
the "arithmetic", sign-propagating form): shra_r .w. Recall from above that rounding can be imagined as pre-
adding a half to the least significant surviving bit.

* Paired-half and quad-byte SMD shifts: sh1l.ph/shllv.ph/shll_s.ph/shllv_s areas above. For PH
only there's a shift-right-arithmetic instruction ("arithmetic" meansit propagates the sign bit downward)
shra.ph, which has avariant which rounds theresult shra_r.ph.

The quad-byte shifts are unsigned and don’t round or saturate: sh11l.qgb/shllv.qgb, shrl.qgb/shrlv.qgb.

5.4.5 Comparison and "conditional-move" operations on SIMD types

The"emp" operations simultaneously compare and set flags for two or four values packed in a vector (with equality,
less-than and |ess-than-or-equal tests). For PH that's cmp . eq.ph, cmp .1t .ph and cmp . 1le.ph. Theresultisleft
in the two LS bits of DSPControl[ccond)].

For quad-byte values cmpu . eq.gb, cmpu.lt.gb and cmpu. le.gb simultaneously compare and set flags for
four bytesin DSPControl[ccond] - the flag relating to the bytes found in the low-order bits of the source register isin
the lowest-numbered bit (and so on). There's an alternative set of instructions cmpgu . eq.gb, cmpgu.lt.qgb and
cmpgu. le.gb which |eave the 4-bit result in a specified general-purpose register.

pick.ph usesthetwo LS bits of DSPControl[ccond] (usually the outcome of a paired-half compare instruction, see
above) to determine whether corresponding halves of the result should come from the first or second source register.
Among other things, this can implement a paired-half conditional move. You can reverse the order of your condi-
tional inputs to do a move dependent on the complementary condition, too.

pick.qgb doesthe same for QB types, thistime using four bits of DSPControl[ccond].
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5.4.6 Conversions to and from SIMD types

Conversion operations from larger to smaller fractional types have names which start "precrq. . ." for "precision
reduction, fractional". Conversion operations from smaller to larger have names which start "prece. . ." for "preci-
sion expansion”.

Form vector from high/low parts of two other paired-half values: packrl . ph makes a paired-half vector from
two half vectors, swapping the position of each sub-vector. It can be used to acquire a properly formed sub-vector
from anon-aligned data stream.

One Q15 from a paired-half to a Q31 value: preceq.w.phl/preceq.w.phr select respectively the "left"
(high bit numbered) or "right" (low bit numbered) Q15 value from a paired-half register, and load it into the
result register asa Q31 (that is, it's put in the high 16 bits and the low 15 bits are zeroed).

Two bytes from a quad-byte to paired-half: precequ.ph.gbl/precequ.ph.gbr pickstwo bytesfrom
either the "left" (high bit numbered) or "right" (low bit numbered) halves of a quad-byte value, and unpacksto a
pair of Q15 fractions.

precequ.ph.gbla doesthe same, except that it picks two "alternate” bytes from bits 31-24 and 15-8, while
precequ.ph.gbra picks bytesfrom bits 23-16 and 7-0.

Similar instructions without the g - preceu.ph.gbl, preceu.ph.gbr, preceu.ph.gbla" and pre-
ceu.ph.gbra - work on the same register fields, but treat the quantities as integers, so the 16-bit results get
their low bits set.

2xQ31 to a paired-half: both operands and result are assumed to be signed fractions, so precrq.ph.w just
takes the high halves of the two source operands and packs them into a paired-half; precrq rs.ph.w rounds
and saturates the results to Q15.

2xpaired-haf to quad-byte: you need two source registers to provide four paired-half values, of course. Thisisa
fractional operation, soit’s the low bits of the 16-bit fractions which are discarded.

precrq.gb.ph treats the paired-half operands as unsigned fractions, retaining just the 8 high bits of each 16-
bit component.

precrqu_s.qgb.ph treats the paired-half operands as Q15 signed fractions and both rounds and saturates the
result (in particular, a negative Q15 fraction produces a zero byte, since zero isthe lowest representabl e quantity).

Replicate immediate or register value to paired-half: in repl . ph the value to be replicated is a 10-hit signed
immediate value (that'sintherange -512 < x <511) whichis sign-extended to 16 bits, whereasin replv.ph
the value - assumed to be already a Q15 value - isin aregister.

Replicate single value to quad-byte: there's both a register-to-register form replv.gb and an immediate form
repl.gb.

5.4.7 Multiplication - SIMD types with result in GP register

When amultiply’s destination is a general -purpose register, the operation is still done in the multiply unit, and you
should expect it to overwrite the hi/lo registers (otherwise known as ac0.)

8-bitx16-bit 2-way SIMD multiplication: muleu_s.ph.gbl/muleu_s.ph.gbr picksthe"left" (high bit
numbered) or "right" (low bit numbered) pair of byte values from one source register and a pair of 16-bit values
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from the other. Two unsigned integer multiplications are done at once, the results unsigned-saturated and deliv-
ered to the two 16-bit halves of the destination.

The asymmetric use of the source operandsisnot abit like a Q15 operation. But 8x16 multiplies are heavily used
in imaging and video processing (JPEG image encode/decode, for example).

» Paired-half SMD multiplication: mulg_ rs.ph multipliestwo Q15s at once and deliversit to a paired-half
valuei n agenera-purpose register, with rounding and saturation.

e Multiply half-PH operandsto a Q31 result: muleq s.w.phl/muleq s.w.phr pick the"left"/"right" Q15
value respectively from each operand, multiply and store a Q31 value.

"Precision-doubling” multiplications like this can overflow, but only in the extreme case where you multiply -1x-
1, and can't represent 1 exactly.

5.4.8 Multiply Q15s from paired-half and accumulate

maqg_s.w.phl/maq s.w.phr pickseither the left/high or right/low Q15 value from each operand, multiplies
them to Q31 and accumulates to a Q32.31 result. The multiply is saturated only when it's -1x-1.

maq sa.w.phl/mag sa.w.phr differinthat thefinal result is saturated to a Q31 value held in the low half of
the accumulator (required by some ITU voice encoding standards).

5.4.9 Load with register + register address

Previously available only for floating point data’: 1w for 32-bit loads, 1hx for 16-bit loads (sign-extended) and
1bux for 8-bit loads, zero-extended.

5.4.10 DSPControl register access

wrdsp rs,mask sets DSPControl fields, but only those fields which are enabled by a 1 bit in the 6-bit mask.

rddsp reads DSPControl into a GPR; but again it takes a mask field. Bitfields in the GPR corresponding to
DSPControl fields which are not enabled will be set al-zero.

The mask bitstie up with fields like this:

Table 5.1 Mask bits for instructions accessing the DSPControl register
Mask Bit DSPControl field

0 pos

1 scount
2 e

3 ouflag
4 ccond
5 EFT

1. Well, aninteger instruction is also included in the MIPS SmartMIPS™ ASE.
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5.4.11 Accumulator access instructions

* Historical instructions which now access new accumulators: the familiar mfhi/mflo/mthi/mtlo instructions
now take an optional extra accumulator-number parameter.

e Shift and move to general register: extr.w/extr_r.w/extr_rs.w getsa 32-bit field from an accumulator
(starting at bit 0 up to 31) and putsthe value in ageneral purpose register. At your option you can specify round-
ing and signed 32-bit saturation.

extrv.w/extrv_r.wlextrv_rs.w dothe same but specify the field's starting bit number with a register.

» Extract hitfield from accumulator: extp/extpv takes a bitfield (up to 32 bits) from an accumulator and moves
it to aGPR. The length of the field can be an immediate value or from aregister. The position of the field is deter-
mined by DSPControl[pos], which holds the bit number of the most significant bit.

extpdp/extpdpv do the same, but al so auto-decrement DSPControl[pos] to the bit-number just below thefield
you extracted.

e Accumulator rearrangement: shilo/shilov hasasigned shift value between -32 and +31, where positive
numbers shift right, and negative ones shift left. The "v" version, as usual, takes the shift value from aregister.
Theright shiftisa"logical" type so the result is zero extended.

e Fill accumulator pushing low half to high: mth1ip movesthe low half of the accumulator to the high half, then
writes the GPR value in the low half. Generally used to bring 32 more bits from a bitstream into the accumulator
for parsing by the various ext... instructions.

5.4.12 Dot products and building blocks for complex multiplication

In 2-dimensional vector math (or in any doubled-up step of a multiply-accumul ate sequence which has been opti-
mized for 2-way SIMD) you're often interested in the dot product of two vectors:

v[0]l*w[0] + v[1l]*w[1]

In many cases you take the dot product of a series of vectors and add it up, too.

Some algorithms use complex numbers, represented by 2D vectors. Complex numbers use i to stand for "the square
root of -1", and avector [a, b] isinterpreted as a + 1 b (mathematicians leave out the multiply sign and use single-

letter variables, habits which would not be appreciated in C programming!) Complex multiplication just follows the

rules of multiplying out sums, remembering that i *i=-1, so:

(a + ib)*(c + 1d) = (a*c - b*d) + i(a*d + b*c)
Or in vector format:
[a, b] * [c, d] = [a*c - b*d, a*d + b*c]

Thefirst element of the result (the "real component") is like adot product but with a subtraction, and the second (the
"imaginary component") islike adot product but with the vectors crossed.
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* Q15 dot product from paired-half, and accumulate: dpaq_s .w.ph doesa SIMD multiply of the Q15 halves of
the operands, then adds the results and saturates to form a Q31 fraction, which is accumulated into a Q32.31 frac-
tion in the accumulator.

dpsqg_s.w.ph doesthe same but subtracts the dot product from the accumulator.

For the imaginary component of a complex multiply, first swap the Q15 numbers in one of the register operands
with arot (bit-rotate) instruction.

For the real component of acomplex Q15 multiply, you have the difference-of-products instruction
mulsaq s.w.ph, which parallel-multiplies both Q15 halves of the PH operands, then computes the difference
of the two results and leavesit in an accumulator in Q32.31 format (beware: this does not accumulate the result).

» 16-hit integer dot-product from paired-half, and accumulate: dpau.h.gbl/dpau.h.gbr pickstwo QB val-
ues from each source register, parallel-multiplies the corresponding pairs to integer 16-bit values, adds them
together and then adds the whole lot into an accumulator. dpsu.h.gbl/dpsu.h.gbr do the same sum-of-
products, but the result is then subtracted from the accumulator. In both cases, note thisis integer (not fractional)
arithmetic.

* Q31 saturated multiply-accumulate: is the nearest thing you can get to a dot-product for Q31 values.
dpag_sa.l.w doesaQ31 multiplication and saturates to produce a Q63 result, which is added to the accumu-
lator and saturated again. dpsg_sa .1 .w does the same, except that the multiply result is subtracted from the
accumulator (again, useful for the real component of a complex number).

5.4.13 Other DSP ASE instructions

e Branch on DSPControl field: bposge32 branchesif DSPControl[pos]=32.
Typicaly thetest isfor "isit time to load another 32 bits of data from the bitstream yet?".

e Circular buffer index update: modsub takes an operand which packs both a maximum index value and an index
step, and uses it to decrement a "buffer index" by the step value, but arranging to step from zero to the provided
maximum.

» Bitfield insert with variable size/position: insv isabit-insert instruction. It acts like the M1PS32 standard
instruction ins except that the position and size of the inserted field are specified not asimmediates inside the
instruction, but are obtained from DSPControl[pos] (which should be set to the lowest numbered bit of the field
you want) and DSPControl[scount] respectively.

e Bit-order reversal: bitrev reversesthe bitsin the low 16 bits of the register. The high half of the destination is
zero.

The bit-reverse operation is a computationally crucia step in buffer management for FFT algorithms, and a 16-
bit operation supports up to a 32K-point FFT, which is much more than enough. A full 32-bit reversal would be
expensive and slow.
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5.5 Macros and typedefs for DSP instructions

It's useful to be able to use fragments of C code to describe what some instructions do. To do that, we need to be able
to refer to fractional types, saturation and vectors. Here are the definitions we're using®:

typedef long long int64;

typedef int int32;

/* accumulator type */

typedef signed long long g32_31;

typedef signed int g31;

#define MAX31 Ox7FFFFFFF

#define MIN31 -(1<<31)

#define SAT31(x) (x > MAX31 ? MAX31l: x < MIN31 ? MIN31l: x)
typedef signed short glb5;

#define MAX15 O0x7FFF

#define MIN15 - (1<<15)

#define SAT15(x) (x > MAX15 ? MAX15: x < MIN15 ? MIN15: x)

typedef
#define

unsigned char u8;
MAXUBYTE 255

#define SATUBYTE (x)

(x > MAXUBYTE ? MAXUBYTE: x < 0 ? 0: x)

/* fields in the vector types are specified by relative bit
position, but C definitions are in memory order, so these
definitions need to be endianness-dependent */

#ifdef BIG_ENDIAN

typedef struct{
gl5 hl, ho;

} ph;

typedef struct{
u8 b3, b2, bl, bO;

} ab;

#telse

typedef struct({
gl5 hO, hi;

} ph;

typedef struct{

u8 b0, bl, b2, b3;
} ab;
#endif

1. Thispage needs more work, and | hope it will be improved in afuture version of the manual.
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5.6 Almost Alphabetically-ordered table of DSP ASE instructions

Table 5.2 DSP instructions in alphabetical order

Instruction

Description

absqg s.w rd,rt

Q31/signed integer absolute value with saturation

addg.ph rd,rs,rt
addq _s.ph rd,rs,rt

2xSIMD Q15 addition, without and with saturation of the result

addq s.w rd,rs,rt

Q31/signed integer addition with saturation

addsc rd,rs,rt
addwec rd,rs,rt

Add setting carry, then add with carry. The carry bit iskept in DSPControl[c]. So to add
the 64-bit valuesin registers yhi/ylo, zhi/zlo to produce a 64-bit value in xhi/xlo, just do:
addsc xlo, ylo, zlo; addwc xhi, yhi, zhi

addu.gb rd,rs,rt
addu_s.gb rd,rs,rt

4xSIMD QBYTE addition, without and with SATUBY TE saturation.

bitrev rd,rt

Deliversthe bit-reversal of the low 16 bits of the input (result has high haf zero).

bposge32 offset

Branch if DSPControl[pos]>=32. Like most branch instruction, it has a 16-bit "PC-rel-
ative" target encoding.

cmp.eqg.ph rs,rt
cmp.le.ph rs,rt
cmp.lt.ph rs,rt

Signed compare of both halves of two paired-half ("PH") values. Results are written into
DSPControl[ccond1-0] for high and low halves respectively (1 for true, O for false).
A signed compare works for both Q15 or signed 16-bit values.

cmpgu.eq.gb rd,rs,rt
cmpgu.le.gb rd,rs,rt
cmpgu.lt.gb rd,rs,rt

Unsigned simultaneous compare of al four bytes in quad-byte values. The four result
bits are written into the four LS bits of general register rd.

cmpu.eqg.gb rs,rt
cmpu.le.gb rs,rt
cmpu.lt.gb rs,rt

Unsigned simultaneous compare of al four bytes in quad-byte values. The four result
bits are written into register DSPControl[cond3-0].

dpaq s.w.ph ac,rs,rt

"Dot product and accumulate", with Q31 saturation of each multiply result:
ph rs,rt; ac += SAT31(rs.hO0*rt.h0 + rs.hl*rt.hl);
The accumulator is effectively used as a Q32.31 fraction.

dpag_sa.l.w ac,rs,rt

Q31 saturated multiply-accumulate

dpau.h.gbl

dpau.h.gbr

agb rs, rt;

ac += rs.b3*rt.b3 + rs.b2*rt.b2;

Dot-product and accumulate of quad-byte values ("1" for left, because these are the
higher bit-numbered bytes in the 32-hit register).

Not afractional computation, just unsigned 8-hit integers.

Then for the lower bit-numbered bytes:

gb rs, rt;

ac += rs.bl*rt.bl + rs.b0*rt.b0;

dpsq _s.w.ph ac,rs,rt

Paired-half fractional "dot product and subtract from accumulator”

ph rs, rt;
g32_31 ac;
ac -= SAT31(rs.hl*rt.hl + rs.hO*rt.hO);

dpsq sa.l.w ac,rs,rt

Q31 saturated fractional -multiply, then subtract from accumulator:
g3l rs, rt; g32_31 ac;
ac -= SAT31(rs*rt);

dpsu.h.gbl ac,rs,rt

dpsu.h.gbr ac,rs,rt

QB format dot-product and subtract from accumulator. Thisis an integer (not fractional)
multiplication and comesin "left" and "right" (higher/lower-bit numbered pair) versions:
agb rs,rt;

ac -= rs.b3*rt.b3 + rs.b2*rt.b2;

agb rs,rt;

ac -= rs.bl*rt.bl + rs.b0*rt.b0;
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Table 5.2 DSP instructions in alphabetical order

Instruction

Description

extp rt,ac,size
extpdp rt,ac,size
extpdpv rt,ac,rs
extpv rt,ac,rs

Extract bitfield from an accumulator to register. The length of the field (number of bits)
can be an immediate constant or can be provided by a second source register (inthe v
variants).

Thefield position, though, comes from DSPControl[pos], which marks the highest-
numbered bit of the field (note that the MIPS32 standard bitfield extract instructions
specify the lowest bit number in the field). In the dp variants like extpdp/extpdpv,
DSPControl[pos] is auto-decremented by the length of the field extracted, which is use-
ful when unpacking the accumulator into a series of fields.

extr.w rt,ac,shift
extr r.w rt,ac,shift
extr_rs.w rt,ac,shift
extrv.w rt,ac,rs
extrv_r.w rt,ac,rs
extrv_rs.w rt,ac,rs

Extracts abit field from an accumulator into a general purpose register. The LS bit of the
extracted field can start anywhere from bit zero to 31 of the accumulator:

int64 ac; unsigned int rt;

rt = (ac >> shift) & OxFFFFFFFF;

At option you can specify rounding (_r names):

int64 ac; unsigned int rt;

rt = ((ac + l<<(shift-1)) >> shift) & OxFFFFFFFF;

and signed 32-bit saturation of the result (_s/_rs names).

Theextrv. .. variants specify the shift amount (still limited to 31 positions) with a
register.

extr s.h rt,ac,shift
extrv_s.h rt,ac,rs

Obtain aright-shifted value from an accumulator and form a signed 16-bit saturated
result.

insv rt,rs

The bitfield insert in the standard MIPS32 instruction setisins rt,rs,pos, size,
and the position and size must be constants (encoded as immediatesin the instruction
itself). Thisinstruction permits the position and size to be calculated by the program,
and then supplied as DSPControl[pos] and DSPControl[scount] respectively.

In this case DSPControl[pos] must be set to the lowest numbered bit in the field to be
inserted: yes, that's different from the extp. . . instructions.

lbux rd, index(base)
lhx rd, index(base)
lwx rd, index(base)

Load operations with register+register address formation. 1bux isaload byte and zero
extend, 1hx |oads half-word and sign-extends, and 1ws |oads a whole word. The full
address must be naturally aligned for the data type.

maq _s.w.phl ac,rs,rt
maq _s.w.phr ac,rs,rt
maq sa.w.phl ac,rs,rt
maq sa.w.phr ac,rs,rt

Non-SIMD Q15 multiply-accumulate, with operands coming from either the "left"
(higher bit number) or "right" (lower bit number) half of each of the operand registers.
In all versionsthe Q15 multiplication is saturated to a Q31 results. The"_sa" variants
saturates the add result in the accumulator to a Q31, too.

mfhi rd, ac
mflo rd, ac

Legacy instruction, which now works on new accumulators (if you provide a second
nonzero argument). Copies high/low half (respectively) of accumulator to rd.

modsub rd,rs,rt

Circular buffer index update. rt packs both the decrement amount (low 8 bits) and the
highest index (high 24 bits), then thisinstruction calcul ates:
rd = (rs == 0) ? ((unsigned) rt >> 8): rs - (rt & OxFF);

mthi rs, ac

Legacy instruction working on new accumul ators. Moves datafrom rd to the high half of
an accumul ator.

mthlip rs, ac

Movesthe low half of the accumulator to the high half, then writes the GPR value in the
low half.

mtlo rs, ac

Legacy instruction working on new accumulators. Moves datafrom rd to the low half of
an accumul ator.

muleq s.w.phl rd,rs,rt
muleq s.w.phr rd,rs,rt

Multiply selected Q15 values from "left"/"right" (higher/lower numbered bits) of rd/rs
to a Q31 result in agenera purpose register, Q31-saturating.

Like al multiplies which target general purpose registers, it may well use the multiply
unit and overwrite hi/lo, al'so known as acO.
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Table 5.2 DSP instructions in alphabetical order

Instruction

Description

muleu_s.ph.gbl rd,rs,rt
muleu_s.ph.gbr rd,rs,rt

A 2xSIMD 16-bitx8-bit multiplication.
muleu_s.ph.gbl does something like:
rd = ((LL_B(rs)*LEFT_H(rt)) << 16) |

((LR_B(rs) *RIGHT_H(rt));
Note that the multiplications are unsigned integer multiplications, and each half of the
result is unsigned- 16-bit-saturated.
The asymmetric source operands are quite unusual, and note thisis not a fractional com-
putation.
muleu_s.ph.qgbr isthe same but picks the RL and RR (low bit numbered) byte val-
uesfromrs.

mulg rs.ph rd,rs,rt

2xSIMD Q15 multiplication to two Q15 results. Result in genera purpose register, hi/lo
or acO may be overwritten.

mulsaq s.w.ph ac,rs,rt

ac += (LEFT_H(rs)*LEFT_H(rt)) -

(RIGHT _H(rs) *RIGHT H(rt));

The multiplications are done to Q31 values, saturated if they overflow (which isonly
possible when -1¥-1 makes +1). The accumulator isrealy a Q32.31 value, sois
unlikely to overflow; no overflow check is done on the accumulation.

packrl.ph rd,rs,rt

pack a“right” and “left” half from different registers, ie
rd = (((rs & OxFFFF) << 16) | (rt >> 16) & OxFFFF);

pick.ph rd,rs,rt

Like a2-way SIMD conditional move:
ph rd,rs,rt;

rd.l = DSPControl[ccondl]
rd.r = DSPControl [ccond0]

rt.l;
rt.r;

? rs.l:
? rs.r:

pick.gb rd,rs,rt

Kind of a4-way SIMD conditional move:
gb rd,rs,rt;

rd.1ll = DSPControl[ccond3] ? rs.1ll: rt.1ll;
rd.lr = DSPControl[ccond2] ? rs.lr: rt.lr;
rd.rl = DSPControl[ccondl] ? rs.rl: rt.rl;
rd.rr = DSPControl[ccond0] ? rs.rr: rt.rr;

preceq.w.phl rd,rt
preceq.w.phr rd,rt

Convert a Q15 value (either Ieft/high or right/low half of rt) to aQ31 vauein rd.

precequ.ph.gbl rd,rt
precequ.ph.gbla rd,rt
precequ.ph.gbr rd,rt
precequ.ph.gbra rd,rt

Simultaneously convert two unsigned 8-bit fractionsfrom rt to Q15 and load into the two
halves of rd.
precequ.ph.qgbl usesrt.ll/rt.Ir; precequ.ph.gbla usesrt.ll/rt.rl; pre-
cequ.ph.qgbr usesrt.rl/rt.rr; and precequ.ph.qgbra usesrt.Ir/rt.rr.

preceu.ph.gbl rd,rt
preceu.ph.gbla rd,rt
preceu.ph.gbr rd,rt
preceu.ph.gbra rd,rt

Zero-extend two unsigned byte values from rt to unsigned 16-bit and load into the two
halves of rd.
preceu.ph.gbl usesrt.ll/rt.Ir; preceu.ph.gbla usesrt.ll/rt.rl; pre-
ceu.ph.qgbr usesrt.rl/rt.rr; and preceu.ph.gbra usesrt.Ir/rt.rr.

precrq.ph.w rd,rs,rt
precrq rs.ph.w rd,rs,rt

precrq.ph.w makesapaired-Q15 value by taking the M S bits of the Q31 valuesinrs
and rt, likethis:

rd = (rs & OxFFFF0000) | ((rt>>16) & OxFFFF);

precrq rs.ph.wisthe same, but rounds and Q15-saturates both half-results.

precrq.gb.ph rd,rs,rt

precrqu_s.gb.ph
precrqu_s.gb.ph rd,rs,rt

Form a quad-byte value from two paired-halves. We use the upper 8 bits of each half-

word value, asif we were converting an unsigned 16-bit fraction to an unsigned 8-bit

fraction.INnC: rd = (rs & O0xFF000000) | (rs<<8 & OxFF0000) |
(rt>>16 & OxFF00) | (rt>>8 & OxFF);

Does the same, but each conversion is rounded and saturated to an unsigned byte. Note

in particular that a negative Q15 quantity yields a zero byte, since zero is the smallest

representable value.

raddu.w.gb rd,rs

Set rd to the unsigned 32-bit integer sum of the four unsigned bytesinrs.
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Table 5.2 DSP instructions in alphabetical order

Instruction

Description

rddsp rt,mask

Read the contents of the DSPControl register into rt, but zeroing out any fields for
which the appropriate mask hit is zeroed, see Figure 5.1 above.

repl.ph rd, imm
replv.ph rd,rt

Replicate the same signed value into the two halves of aPH valueinrd; the valueis
either provided as an immediate whose range is limited between -512 and +511
(repl.ph) or fromthert register (replv.ph).

repl.gb rd, imm
replv.gb rd,rt

Replicate the same 8-bit value into all four parts of aQB vauein rd; the value can come
from an immediate constant, or the rt register of the replv.gb instruction.

shilo ac,shift
shilov ac,rs

Do aright or left shift (use a negative value for aleft shift) of a 64-bit accumulator. The
right shift is"logical", bringing in zeroesinto the high bits.

shilo takes a constant shift amount, while shilowv get the shift amount fromrs. The
shift amount may be no more than 31 right or 32 |eft.

shll.ph rd, rt, sa
shllv.ph rd, rt, rs
shll s.ph rd, rt, sa
shllv_s.ph rd, rt, rs

2xSIMD (paired-half) shift left. The"v" versions take the shift amount from aregister,
and the"_s" versions saturate the result to a signed 16-hit range.

shll.gb rd, rt, sa
shllv.gb rd, rt, rs

4xSIMD quad-byte shift |eft, with shift-amount-in-register and saturating (to an
unsigned 8-hit result) versions.

shll s.w rd, rt, sa
shllv s.w rd, rt, rs

Signed 32-hit shift left with saturation, with shift-amount-in-register sh11lv_s option.

shra.ph rd, rt, sa
shra r.ph rd, rt, sa
shrav.ph rd, rt, rs
shrav_r.ph rd, rt, rs

2xSIMD paired-half shift-right arithmetic (“arithmetic” because the vacated high bits of
the value are replaced by copies of the input bit 16, the sign bit) - thus performing a cor-
rect division by a power of two of a signed number.

Asusual the shra_v variant has the shift amount specified in aregister.

The _r versions round the result first (see the bullet on rounding above).

shra _r.w rd, rt, sa
shrav_r.w rd, rt, rs

32-bit signed/arithmetic shift right with rounding, see the bullet on rounding.

shrl.gb rd, rt, sa
shrlv.gb rd, rt, rs

4xSIMD shift right logical ("logical" means that the vacated high bits are filled with
zero, appropriate since the byte quantities in a quad-byte are usually treated as
unsigned.)

subg.ph rd,rs,rt
subg s.ph rd,rs,rt

2xSIMD subtraction. subg_s . ph saturates its results to a signed 16-bit range.

subg s.w rd,rs,rt

32-hit saturating subtraction.

subu.gb rd,rs,rt
subu_s.gb rd,rs,rt

4xSIMD quad-byte subtraction. Since quad-bytes are treated as unsigned, the saturating
variant subu_s . gb works to an unsigned byte range.

wrdsp rt,mask

Write the DSPControl register with datafrom rt, but leaving unchanged any fields for
which the appropriate mask hit is zeroed, see Figure 5.1 above.

5.7 DSP ASE instruction timing

Most DSP A SE operations are pipelined, and instructions can often be issued at the maximum CPU rate, but getting

results back into the general-purpose register file takes afew clocks. The timings are generally fairly similar to those
for the standard multiply instructions, and are listed - together with delays for the standard instruction set - in Section
9.5.4, "Data dependency delays classified".
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Chapter 6

Memory map, caching, reads and writes and translation

In this chapter:

*  Section 6.1, "The memory map": basic memory map of the system.
e Section 6.3, "Reads, writes and synchronization”

*  Section 6.4, "Caches"

»  Section 6.5, "Scratchpad memory/SPRAM": optional on-chip, high-speed memory (particularly useful when
dual-ported to the OCP interface).

»  Section 6.6, "The TLB and translation”: how trandation is done and supporting CPO registers.
6.1 The memory map

A 34K core system can be configured with either a TLB (virtual memory trandation unit) or a fixed memory map-
ping, or even with one VPE using the TLB and one with fixed mapping.

A TLB-equipped V PE sees the memory map described by the [MIPS32] architecture, which will be familiar to any-
one who has used a 32-bit MIPS architecture CPU and is summarized in Figure 6.1. The TLB gives you accessto a
full 32-bits physical address on the system interface. More information about the TLB in Section 6.6, "The TLB and

tranglation”.
Table 6.1 Basic MIPS32® architecture memory map
Segment Virtual range What happens to accesses here?
Name
kuseg| 0x0000.0000-0x7FFF.FFFF |Theonly region accessible to user-privilege programs.

Mapped by TLB entries.

ksegO| 0x8000.0000-0x9FFF.FFFF |afixed-mapping window onto physical addresses

0x0000.0000-0x1FFF.FFFF. Almost invariably cache-

able - but in fact other choices are available, and are

selected by Config[KO0], see Section C-4, "Fieldsin

the Config register".

Accessible only to kernel-privilege programs.

ksegl| 0xA000.0000-0xBFFF.FFFF |afixed-mapping window onto the same physical

address range 0x0000.0000-0x 1FFF.FFFF as"kseg0" -

but accesses here are uncached.

Accessible only to kernel-privilege programs.

kseg2| 0xC000.0000-0xDFFF.FFFF |Mapped through TLB, accessible with supervisor or
Ssey kernel privilege (hence the alternate name).

kseg3| 0xE000.0000-0xFFFF.FFFF |Mapped through TLB, accessible only with kernel

privileges.
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6.2 Fixed mapping option

To save chip areafor applications not needing afull TLB, threadsin one or both VPEs can use a simple fixed map-
ping (“FMT") memory translator, which plays the same role. You can find out whether a VV PE has fixed mappings by
reading the CPO field Config[MT] (see Figure C-4 and descriptions). With the fixed mapping option, virtual address
ranges are hard-wired to particularly physical address windows, and cacheability options are set through CPO register
fields as summarized in Table 6.2:

Table 6.2 Fixed memory mapping

Segment Virtual range Physical range Cacheability
Name bits from
kuseg| 0x0000.0000-0x7FFF.FFFF | 0x4000.0000-0xBFFF.FFFF |Config[KU]
ksegO| 0x8000.0000-0x9FFF.FFFF | 0x0000.0000-0x1FFF.FFFF |Config[KO]
ksegl| 0xA000.0000-0xBFFF.FFFF | 0x0000.0000-0x1FFF.FFFF |(uncached)
kseg2/3| 0xC000.0000-0xFFFF.FFFF | 0xC000.0000-0xFFFF.FFFF |Config[K23]

Note that even in fixed-mapping mode, the cache parity error status bit Status[ERL] still hasthe effect (required by the
MIPS32 architecture) of usurping the normal mapping of "kuseg"; addresses in that range are used unmapped as
physical addresses, and all accesses are uncached, until Status[ERL] is cleared again.

6.3 Reads, writes and synchronization

72

The MIPS architecture permits implementations a fair amount of freedom as to the order in which loads and stores
appear at the CPU interface. Most of the time anything goes, so long as the software behaves correctly.

6.3.1 Read/write ordering and queues in the 34K core

To understand the timing of loads and stores (and sometimes instruction fetches), we need to say alittle more about
the internal construction of the 34K core. In order to maximize performance:

» Loadsare non-blocking: execution continues “through” aload instruction, and only stops when the program tries
to use the GPR value it just |oaded.

* Writesare*” posted” : awrite from the coreis put aside (the hardware stores both address and data) until the CPU
can get access to the system interface and send it off.

» Cacheréfills are completed “ opportunistically” : the CPU may still be running on from a non-blocking load or
prefetch when data arrives back from the cache. The data required to make good a miss can be forwarded to the
relevant GP register, so the returning data is not urgently needed in the cache. The data waits until a convenient
moment before it gets put into the cache line.

All of these are implemented with “queues’, called the LDQ, WBB and FSB respectively. All the queues handle data
first-come, first served. They need to be snooped - a subsequent store to alocation with aload pending had better not
be allowed to go ahead until the load is complete, for example. So each queue entry is tagged with the address of the
datait contains.

An LDQ entry isrequired for every load that missesin the cache. Moreover, an LDQ entry must be available for
any load - even if it will hit in the cache, the logic requires that the LDQ entry is available if needed. This queue
allows the pipeline to keep running even though there are outstanding loads. When the load datais finally returned
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from the system, the LDQ and the main core logic act together to write this datainto the correct GPR (which will then
wake the GPR's TC, if it was blocked on an attempt to use this register).

The WBB (Write Back Buffer) queue holds data waiting to be sent out over the system interface, either from D-
cache writebacks or uncached/write-through store instructions.

FSB (Fill Store buffer) queue entries are used to hold data that is waiting to be written into the D-cache. D-cache
writes are completed opportunistically in a gap between CPU-side cache accesses for loads and stores. An FSB entry
gets used during a cache miss (when it holds the refill data), or awrite which hitsin the cache (when it holds the data
the CPU wrote). Loads and stores snoop the FSB so that accesses to lines “in flight” can be dealt with correctly.

All this has a number of consequences which may be visible to software:

*  Number of non-blocking loads which may be pending: the CPU has either four or nine LDQ entries according to
configuration (but it's always at least one per TC.) That limits the number of outstanding loads. As mentioned
above, you can't start aload - even one which will in fact hit in the cache - unless you have afree LDQ entry.

» Hit-under-miss: the D-cache continues to supply data on a hit, even though there are outstanding misses with
datain flight. FSB entries remember the in-flight data. So it is quite normal for aread which hitsin the cacheto
be “completed” - in the sense that the data reaches a register - before a previous read which missed.

*  Write-under-miss: the CPU pipeline continues and can generate stores even though aread is pending, so long as
WBB dots are available. The 34K core’'s“OCP” interface is non-blocking too (reads consist of separate address
and data phases, and writes are permitted between them), so this behavior can often be visible to the system.

*  Missunder miss: the 34K core can continue to run until the pending read operations exhaust FSB or LDQ entries.

» Coreinterface ordering: at the coreinterface, read operations may be split into an address phase and a later data
phase, with other bus operations in between.

The 34K core - asis permitted by [MIPS32] - makes only limited promises about the order in which reads and
writes happen at the system interface. In particular, uncached or write-through writes may be overtaken by cache
line reads triggered by aload/store cache miss later in sequence. However, uncached reads and writes are always
presented in their pipeline sequence (program sequence inside athread). Use a sync instruction where required,
as described in the next section.

6.3.2 The “sync” instruction in 34K

If you want to be sure that some other agent in the system sees apair of transactions to uncached memory in the order
of the instructions that caused them, you should put a sync instruction between the instructions. Other M1PS32/64-

compliant CPUs may reorder loads and stores even more; portable code should use sync®.
But sometimesit’s useful to know more precisely what sync does on a particular core. On 34K sync:

» Stallsuntil al loads, stores, refills are completed and all write buffers are empty (that is until the LDQ, FSB and
WBB are empty);

« If the Config7[ES] hit is set, it will cause a synchronizing transaction on the OCP system interface?.

1. Notethat sync isdescribed as only working on "uncached pages or cacheable pages marked as coherent”. But syne also
acts as a synchronization barrier to the effects produced by routine cache-manipulation instructions - hit-writeback and hit-
invalidate.
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6.3.3 Write gathering and “write buffer flushing” in 34K

We mentioned above that uncached writes to the system are performed somewhat lazily, the write being held in the
WBB queue until a convenient moment. That can have two system-visible effects:

»  Writes can happen later than you think. Your write will happen before the next uncached read or write, but that’s
all you know. To make sure that a write has gone out on the OCP bus you can use a sync (as above): but that
meaning of sync is CPU-dependent, so that code is non-portable. Also, your write might still be posted some-
where in a system controller, unless you know your system is built to prevent it. Sometimesit’s better to code a
dummy uncached read from a nearby location (which will “flush out” buffered writes on pretty much any sys-
tem).

»  Uncached writesto locationsin the same “ cache ling” -sized chunk of memory may be gathered - stored together
in the WBB, and then dealt with by a single “wider” OCP write than the one you originally coded. Sometimes,
thisiswhat you want. When it isn't, put a sync between your successive writes.

6.3.4 Parity error exception handling and the CachekErr register

The 34K core does not check parity on data (or control fields) from the external interface - so this section really isjust
about parity protection in the cache. It's a build-time option, selected by your system integrator, whether to include
parity bitsin the cache and parity check logic.

At asystem level, acache parity exception isusually fatal - though recovery might be possible sometimes, when it is
useful to know that the restart addressisin ErrorEPC and you can return from the exception with an eret.

But mainly, diagnostic-code authors will probably find the CacheErr register’s extrainformation useful.

Figure 6-1 Fields in the CacheErr register

31 30 29 28 27 26 25 24 23 22 21 2019 16 15 0
|ER|EC|ED|ET|ES|EE|EB|EF|SP|EW|Way| 0 | Index |

ER: was the error on an I-fetch (0) or on data (1)?
EC: in L1 cache (0) or higher-level cache (1)?
ED,ET: 1 for error in data field/tag field respectively.

ES: always zero on the 34K core - used to indicate an error detected during an external "snoop" for cache-coherent
CPUs.

EE: always 0 on the 34K core (it would be 1 if this error came from a parity error in data at the system interface, but
there’ s no system parity on the core).

EB: 1if dataand instruction-fetch error reported on same instruction, which is unrecoverable. If so, the rest of the
register reports on the instruction-fetch error.

EF: unrecoverable (fatal) error (other than the EB type above). Some parity errors can be fixed by invalidating the
cache line and relying on good data from memory. But if thisbit is set, al islost... It's one of the following:

1. Linebeing displaced from cache ("victim") has atag parity error, so we don’t know whether to write it back,
or whether the writeback location (which needs a correct tag) would be correct.

2. Thiswill be aread with the signal OC_MReq|Info[3] set. Handling of this transaction is system dependent, but atypical sys-

tem controller will flush any external write buffers and complete al pending transactions before telling the CPU that the
transaction is completed. Ask your system integrator how it worksin your SoC.
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2. Thevictim’'stag indicates it has been written by the CPU since it was obtained from memory (thelineis
"dirty" and needs awrite-back), but it has a data parity error.

3. Writeback store miss and CacheErr[EW] error.

4. At least one more cache parity error happened concurrently with or after this one, but before we reached the
relative safety of the cache parity error exception handler.

SP: error affecting a scratchpad RAM access, see Section 6.5, "Scratchpad memory/SPRAM" below.
EW: parity error on the “dirty” (cache modified) or way-selection bits. That’s not recoverable.

Way: the way-number of the cache entry where the error occurred.

Index: the cache index (within the cache way) of the entry where the error occurred... except that the low bits are not
meaningful. Theindex isaligned asif abyte address, which is good because that’ s what Index-type cache
instructions need. It identifies the failing doubleword for a data error, or just the failing line for atag error.

The index-type cache instruction will need an “index” with the way bits glued on top of this cache-entry field; you
know how to put that together, because the shape of the cache is defined in the Configl-2 registers as shownin Figure

C-5.

6.3.5 ErrCtl register

Thisregister controls parity protection of the L1 caches (if it was configured in your core in thefirst place) and pro-
vides for software testing of the whole cache array, including the otherwise-inaccessible way-selection RAM.

Figure 6-2 Fields in the ErrCtl register

31 30 29 28 27 26 25 24 23 19 18 13 12 43 0
|PE|PO|WST|SPR|PCO|ITC|LBE|WABE| 0 | PCI | PI | PD |

In summary: running software should set this register to 0x8000.0000 to enable cache parity checking, and to zero
otherwise. Other uses are more obscure, but the fields are as follows:

PE: 1 to enable cache parity checking. Hard-wired to zero if parity isn't implemented.

PO: (parity overwrite) - set 1 to set the parity bit regardless of parity computation, which isonly for diagnostic/test
purposes.
After setting this bit you can use cache IndexStoreTag to set the cache data parity to the value currently in
ErrCtI[PI] (for I-cache) or ErrCtI[PD] (for D-cache), while the tag parity is forcefully set from TagLo[P].

WST: test mode for cache IndexLoadTag/cache IndexStoreTag instructions, which then read/write the
cache' sinternal "way-selection RAM" instead of the cache tags.

SPR: when set, index-type cache instructionswork on the scratchpad/SPRAM, if fitted - see Section 6.5, " Scratchpad
memory/SPRAM".

PCO/PCI: precode override and data. Used for diagnostic/test of the I-cache feature which partially decodes
instructions at cache refill time. Not properly documented here.

P1/PD: parity bits being read/written to caches (I- and D-cache respectively).

ITC: set to make cache IndexLoadTag/cache IndexStoreTag operate on the control/configuration "tags"
for ITC storage locations - see Section 3.3.1, "Configuring I TC base address and cell repeat interval”.
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LBE, WABE: field indicating whether abus error (the last one, if there' s been more than one) was triggered by aload or
awrite-allocate respectively: see below. Where both aload and write-allocate are waiting on the same cache-line
refill, both could be set. These bits are “ sticky”, remaining set until explicitly written zero.

6.3.6 Bus error exception

The CPU’s"OCP" hardware interface rules permit a slave device attached to the system interface to signal back when
something has gone wrong with aread. This should not be used to report aread parity error; if parity is checked exter-
nally, it would have to be reported through an interrupt. Typically abus error means that some subsystem hasfailed to
respond.

Bus errors are not signalled on an OCP write cycle, and (if they were) the 34K core ignores them.

The bus error isimprecise; that is, EPC does not necessarily (or even usually) point to the instruction causing the
memory read (though it is precise for a bus error on an |-fetch).

Data-side bus errors are usually caused by aload: and the (non-blocking) load which caused it may have happened a
long time ago.

If software knows that a particular read might encounter a bus error - typically it's some kind of probe - it should be
careful to stall and wait for the load value immediately, by reading the value into a register, and make sure it can han-
dleabus error at that point.

On aload the hardware knows which TC or TCs were waiting for the load which went wrong, and the TCBind[TBE]
bit will be set for each suffering TC.

Thereisan obscure corner case. The 34K core's D-cacheis “write-allocate” : so awrite which missesin the cache will
trigger aread to fill the cache line ready to receive the new data.

After abus error you can look at ErrCti[LBE]/ErrCti[WABE] to see whether the error was caused by aload or write-
allocate.

6.4 Caches
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Most of thetime cachesjust work and are invisible to software... though your programs would go twenty times slower
without them. But this section is about when caches aren’t invisible any more.

Like most modern MIPS CPUs, the 34K core has separate primary |- and D-caches. They are virtually-indexed and
physically-tagged, so you may need to deal with cache aliases, see Section 6.4.7, "Cache aliases'. The design pro-
vides for 16K byte, 32Kbyte or 64K byte caches; but the largest of those are likely to come with some speed penalty.
The 34K core's primary caches are 4-way set associative.

But don't hard-wire any of thisinformation into your software. Instead, probe the Config1 register defined by
[MIPS32] to determine the shape and size of the cache.

6.4.1 Cacheability options

Any read or write made by the 34K core will be cacheable or not according to the virtual memory map. For addresses
translated by the TLB the cacheability is determined by the TLB entry; the key field appears as EntryLo[C]. Table 6.3
shows the code values used in EntryLo[C] - the same codes are used in the Config entries used to set the behavior of
regions with fixed mappings (the latter are described in Table C-4.)
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Some of the undefined cacheability code values are reserved for use in cache-coherent systems.

Table 6.3 Cache Code Values

Code | Cached? How it Writes Notes
0| cached |write-through An unusual choice for a high-speed CPU, probably only for debug
2 uncached
3| cached |writeback All normal cacheable areas
7| uncached |[“Uncached Accel- |Unusua and interesting mode for high-bandwidth write-only hardware; see
erated” Section 6.4.2, "Uncached accelerated writes'.

6.4.2 Uncached accelerated writes

The 34K core permits memory regionsto be marked as “ uncached accelerated”. This type of region is useful to hard-
warewhich is“write only” - perhaps video frame buffers, or some other hardware stream. Sequential word storesin
such regions are gathered into cache-line-sized chunks, before being written with a single burst cycle on the CPU
interface.

Such regions are uncached for read, and partial-word or out-of-sequence writes have “unpredictable” effects - don’t
do them. The burst write is normally performed when software writesto the last |ocation in the memory block or does
an uncached-accel erated write to some other block; but it can also be triggered by a sync instruction, a
prefnudge, amatching load or any exception. If the block is not completely written by the timeit's pushed out, it
will be written using a series of doubleword or smaller write cycles over the 34K core's 64-bit memory interface.

6.4.3 The cache instruction and software cache management

The 34K core's caches are not fully “coherent” and require OS intervention at times. The cache instruction isthe
building block of such OS interventions, and is required for correct handling of DMA data and for cache initidiza-
tion. Historically, the cache instruction also had arole when writing instructions (unless the programmer takes some
action, those instructions may only bein the D-cache whereas you need them to be fetched through the I-cache when
the time comes). See Section 6.4.4 “Cache management when writing instructions - the “synci” instruction” below.

A cache operation instruction iswritten: cache op, addr wherethe addr isjust an address format, written as for
aload/store instruction. Cache operations are privileged and can only run in kernel mode (but see the note on the user-
privilege synci instruction at the end of this section). Generally we're not showing you instruction encodingsin this
book (you have software tools for that stuff) but in this case it’s probably necessary, so take alook at Figure 6-3.

Figure 6-3 Fields in the encoding of a cache instruction

31 2625 2120 1817 1615 0
cache base op offset
47 register | what | which
todo | cache

The op field packs together a 2-hit field which selects which cache to work on:

0 L1I-cache

1 L1 D-cache

2 reserved for L3 cache
3 reserved for L2 cache
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and then adds a 3-hit field which encodes a command to be carried out on the line the instruction selects.

Before we list out the individual commands; the cache commands come in three flavors which differ in how they
specify the cache entry (the “cache line”) they will work on:

»  Hit-type cache operation: presents an address (just like aload/store), which islooked up in the cache. If thisloca
tionisin the cache (it * hits”) the cache operation is carried out on the enclosing line. If thislocation is not in the
cache, nothing happens.

* Address-type cache operation: presents an address of some memory data, which is processed just like a cached
access - if the cache was previously invalid the data is fetched from memory.

*  Index-type cache operation: as many low bits of the virtual address as are required are used to select the byte
within the cache line, then the cache line address inside one of the four cache ways, and then the way. You have
to know the size of your cache (discoverable from Config1-2) to know exactly where the field boundaries are, but
your addressis used something like this:

31 54 0
| Unused | Way1-0 | Index | byte-within-line |

Don't define your own C names for cache manipulation operation codes, at least not if you can use [m32c0.h]

Once you've picked your cache and cache line you have a choice of operations you can perform onit. In fact, the 34K
coreimplements al the cache instructions defined by [M1PS32] (whether said there to be “required”, “recom-
mended” or “optional”) and all of those are shown in Table 6.4. ,

6.4.3.1 Read/write synchronization and the cache instruction

Before any cache instruction is allowed to execute, any outstanding loads and cache refills are completed, and any

outstanding stores or cache line writebacks are sent to the write buffer - that is, the LDQ, FSB and WBB queues are

all drained. Thisis somewhat like the 34K core-specific results of the syne instruction - but portable code should not
make that assumption.

6.4.4 Cache management when writing instructions - the “synci” instruction

The synci instruction (new to the MIPS32 Release 2 update) provides a clean mechanism - available to user-level
code, not just at kernel privilege level - for ensuring that instructions you've just written are correctly presented for

execution (it combines a D-cache writeback with an I-cache invalidate). You should useit in preference to the tradi-
tional alternative of a D-cache writeback followed by an |-cache invalidate.

6.4.5 Cache management and multithreaded CPUs

The cache management registers are al replicated per-V PE but not per-TC, so obviously you have to avoid multiple
threads on the same V PE attempting to use cache operations concurrently.

Moreover, in 34K family cores the two V PEs share the cache. In general write-back operations and the kind of inval-
idate which automatically writes-back a dirty line may be safely run by either VPE at any time. All other operations
may cause undesirabl e effects unless you make sure they’re done by only one VPE at atime; and in particular, you
should get the cacheinitialized by one VVPE running aone.
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Table 6.4 Operations on a cache line available with the cache instruction
Value Command What it does

0  Index invaidate Setsthelineto "invaid'. IT It saD-cache line which s valid and "dirty"” (has been written
by CPU since fetched from memory), then write the contents back to memory first.
Thisisthe best and simplest way to invalidate an I-cache when initializing the CPU -
though if your cache is parity-protected, you also need to fill it with good-parity data, see
Fill below.
And thisis not suitable for initializing D-caches, where it might cause random write-
backs: see Index Store Tag type below.

1 Index Load Tag Read the cache line tag bits and addressed doubleword datainto the I- or D-side cache tag
registers ITagLo, DTagLo etc. For diagnostics and geeks only.
2 Index Store Tag Set the cache tag from the ITagLo/ or DTagLo registers.

Toinitialize aD-cache from an unknown state, set the DTagLo/DTagHi registersto zero
and then do thisto each line.

3 Index Store Data Write cache-line data. Not available for caches, but it is used for management of scratch-
pad RAM regions described in Section 6-8, "SPRAM (scratchpad RAM) configuration
information in TagLo" and I TC regions described in Section 3.3.1, "Configuring ITC
base address and cell repeat interval".

4  Hitinvalidate hit-type invalidate - do not writeback the data even if dirty.
May cause dataloss unless you know the line is not dirty.
5 Sorry, different meanings for code "5" on |- and D-caches.
Writeback invalidate On a D-cache: (hit-type operation) invalidate the line but only after writing it back, if
dirty. Thisisthe recommended way of invalidating a D-cache line in arunning cache.
Fill On an I-cache: (address-type operation) fill a suitable cache line from the data at the sup-
plied address - it will be selected just asif you were processing an |-cache miss at this
address.

Used to initialize an |-cache line’s data field, which should be done when setting up the
CPU when the cache is parity protected.

6  Hitwriteback If thelineisdirty, write it back to memory but leave it valid in the cache.

Used in arunning system where you want to ensure that datais pushed into memory for
access by aDMA device or other CPU.

7  Fetchand Lock An address-type operation. Get the addressed datainto the same line aswould be used on
aregular cached reference (if the datawasn't already cached that might involve writing
back the previous occupant of the cache line).

Then lock the line. Locked lines are not replaced on a cache miss.
It stays locked until explicitly invalidated with a cache instruction.

6.4.6 Cache initialization and tag/data registers

TheTagLo, DTagLo, IDatalLo, IDatalLo and IDataHi registers are used for staging tag information being read from
or written to the cache by some particular cache instructions (the 34K core hasno “ TagHi” registers, which are only
needed for CPUs with a bigger physical address range). [M1PS32] declares that the contents of these registersis
implementation dependent, so they are described here.

ITagLo isused for thel-cache and DTagLo for the D-cache. TagLo2 isreserved for secondary cache management, and
isnot yet defined for the 34K family. Some other MIPS CPUs use the same staging register for the |- and D-cache,
and initialization software written for such CPUs is not portable to the 34K core.

For the cacheitself, you will only need to use the data and tag registersfor initialization and diagnostics. But you will
also need them when using cache instructions to configure and manage scratchpad memory (see the next section) and
ITC locations as described in Section 3.3 “Inter-thread communication storage (ITC)”.

cacheline. Only diagnostic and test software will need to know details; but Figure 6-6 shows all the fields:
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Figure 6-4 Fields in the ITagLo and DTagLo Registers

31 12 11 87 6 54 10
| PTagLo | 0 [VID]L] 0 [P|

ITagLo and DTagLo can be used in a specia mode; when ErrCt]WST] is 1, the appropriate TagLo register’s fields
change completely, as shown in Figure 6-7 below. But let's ook at the standard fields first:

PTagLo: the cache address tag - a physical address because the 34K core' s caches are physically tagged. It holds bits
31-12 of the physical address - the low 12 bits of the address are implied by the position of the data in the cache.

V: 1 when this cachelineisvalid.
D: 1 when this cache lineisdirty (that is, it has been written by the CPU since being read from memory).
L: 1 when this cachelineislocked, see Section 6.4.8, "Cache locking".

P: parity bit for tag fields other than the TagLo[D] bit, which is actually held separately in the "way-select" RAM. When
you use the TagLo register to write a cache tag with cache IndexStoreTag the

TagLo[P]: bit is generally not used - instead the hardware puts together your other fields and ensures it writes correct
parity. However, it is possible to force parity to exactly this value by first setting ErrCti[PO].

Figure 6-5 Fields in DTagLo/ITagLo when used for way-select RAM

31 24 23 20 19 16 15 109 87 54 10
| x [[WSDP [ WSD | WSRU [0 | x | 0 [X]

When ErrCt[WST] isset, cache IndexLoadTag and cache IndexStoreTag operationsread/write the separate
“way-select RAM” used in the 34K core’s caches. Then thefieldsin ITagLo /DTagLo change to those shownin
Figure 6-7 above. These are;

WSDP: parity check for each of the "dirty" bits. It slike the regular tag parity bit, in that thisfield is not normally used
when you' re writing into the way-select RAM. If you want to force these values in, you need to set ErrCti[PO] to 1.

WSD: dirty bits - found on D-side only, so not in ITagLo.
WSLRU: LRU hits.

6.4.7 Cache aliases

34K core has caches which are virtually indexed. Since it’s quite routine to have multiple virtual mappings of the
same physical data, it's possible for such a cache to end up with two copies of the same data. That’s not a problem for
the normal operation of caches for read-only data, but becomes troublesome:

*  When you want to write the data: if alineis stored in two places, you'll only update one of them and some data
will belost (at least, there’'s a 50% chance it will belost!) Thisis obviously disastrous: systems generally work
hard to avoid aliases in the D-cache.

*  When you want to invalidate the line in the cache: there’s a danger you might invalidate one copy but not the
other. This (more subtl€) problem can affect the I-cache too.

It can be worked around. There's no problem for different virtual mappings which generate the same cache index;
those lines will all compete for the 4 ways at that index, and they’re distinguished through the physical tag.
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The 34K CPU’s smallest page size is 4Kbytes, that's 212 bytes. The paged memory trandlation means that the low 12
bits of avirtual addressis always reproduced in the physical address. Since a 16K byte, 4-way set-associative, cache
getsitsindex from the low 12 bits of the address, the 16K byte cache is alias-free. You can’t get aliasesif each cache
“way” isno larger than the page size.

In 32K byte and 64K byte caches, one or two top bits used for the index are not necessarily the same as the correspond-
ing bits of the physical address, and aliases are possible. The value of the one or two critical virtual address bitsis
sometimes called the page color.

It's possible for software to avoid aliasesif it can ensure that where multiple virtual mappingsto a physical page exist,
they all have the same color. You do that by enforcing virtual-memory alignment rules (to at least a 16K byte bound-
ary) for shareableregions. It turns out thisis practicable over alarge range of OS activities: sharing code and libraries,
and deliberate interprocess shared memory. It is not so easy to do in other circumstances, particularly when pagesto

be mapped start their life as buffers for some disk or network operationl...

So the 34K core contains logic to make the popular 32K byte D-cache alias-free (effectively one index bit is from the
physical address, and some ingenious tricks used to prevent that slowing the whole process excessively). The
Config7[AR] flag should read 1 if your 32Kbyte-D-cached core was built to be alias-free.

A 32Kbyte I-cache, or any 64Kbyte |- or D-cache, are subject to aliases.

6.4.8 Cache locking

[MIPS32] provides for amechanism to lock acacheline so it can't be replaced. This avoids cache misses on one par-
ticular piece of data, at the cost of reducing overall cache efficiency.

Caution: in complex software systemsit is hard to be sure that cache locking provides any overall benefit - most
often, it won't. You should probably only use locking after careful measurements have shown it to be effective for
your application.

Lock alineusing acache FetchAndLock (it will notin fact re-fetch aline which is already in the cache).

Unlock it using any kind of relevant cache "invalidate" instruction? - but note that synci won't do thejob, and
should not be used on data/instruction locations which are cache-locked.

6.4.9 Cache control for Multithreading CPU

In normal circumstances all threads on an MT CPU simply share the cache. Because the L1 caches are 4-way set
associative, they should behave quite well even though the multiple threads will generally have alarger and more
complex working set of data and instructions. But if you really need to prevent threads (at least in different VPES)
from competing for the same cache resources, you can do that by setting up the VPEOpt register, described in
Section 2.9.10, "V PEOpt register - reserve some cache "way" for use of one VPE" on page 40.

6.4.10 Cache management and multithreaded CPUs

The cache management registers are al replicated per-V PE but not per-TC, so obviously you have to avoid multiple
threads on the same V PE attempting to use cache operations concurrently.

[

There's afair amount of rather ugly code in the MIPS Linux kernel to work around aliases.
2. It'spossibleto lock and unlock lines by manipulating valuesin the TagLo register and then using a
cacheIndex_ Load Tag instruction... but highly non-portable and likely to cause trouble. Probably for diagnostics only.
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Moreover, in 34K family cores the two V PEs share the cache. In general write-back operations and the kind of inval-
idate which automatically writes-back a dirty line may be safely run by either VPE at any time. All other operations
may cause undesirable effects unless you make sure they’re done by only one VPE at atime; and in particular, you
should get the cache initialized by one VPE running alone.

6.4.11 Cache initialization and tag/data registers

ThelTaglLo, DTaglLo, IDatalo, IDatalLo and IDataHi registers are used for staging tag information being read from
or written to the cache (the 34K core has no “TagHi” registers, which are only needed for CPUs with a bigger physi-
cal address range). [MIPS32] declares that the contents of these registers isimplementation dependent, so they need
some words here.

ITagLo isused for the I-cache and DTagLo for the D-cache. TagLo2 isreserved for secondary cache management, and
isnot yet defined for the 34K family. Some other MIPS CPUs use the same staging register for the |- and D-cache,
and initialization software written for such CPUs is not portable to the 34K core.

Before getting into the details, note that it's a strong convention that you can write all-zeros to both ITagLo and
DTagLo registers and then use cache IndexStoreTag to initiaize a cache entry to alegitimate (but empty)
state. Your cache initialization software should rely on that, not on the details of the registers.

Only diagnostic and test software will need to know details; but Figure 6-6 shows all the fields:

Figure 6-6 Fields in the ITagLo and DTagLo Registers

31 1211 109 87 6 54 10
| PTagLo | x [ 0 [V][D[L] 0 [P|

ITagLo and DTagLo can be used in a specia mode; when ErrCt]WST] is 1, the appropriate TagLo register’s fields
change completely, as shown in Figure 6-7 below. But let’s look at the standard fields first:

PTagLo: the cache address tag - a physical address because the 34K core' s caches are physically tagged. It holds bits
31-12 of the physical address - the low 12 bits of the address are implied by the position of the data in the cache.

¥: afield not described for the 34K core but which might not always read zero.

V: 1 when this cache lineisvalid.

D: 1 when this cachelineisdirty (that is, it has been written by the CPU since being read from memory).
L: 1 when this cache lineislocked, see Section 6.4.8, " Cache locking".

P: parity bit for tag fields other than the TagLo[D] bit, which is actually held separately in the "way-select” RAM. When
you use the TagLo register to write a cache tag with cache IndexStoreTag the

TagLo[P]: bit is generally not used - instead the hardware puts together your other fields and ensures it writes correct
parity. However, it is possible to force parity to exactly this value by first setting ErrCti[PO].

Figure 6-7 Fields in DTagLo/ITagLo when used for way-select RAM

31 24 23 20 19 16 15 109 87 54 10
| X |WSDP|WSD|WSLRU |0|><| 0 |><|

When ErrCt[WST] isset, cache IndexLoadTag and cache IndexStoreTag oOperationsread/write the separate
“way-select RAM” used in the 34K core's caches. Then thefieldsin ITagLo /DTagLo change to those shown in
Figure 6-7 above. These are:
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WSDP: parity check for each of the "dirty" bits. It’slike the regular tag parity bit, in that thisfield is not normally used
when you' re writing into the way-select RAM. If you want to force these valuesin, you need to set ErrCtl[PO] to 1.

WSD: dirty bits - found on D-side only, so not in ITagLo.
WSLRU: LRU hits.

6.5 Scratchpad memory/SPRAM

Most of MIPS Technologies' cores can be equipped with a modestly sized high speed on-chip data memory, called
“scratchpad RAM” or “SPRAM”. SPRAM is connected to a cache interface, alongside the |- or D-cache, so is avail-
able separately for the |- and D-side (“1SPRAM” and “DSPRAM").

MIPS Technologies provide the interface on which users can build many types and sizes of SPRAM. We a so provide
a“reference design” for both ISPRAM and DSPRAM, which iswhat is described here. If you keep the programming
interface the same as the reference design, you're more likely to be able to find software support. The reference
design allows for on-chip memories of up to IMbytesin size.

There are two possible motives for incorporating SPRAM:

»  Dedicated high-speed memory: small SPRAM arrays run with cache timing. Larger arrays may require one or
more clocks of extralatency. Although that may still very fast compared with any memory access through the
OCP interface, the SPRAM is replacing single-cycle cache: multi-cycle instruction-side SPRAM islikely to
reduce performance substantially, and you should think hard before specifying it.

SPRAM can be made much larger than the maximum cache size.

Even for smaller sizes, it is possible to envisage applications where some particularly heavily-used piece of data
iswell-served by being permanently installed in SPRAM. Possible, but unusual. In most cases heavily-used data
will be handled well by the D-cache, and until you really know otherwise it's better for the SoC designer to max-
imize cache (compatible with his/her frequency needs.)

But there's another more compelling use for a modest-size SPRAM:

* "DMA" accessible to external masters on the OCP interface: the SPRAM can be configured to be accessible
from an OCP interface. OCP masters will seeit just as a chunk of memory which can be read or written.

Because SPRAM stands in for the cache, data passed through the SPRAM in thisway doesn’t require any soft-
ware cache management. This makesit spectacularly efficient as a staging areafor communicating with complex
I/O devices. agreat way to implement "push” style 1/O (that is where the device writesincoming data close to the
CPU).

SPRAM must be located somewhere within the physical address map of the CPU, and is usually accessed through
some “cached” region of memory (uncached region accesses work with the 34K reference design, but may not do so
on other implementations - better to keep it cached). It's usually better to put it in the first 512Mbytes of physical
space, because then it will be accessible through the simple kseg0 “ cached, unmapped” region - with no need to set up
specific TLB entries.

Because the SPRAM is close to the cache, it inherits some bits of cache housekeeping. In particular the cache
instruction and the cache tag CPO registers are used to provide away for software to probe for and establish the size

of SPRAMY, and (in the case of ISPRAM) to load instructionsinto it.
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Probing for SPRAM configuration

The presence of scratchpad RAM in your coreisindicated by a“1” bit in one or both of the CPO Config[ISP,DSP]
register flags described in Figure C-4. The MIPS Technol ogies reference design requires that you can query the size
of and adjust the location of scratchpad RAM through “ cache tags’.

To access the SPRAM “tags’ (where the configuration information isto be found) first set the ErrCtl[SPR] bit (see
Figure 6-2 above).

Now acache Index Load Tag D, olinstruction fetches half the configuration information into DTagLo, and
acache Index Load_Tag, 8 getsthe other half (the“8” stepsto the next feasible tag location - an artefact of
the 64-bit width of the cache interface.) The corresponding operations directed at the primary |-cache read the halves
of the I-side scratchpad tag, thistimeinto ITagLo. Thefake tagsfor I-side and D-side SPRAM have the same format;
the information appearsin TagLo fields as shown in Figure 6-8.

Figure 6-8 SPRAM (scratchpad RAM) configuration information in TagLo

31 12 11 8 7 6 5 4 1 O
TagL0| physical addresstag | 0 | valid | dirty| Iocked| 0 | parity |
addr==0 base addresy[31:12] 0 | En| 0

addr == 8| size of region in bytes/4KB

Where:
e base address[31:12]: the high-order hits of the physical base address of this chunk of SPRAM;

e En: enable the SPRAM. From power-up this bit is zero, and so long as it stays that way the SPRAM acts as
though it isn’t there;

» sizeof region in bytes/4KB: the number of page-size chunks of data mapped. If you take the whole 32 bits, it
returns the size in bytes (but it will always be a multiple of 4KB).

In some MIPS cores using this sort of tag setup there could be multiple scratchpad regions indicated by two or more
of these tag pairs. But the reference design provided with the 34K core can only have one I-side and one D-side
region.

You can load software into the ISPRAM using cacheops. Each pair of instructionsto be loaded are put in the registers
IDataHi/IDataLo, and then you use acache Index Store_ Data_1I at theappropriateindex. Thetwo dataregis-
terswork together to do a 64-bit transfer (the 34K core’sinstruction memory really is 64 bitswide), so for aCPU con-
figured big-endian the first instruction in sequence is loaded into IDataHi, but for a CPU configured little-endian the
first instruction isloaded into IDatalo.

Don't forget to set ErrCtI[SPR] back to zero when you're done.

1. What followsis ahardware convention which SoC designers are not compelled to follow; but MIPS Technol ogies recom-
mends designers to do SPRAM this way to ease software porting.
1. Theinstructions are written asif using C “#define” names from [m32c0.h]
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6.6 The TLB and translation

The TLB isthe key piece of hardware which MIPS architecture CPUs have for memory management. It's atable
whoseinput isavirtual address together with the “address space identifier” from EntryHi[ASID] and whose output isa
physical address plus cacheability attributes. System software maintains the TLB as a cache of amuch larger number
of possible translations, and a special-cased handler for the exception raised when there’s no suitable trandation in
the TLB provides adequate performance. Read on for a summary of all the fields and how it gets used; but the OS
ramifications are far too extensive to cover here; for abetter description in context see [SEEMIPSRUN]:, and for full
details of the architectural specification see [MIPS32].

6.6.1 The TLB array

Let's start with a sketch of a TLB entry. For the 34K core, that consists of avirtual address portion to match against
and two output sections, something like Figure 6-9 - which also shows which TLB fields are carried in which CPO

registers.
Figure 6-9 Fields in a 34K™ core TLB entry
EntryHi EntryHi
VPN2 PageMask ASID |G PFN Flags PFN Flags
CDV CDV
PageMask EntryLol EntryLo0

Some points to make about the TLB entry:

Theinput-side virtual address fields (to the |eft) have the fields necessary to match an incoming address against
thisentry. "VPN" is (by OS tradition) a"virtual page number" - the high bits of the program (virtual) address.

"VPN2" isused to remind you that this addressis for a pair of pages...

Theright-hand side (physical) fields are the information used to output atranslation. There are a pair of outputs
for each input-match, and which of them is used is determined by the highest within-match address bit. Soin
standard form (when we're using 4K byte pages) each entry trandates an 8K byte region of virtual address, but we
can map each 4K byte page onto any physical address (with any permission flag bits).

Thesize of theinput region is configurable because the “ PageMask” determines how many incoming address bits
to match. The 34K core allows page sizes of 4Kbytes, 16K bytes and going on in powers of 4 up to 256M bytes.
That's expressed by the legal values of PageMask, shown below.

The"ASID" field extends the virtual address with an 8-hit, OS-assigned memory-space identifier so that tranda-
tions for multiple different applications can co-exist in the TLB (in Linux, for example, each application has dif-
ferent code and data lying in the same virtual address region).

The“G” (global) bit is not quite sure whether it's on the input or output side - there’s only one, but it can be read
and written through either of EntryLo0-1. When set, it causes addresses to match regardless of their ASID value,
thus defining a part of the address space which will be shared by all applications. For example, Linux applica
tions share some “kseg2” space used for kernel extensions.
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6.6.2 The TLB and the MIPS® MT ASE

Coresin the 34K family are built with just one piece of TLB hardware. However, you can configure your CPU with
the TLB either shared between two VPES, or partitioned so that each VPE sees a standard (though smaller) TLB

array.

TLB sharing will usually provide the best performance for when the V PEs are running the same kernel, are closely
collaborating, or when one of them makes little or no use of translated addresses. TLB sharing is not completely soft-
ware-transparent, and some OS work will be needed. See Section 4.2.2, " Sharing and not sharing the TLB" for
details.

6.6.3 Live translation and micro-TLBs

When you'rereally tuning out the last cycle, you need to know that in the 34K core the trandlation is actually done by
two little tables local to the instruction fetch unit and the load/store unit - called the ITLB and DTLB respectively (or
genericaly, they're “micro-TLBS’ or “uTLB"). Thereareonly 4 entriesin the ITLB, and 8 inthe DTLB and they are
functionally invisible to software: they’re automatically refilled from the main TLB when required, and automatically
cleared whenever the TLB is updated. It costs just three extra clocksto refill the uTLB for any access whose transla-
tion is not already in the appropriate uTLB.

6.6.4 Reading and writing TLB entries: Index, Random and Wired

Two CPO registers work as simple indexes into the TLB array for programming: Index and Random. The oddly-
named Wired controls Random’s behavior.

Of these: Index determines which TLB entry is accessed by t1bwi. It's also used for the result of at1bp (the
instruction you use to see whether a particular address would be successfully tranglated by the CPU). Index only
implements enough bits to index the TLB, however big that is; but a t 1bp which fails to find a match for the speci-
fied virtual address sets bit 31 of Index (it's easy to test for).

Random isimplemented asafull CPU clock-rate downcounter. It won't decrement below the value of Wired (when it
gets there it bounces off and starts again at the highest legal index). In practice, when used inside the TLB refill
exception handler, it delivers arandom index into the TLB somewhere between the value of Wired and the top.
Wired can therefore be set to reserve some TLB entries from random replacement - agood place for an OS to keep
trangl ations which must never cause a TLB tranglation-not-present exception.

6.6.5 Reading and writing TLB entries - staging registers

The TLB is accessed through staging registers which between them represent all the fieldsin each TLB entry; they're
called EntryHi, PageMask and EntryLo0O-1. The fields from EntryHi and PageMask are shown in Figure 6-10.

Figure 6-10 Fields in the EntryHi and PageMask registers
31 29 28 1312 87 0
EntryHi| VPN2 | 0 | ASID |

PageMask| 0 | Mask | 0 |

All these fields act as staging posts for entries being written to or read from the TLB. But some of them are more
magic than that...

EntryHi[VPN2]: is the page-pair address to be matched by the entry this reads/writes - see above.
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However, on a TLB-related exception VPN2 is automagically set to the virtual address we were trying to translate
when we got the exception. If - asis most often the case - the outcome of the exception handler isto find and install a
trandation to that address, VPN2 (and generally the whole of EntryHi) will turn out to already have the right valuesin
it.

EntryHi[ASID]: does double-duty. It is used to stage data to and from the TLB, but in normal running softwareit’s also
the source of the current "ASID" value, used to extend the virtual address to make sure you only get translations for

the current process. Because of that roleit isreplicated per-TC in MIPS MT systems, and is aso visible as
TCStatus[TASID].

PageMask[Mask]: acts as akind of backward mask, in that a 1 bit means "don’t compare this address bit when
matching this address'. However, only arestricted range of PageMask values are legal (that’s with "1"sfilling the
PageMask[Mask] field from low bits upward, two at atime):

PageMask Sze of each output page PageMask Sze of each output page
0x0000.0000 4Kbytes| 0x007F.E000 4Mbytes
0x0000.6000 16Kbytes| 0x01FF.E000 16Mbytes
0x0001.E000 64Kbytes| 0x07FF.E000 64Mbytes
0x0007.E000 256Kbytes| 0x1FFF.E000 256Mbytes
0x001F.E000 1Mbyte

Note that the uTL Bs handle only 4K byte and 1M byte page sizes; other page sizes are down-converted to 4K byte or
1Mbyte asthey are referenced. For other page sizes this may cause an unexpectedly high rate of uTLB misses, which
could be noticeable in unusual circumstances.

Then moving our attention to the output side, the two EntryLo0-1 are identical in format as shown in Figure 6-11.

Figure 6-11 Fields in the EntryLoO-1 registers

31 3029 65 3210
| 0 | PFN |C |D|V|G|

In EntryLo0-1:

PFN: the "physical frame number" - traditional OS name for the high-order bits of the physical address. 24 bits of PFN
together with 12 bits of in-page address make up a 36-hit physical address; but the 34K core has a 32-bit physical
address bus, and does not implement the four highest bits (which always read back as zero).

C: acode indicating how to cache datain this page - pages can be marked uncacheable and various flavours of
cacheable. The codes here are shared with those used in CPO registers for the cacheability of fixed address regions:
see Table 6.3 in Section 6.4.1, "Cacheability options" on page 76 .

D: the"dirty" flag. In hardware termsit’sjust awrite-enable (when it's 0 you can’'t do a store using addresses translated
here, you'll get an exception instead). However, software can use it to track pages which have been written to; when
you first map apage you leave this bit clear, and then afirst write causes an exception which you note somewherein
the OS' memory management tables (and of course remember to set the bit).

V: the"valid" flag. You'd think it doesn’t make much sense - why load an entry if it’s not valid? But thisis very helpful
S0 you can make just one of apair of pages valid.

G: the"global" bit. Thisreally belongs to the input side, and you don’t really want two values for it. So you should
aways make sure thisisthe samein EntryLo0O and EntryLo1l.
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6.6.6 TLB initialization and duplicate entries

TLB entries come up to random values on power-up, and must be initialized by hardware before use. Generally, early
bootstrap software should go through setting each entry to a harmless “invalid” value.

Sincethe TLB isafully-associative array and entries are written by index, it's possible to load duplicate entries - two
or more entries which match the same virtual address/ASID. In older MIPS CPUs it was essential to avoid duplicate
entries - even duplicate entries where all the entries are marked “invalid”. Some designs could even suffer hardware
damage from duplicates. Because of the need to avoid duplicates, even initialization code ought to use a different vir-
tual address for each invalid entry; it's common practice to use “kseg0” virtual addresses for the initial al-invalid
entries.

Most MIPS Technologies cores protect themselves and you by taking a“ machine check” exception if a TLB update
would have created a duplicate entry - but in the 34K core that only happensif both entries are valid.

Earlier MIPS Technologies cores suffer a machine check even if duplicate entries are both invalid. That can happen
when initializing. For example, when an OSisinitializing the TLB it may well re-use the same entries as already exist
- perhaps the ROM monitor already initialized the TLB, and (derived from the same source code) happened to use the
same dummy addresses. |f you do that, your second initialization run will cause a machine check exception. The solu-
tionisfor theinitializing routine to check the TLB for a matching entry (using the t 1bp instruction) before each
update.

For portability you should probably include the probe step in initialization routines: it's not essential on the 34K core
or any machine conforming to the MIPSMT ASE, where we repeat that the machine check exception doesn't happen
unless both the old and new entry are both marked as valid.
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Chapter 7

Kernel-mode (OS) programming

[MIPS32] tells you how to write OS code which is portable across all compliant CPUs. Most OS code should not be
CPU-dependent, and we won't tell you how to write it here. But release 2 of the MIPS32 Specification [MIPS32]
introduced a few new optional features which are not yet well known, so are worth describing here:

* A better way of managing software-visible pipeline and hardware delays associated with CPO programming in
Section 7.1, "Hazard barrier instructions”.

* New interrupt facilities described in Section 7.2, "MIPS32® Architecture Release 2 - enhanced interrupt
system(s)";

»  The ahility to use one or more extra sets of registers (“shadow sets’) to reduce context-saving overhead in inter-
rupt handlers, in Section 7.3, " Shadow registers’.

* How to get at any power-saving features, in Section 7.4, " Saving Power"
7.1 Hazard barrier instructions

When privileged “CPQ” instructions change the machine state, you can get unexpected behavior if an effect is
deferred out of its normal instruction sequence. But that can happen because the relevant control register only gets
written some way down the pipeline, or because the changes it makes are sensed by other instructions early in their
pipeline sequence.

Traditionally, MIPS CPUs left the kernel/low-level software engineer with the job of designing sequences which are
guaranteed to run correctly, usually by padding the dangerous operation with enough nop or ssnop instructions.

From Release 2 of the MIPS32 specification thisis replaced by explicit hazard barrier instructions. If you execute a
hazard barrier between the instruction which makes the change (the “ producer”) and the instruction which is sensitive
to it (the “consumer”), you are guaranteed that the change will be seen as complete. Hazards can appear when the
producer affects even the instruction fetch of the consumer - that's an “instruction hazard” - or only affecting the
operation of the consuming instruction (an “execution hazard”). Hazard barriers come in two strengths: ehb deals
only with execution hazards, while eret, jr.hb and jalr.hb are barriers to both kinds of hazard.

In most implementations the strong hazard barrier instructions are quite costly, often discarding most or al of the
pipeline contents: they should not be used indiscriminately. For efficiency you should use the weaker ehb whereitis
enough. Since some implementations work by holding up execution of al instructions after the barrier, it's preferable
to place the barrier just before the consumer, not just after the producer

For example you might be updating a TLB entry:

mtc Index, tO

# other stuff, if there’s stuff to do
ehb

tlbwi

jr.hb ra
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The ehb makes sure that the change to Index has been made before you attempt to write the TLB entry, which isfine.
But updating the TLB might affect how instructions are fetched in mapped space, so you should not return to code

which might be running in mapped space until you’ve cleared the “instruction hazard”. That's dealt with by the
jr.hb.

Hazard barriersand multi-threading

Within athread the hazard barriers work as advertised. But because TCs share many CPO registers and other
resources, some hazards can be between different threads - or more precisely, an instruction can produce some effect
on other threads which affect the behavior of subsequent instructions.

In particular, the operations which disable other threads (instructions like dmt or dvpe or direct manipulation of the
associated CPO bits VPECHI[TE] and MVPCLI[EVP]. or writesto TCHalt) may not be immediate. Instructions after

the other-thread-disable instruction in the stream might - according to the MT ASE specification [MIPSMT] - see evi-
dence of other threads continuing to run for awhile. The MT ASE defines this as an instruction hazard. However, no

hazard of thiskind existsin 34K family CPUs, so if you're prepared to make your software CPU-dependent you may
make it a bit more efficient.

Porting softwareto use the new instructions

If you know your software will only ever run on aMIPS32 Release 2 or higher CPU, then that’s great. But to maintain
software which has to continue running on older CPUs:

» ehbisano-op: onal previous CPUs. So you can substitute an ehb for the last no-op in your sequence of
"enough no-ops', and your software is now safe on all future CPUs which are compliant with Release 2.

» jrhbandjalr.hb: are decoded as plain jump-register and call-by-register instructions on earlier CPUs. Again, pro-
vided you already had enough no-ops for your worst-case older CPU, your system should now be safe on Release
2 and higher CPUs.

7.2 MIPS32® Architecture Release 2 - enhanced interrupt system(s)

90

The features for handling interrupts include:

* Vectored Interrupt (VI) mode offers multiple entry points (one for each of the interrupt sources), instead of the
single general exception entry point.

External Interrupt Controller (EIC) mode goes further, and reinterprets the six core interrupt input signals as a
64-value field - potentially 63 distinguished interrupts each with their own entry point (the zero code, of course,
is reserved to mean “no interrupt active”).

Both these modes need to be explicitly enabled by setting bitsin the Config3 register; if you don't do that, the
CPU behavesjust asthe original (release 1) MIPS32 specification required.

e Shadow registers - aternate sets of registers, often reserved for interrupt handlers, are described in Section 7.3,

"Shadow registers”. Interrupt handlers using shadow registers avoid the overhead of saving and restoring user
GPR values.

* New readable Cause[TI] and Cause[PCI] bits provide a direct indication of pending interrupts from the on-core

timer and performance counter subsystems (these interrupts are potentially shared with other interrupt inputs,
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and it previously required system-specific programming to discover the source of the interrupt and handle it
appropriately).

The new interrupt options are enabled by the IntCtl register, whose fields are shown in Figure 7-1.

Figure 7-1 Fields in the IntCtl register

31 2929 2625 109 54 0
|IPTI|IPPCI| 0 |VS|0|

Notes:

IntCtI[IPTI,IPPCI]: are read-only fields, telling you how timer and performance counter interrupts (generated inside the
core) arewired up. It’srelevant in non-vectored and simple-vectored ("V1") interrupt modes.

The timer and performance counter interrupts are taken out to the core interface, where they are generally sent back
again down one of the interrupt signals. The SoC designer who wires up the interruptsis also supposed to hardware
code values which turn into the IntCtI[IPTI,IPPCI] fields. Each is a 3-bit binary number identifying which CPU inter-
rupt input is shared by the internal timer interrupt (IPTI) or the performance counter overflow interrupt (IPPCI).

The interrupt is specified by giving the number of the Cause[IPnn] where the resulting interrupt is seen. Because
Cause[IP0-1] are software interrupt bits, unconnected to any input, legal values for IntCtl[IPTI] and IntCtI[IPPCI] are
between 2 and 7.

The timer interrupt output is per-V PE, so there are two of them from the 34K core. The IntCtl register is also per-
VPE, reflecting the local setup. The performance counter registers are not replicated (there's just one set per CPU).

IntCtl[VS]: iswritable to give you software control of the vector spacing; the spacing you get between consecutive
entriesis IntCtl[VS]x32 bytes. Only values of 1, 2, 4, 8 and 16 work (to give spacings of 32, 64, 128, 256, and 512
bytes respectively). A value of zero does give a zero spacing, so all interrupts arrive at the same address.

7.2.1 Traditional MIPS interrupt signalling and priority

Before we discuss the new features, we should remind you what was there already. On traditional MIPS systems the
CPU takes an interrupt exception on any cycle where one of the eight possible interrupt sources visible in Cause[IP]
is active, enabled by the corresponding enable bit in Status[IM], and not otherwise inhibited. When that happens con-
trol is passed to the general exception handler (see Table C.4 for exception entry point addresses), and is recognized
by the “interrupt” value in Cause[ExcCode]. All interrupt are equal in the hardware, and the hardware does nothing
special if two or more interrupts are active and enabled simultaneously. All priority decisions are down to the soft-
ware.

Six of the interrupt sources are hardware signals brought into the CPU, while the other two are “ software interrupts”
taking whatever value is written to them in the Cause register.

The original MIPS32 specification adds an option to this. If you set the Cause[lV] bit, the same priority-blind inter-
rupt handling happens but control is passed to an interrupt exception entry point which is separate from the general
exception handler.
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7.2.2 VI mode - interrupt signalling and priority

Thetraditional interrupt system fits with a RISC philosophy (it leaves al interrupt priority policy to software). It's
also OK with complex operating systems, which commonly have asingle piece of code which does the housekeeping
associated with interrupts prior to calling an individual device-interrupt handler.

A single entry point doesn't fit so well with embedded systems using very low-level interrupt handlers to perform
small near-the-hardware tasks. So Release 2 of the MIPS32 architecture adds “ V1 interrupt mode” where interrupts
are despatched to one of eight possible entry points. To make this happen:

1. Config3[VInt] must be set, to indicate that your core has the vectored-interrupts feature - but all coresin the 34K
family haveit;

2. You write Cause[lV] = 1 to request that interrupts use the specia interrupt entry point; and:
3. You set IntCtI[VS] non-zero, setting the spacing between successive interrupt entry points.

Then interrupt exceptionswill go to one of eight distinct entry points. The bit-number in Cause[IP] corresponding to
the highest-numbered active interrupt becomes the “ vector number” in the range 0-7. The vector number is multiplied
by the “spacing” implied by the OS-written field IntCtI[VS] (see above) to generate an offset. This offset isthen added
to the special interrupt entry point (already an offset of 0x200 from the value defined in EBase) to produce the entry
point to be used.

If multiple interrupts are active and enabled, the entry point will be the one associated with the higher-numbered
interrupt: in VI mode interrupts are no longer all equal, and the hardware now has somerole in interrupt “priority”.

7.2.3 External Interrupt Controller (EIC) mode

Embedded systems have lots of interrupts, typically far exceeding the six input signalstraditionally available. Most
systems have an external interrupt controller to allow these interrupts to be masked and selected. If your interrupt
controller is*EIC compatible” and you use these features, then you get 63 distinct interrupt entry points.

To do this the same six hardware signals used in traditional and VI modes are redefined as a bus with 64 possible val-

ues’: 0 means “no interrupt” and 1-63 represent distinct interrupts. That's “EIC interrupt mode”, and you'rein EIC
mode if you would bein VI mode (see previous section) and additionally the Config3[VEIC] bit isset. EIC modeisa
little deceptive: the programming interface hardly seemsto change, but the meaning of fields change quite a bit.

Firstly, once the interrupt bits are grouped the interrupt mask bitsin Status[IM] can’t just be bitwise enables any more.
Instead thisfield (strictly, the 6 high order bits of this field, excluding the mask bits for the software interrupts) is
recycled to become a 6-bit Status[IPL] (“interrupt priority level”) field. Most of the time (when running application
code, or even normal kernel code) Status[IPL] will be zero; the CPU takes an interrupt exception when the interrupt
controller presents a number higher than the current value of Status[IPL] on its*bus’ and interrupts are not otherwise
inhibited.

Asbefore, the interrupt handler will see the interrupt request number in Cause[IP] bits - see Section C-2, "Fieldsin
the Cause register”; the six MS of those bits are now relabelled as Cause[RIPL] (“requested IPL"). In EIC mode the
software interrupt bits are not used in interrupt selection or prioritization: see below. But there's an important differ-
ence; Cause[RIPL] holds a snapshot of the value presented to the CPU when it decided to take the interrupt, whereas

the old Causel[IP] bits simply reflected the real-time state of the input signals>.

The resulting system will be familiar to anyone who's used a Motorola 68000 family device (or further back, a DEC PDP/11
or any of its successors).
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When an exception is triggered the new IPL - as captured in Cause[RIPL] - is used directly as the interrupt number;
it's multiplied by the interrupt spacing implied by IntCtl[RS] and added to the special interrupt entry point, as
described in the previous section. Cause[RIPL] retainsits value until the CPU next takes any exception.

Software interrupts: the two bitsin Cause[IP1-0] are till writable, but now becomereal signalswhich are fed out of
the CPU core, and in most cases will become inputs - presumably low-priority ones - to the EIC-compliant interrupt
controller.

In EIC mode the usual association of the internal timer and performance-counter overflow interrupts with individual
bits of Cause[IP] islost. Timer and performance counter interrupts are turned into output signals from the core, and
will themselves become inputs to the interrupt controller. Ask your system integrator how they are wired.

7.3 Shadow registers

In hardware terms, shadow registers are deceptively simple: just add one or more extra copies of the register file. If
you can automatically change register set on an exception, the exception handler will run with its own context, and
without the overhead of saving and restoring the register values belonging to the interrupted program. On to the
details...

MIPS shadow registers come as one or more extra compl ete set of 32 general purpose registers. The CPU only
changes register sets on an exception or when returning from an exception with eret.

In the 34K core (and possibly other CPUs conforming to [MIPSMT]) there are no dedicated shadow registers, but you
can configure the CPU to make the registers of one or more TCs available as shadow sets, as described in
Section 7.3.1.

Selecting shadow sets - SRSCt!I

The shadow set selectors are in the SRSCtI register, shown in Figure 7-2.

Figure 7-2 Fields in the SRSCtI register (shadow register set control)

31 3029 2625 2221 1817 1615 1211 109 65 43 O
| 0 |HSS| 0 |EICSS| 0 |ESS| 0 |PSS|O|CSS|

In SRSCtl:

SRSCtI[HSS]: read-only field showing the highest-numbered register set available on this VPE/CPU. The ordinary
register set is set #0, so thisisthe number of available register sets minus one.

On single-threaded CPUs thisfield is fixed. However, on the 34K core this field can change when configuration soft-
ware - that is, when VPEConfO[VPC] is set - changes the way the shadow sets are shared. See Section 7.3.1 below for
how multithreading TCs can be used as shadow sets.

SRSCH[CSS]: the register set currently in use. It's read-only here; set on any exception, replaced by the valuein
SRSCtI[PSS] on an eret.

SRSCH[ESS]: thiswritable field is the software-sel ected register set to be used for "all other" exceptions; that’s other
than an interrupt in VI or EIC mode (both have their own special ways of selecting aregister set).

2. Sincetheincoming IPL can change at any time - depending on the priority views of the interrupt controller - thisis essential
if the handler is going to know which interrupt it's servicing.
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SRSCHI[PSS]: the "previous' register set, which will be used following the next eret.
You can get at the values of registersin this set using rdpgpr and wrpgpr.

SRSCtI[PSS] iswritable, allowing the OS to dispatch code in anew register set; load this value and then execute an
eret.

SRSCH[EICSS]: will be explained in the next section.
Just anote: SRSCtI[PSS] and SRSCtI[CSS] are not updated by all exceptions, but only those which write anew return
address to EPC (or equivalently, those occasions where the exception level bit Status[EXL] goes from zero to one).
Exceptions where EPC is not written include:
»  Exceptions occurring with Status[EXL] already set;

»  Cache parity error exceptions, where the return address is loaded into ErrorEPC;

»  EJTAG debug exceptions, where the return address is loaded into DEPC.

How new shadow sets get selected on an interrupt

In EIC mode, the external interrupt controller proposes a shadow register set number with each requested interrupt
(nonzero IPL). When the CPU takes an interrupt, the externally-supplied set number determines the next set and is
made visiblein SRSCHI[EICSS] until the next interrupt.

In VI mode (no external interrupt controller) the core sees only eight possible interrupt numbers; the SRSMap register
contains eight 4-bit fields, defining the register set to use for each of the eight interrupt levels, as shown in Figure 7-3.

Figure 7-3 Fields in the SRSMap register

31 2827 2423 2019 1615 1211 87 43 0
|SSV7|SS\/6|SSV5|SSV4|SSV3|SSV2|SSV1|SSVO|

In SRSMap, each of the SSV7-0 fields has the shadow set number to be used when handling the interrupt for the cor-
responding Cause[IP7-0] bit. A zero shadow set number means not to use a shadow set.

If you are remaining with "classic” interrupt mode, it's still possible to use one shadow set for all exception handlers -
including interrupt handlers - by setting SRSCtI[ESS] non-zero.

Softwar e support for shadow registers

Shadow registerswork “asif by magic” for short interrupt routines which run entirely in exception mode (that is, with
Status[EXL] set). The shadow registers are not just efficient because there’s no need to save user registers; the shadow
registers can also be used to hold contextual information for one or more interrupt routines which uses a particular
shadow set. For more ambitious interrupt nesting schemes, software must save and stack copies of SRSCHI[PSS]
alongsideits copies of EPC; and it’s entirely up to the software to determine when an interrupt handler can just go
ahead and use aregister set, and when it needs to save values on entry and restore them on exit. That's at least as dif-
ficult asit sounds: shadow sets are probably best used purely for very low-level, high-speed handlers.
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7.3.1 Recycling multi-threading CPU’s TCs as shadow sets

Thisrecycling is controlled by some TC control bits and the SRSConf0-4 registers.

Figure 7-4 Fields in the SRSConfO register

31 30 29 20 19 10 9 0
| M | 0 | SRS3 | SRS2 | SRS1 |

In SRSConf0:

M: isa"continuation" indication. Since thereisno SRSConfl in the 34K core, it will read zero.

In general there need be no more of these registers than are required to map your core’s maximum complement of
shadow register sets.

SRS1-3: are each set to the GPR set to be used for the putative shadow set number (1-3).
Shadow set O refers (inaMIPS MT CPU) to the register set normally associated with the current TC.

A value of all-onesin any of the (10-bit) SRS1-3 fields (decimal 1023) indicates that this shadow set number is not
usable - it won't select a set of registers.

The fact that there are no more “ SRSConf” registers means that shadow set numbers above 4 are never usable for the
34K core.

These fields may be writable (waiting to receive the number of a TC you sacrifice to provide a shadow set) or hard-
wired (representing dedicated shadow register sets, whose “GPR number” will be larger than the maximum TC# of
the machine.)

From reset, the writabl e fields take the value 1022. You just write the number of the TC you're sacrificing. Unless the
donor TC is already bound to the same V PE as owns this SRSConf register, nothing happens. You should also make
sure the donor TC is halted, inactive and not usable by fork.

It's possible to reverse this process and seize back a TC, so long as the shadow set concerned is no longer in use.

Note that SRSConf0 is replicated per-V PE.

7.4 Saving Power

There are basically just a couple of facilities:

» Thewait instruction: this puts the thread running to sleep. When this happens when all other threads are sleep-
ing, halted or suspended, the core goes into alow-power mode with many clocks stopped, from which it will only
emerge when it senses an interrupt. Theinterrupt will be delivered to any sleeping thread, but all sleeping threads
will wake and return from their wait. That will usually be OK; it's normal practiceto loop over wait.

e The Status[RP] hit: this doesn’t do anything inside the core, but its state is made available at the core interface as
S|_RP. Logic outside the core is encouraged to use thisto control any logic which trades off power for speed -
most often, that will be slowing the master clock input to the CPU.
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Chapter 8

34K™ core features for debug and profiling

In this chapter you'll find:

Section 8.1, "EJTAG on-chip debug unit"
Section 8.2, "PDtrace™ instruction trace facility"
Section 8.3, "CPO Watchpoints' - monitor code and data access without using EJTAG.

Section 8.4, "Performance counters” - gather statistics about events, useful for understanding where your pro-
gram spends itstime.

The description hereisterse and leaves out some information about EJTAG and PDtrace facilitieswhich isnot visible
to programmers. We will document it here if it's software visible, or is implementation-dependent information not
found in the detailed manuals ((EJTAG], [PDTRACEUSAGE] and [PDTRACETCB]

8.1 EJTAG on-chip debug unit

Thisisacollection of in-CPU resources to support debug. Debug logic serves no direct purpose in the final end-user
application, so it's always under threat of being omitted for cost reasons. A debug unit must have virtually no perfor-
mance impact when not in use; it must use few or no dedicated package pins, and should not increase the logic gate

count too much. EJTAG solves the pin issue (and getsits name) by recycling the JTAG pins aready included in every

SoC for chip test!.

So the debug unit requires:

Physical communications with some kind of "probe" device (which isitself controlled by the debug host),
achieved through the JTAG pins.

The ability for aprobeto “remote-control” the CPU. The basic trick isto get the CPU to execute instructions that
the probe supplies. In turn that’s done by directing the CPU to execute code from the magic “dmseg” region
where CPU reads and writes are made down the wire to the probe. “dmseg” isitself a part of “dseg”, see Section
8.1.5, "The “dseg” memory decode region".

A distinguished debug exception. In MIPS EJTAG, thisis a specia “super-exception” marked by a special
debug-exception-level flag, so you can use an EJTAG debugger even on regular exception handler code. See
Section 8.1.2, "Debug mode" below;

A number of “hardware breakpoints’. Their numerous control registers can’t be accommodated in the CPO regis-
ter set, so are memory mapped into “dseg”;

1. It can actualy be quite useful to provide EJTAG with its own pins, if your package permits.
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*  You can take a debug exception from a special breakpoint instruction sdbbp, on a match from an EJTAG hard-
ware breakpoint, after an EJTAG single-step, when the probe writes the break bit EJTAG_CONTROL[EjtagBrk],
or by asserting the external DINT (debug interrupt) signal.

*  You can configure your hardware to take periodic snapshots of the address of the currently-executing instruction
(“PC sampling”) and make those samples available to an EJTAG probe, as described in the next section.

On these foundations powerful debug facilities can be built.

The multi-vendor [EJTAG] specification has many independent options, but M1PS Technol ogies cores tend to have
fewer options and to implement the bulk of the EJTAG specification. The 34K core can be configured by your SoC
designer with either four instruction breakpoints (or none), and with two data breakpoints (or none). It is also optional
whether the dedicated debug-interrupt signal DINT is available in your SoC.

8.1.1 Debug communications through JTAG

The chip’s JTAG pins give an external probe accessto a specia registersinside the core. The JTAG standard defines a
seria protocol which lets the probe run one of anumber of JTAG “instructions’, each of which typically readsiwrites
one of anumber of registers. EJTAG's instructions are shown in Table 8.1.

Table 8.1 JTAG instructions for the EJTAG unit

JTAG "Instruction” Description

IDCODE Reads out the MIPS core and revision - not very interesting for software, not described
further here.

ImpCode Reads bit-field showing what EJTAG options are implemented - see Figure 8-5 bel ow.

EJTAG_ADDRESS (read/write) together, allow the probe to respond to instruction fetches and data reads/

EJTAG_DATA writesin the magic “dmseg” region described in Section 8.1.5, "The “dseg” memory
decode region".

EJTAG_CONTROL Package of flags and control fields for the probe to read and write; see Figure 8-6 below.

EJTAGBOOT The“EJTAGBOOT” instruction causes the next CPU reset to lead to CPU booting from

NORMALBOOT probe; see description of the EJTAG_CONTROL bits ProbEn, ProbTrap and

EjtagBrk in the notes Figure 8-6.
The “NORMALBOOT” instruction reverts to the normal CPU bootstrap.

FASTDATA Specia access used to accelerate multi-word data transfers with probe. The probe reads/
writes the 33-bit register formed of EJTAG_CONTROL[PrAcc] with EJTAG_DATA.

TCBCONTROLA Access registers used to control “PDtrace” instruction trace output, if available. See

TCBCONTROLB Section 8.2.1, "34K core-specific fieldsin PDtrace™ JTAG-accessible registers' - only

TCBCONTROLC the core-specific fields in these registers are documented here.

TCBADDRESS

PCSAMPLE Access register which holds PC sample value, see Section 8.1.12, "PC Sampling with
EJTAG".

8.1.2 Debug mode

A special CPU state; the CPU goes into debug mode when it takes any debug exception - which can be caused by an
sddbp instruction, ahit on an EJTAG breakpoint register, from the external “debug interrupt” signal DINT, or single-
stepping (the latter is peculiar and described briefly below). Debug mode state is visible as Debug[DM] (see Figure 8-
1 below). Debug mode (like exception mode, which is similar) disables all normal interrupts. The address map

changes in debug mode to give you access to the “ dseg” region, described below. Quite alot of exceptions just won't
happen in debug mode: those which do, run peculiarly - see the relevant paragraphsin Section 8.1.2, "Debug mode".
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A CPU with a suitable probe attached can be set up so the debug exception entry point isin the “dmseg” region, run-
ning instructions provided by the probe itself. With no probe attached, the debug exception entry point isin the ROM
- see Section C.4, "Exception entry points'.

8.1.3 The debug unit and multi-threading

The software-visible resources of the EJTAG unit are replicated per VPE, and each VPE has its own distinct JTAG
“tap”. Just two bits are replicated per-TC: Debug[SSt] controls the single-step exception, and Debug[OffLine] pro-
vides a debugger with away of controlling exactly which TCsrun in between breakpoints of a debug session.

When any TC executes in debug mode, all other TCs (even in other VPES) are suspended. There is nothing software
can do to prevent a debug-mode TC from issuing instructions: it runs regardless of the state of TCStatus[A], TCHalt,
the VPEControl[TE] bit set by dmt, the MVPControl[EVP] bit set by dvpe, the VPEConfO[VPA] bit, or even the debug-
ger’'s own Debug[OffLine]. However, when you return from debug mode with aderet and one of these software
inhibit bitsis active, the TC will not execute any non-debug-mode instruction.

When you execute a debug breakpoint (sdbbp) instruction or hit a synchronous (address-testing only) breakpoint,
the debug exception will be handled by the TC which ran the exception-causing instruction. But an asynchronous
entry into debug mode caused by the assertion of DINT or hitting a data-testing breakpoint may use any TC affiliated
with the VPE which owns the signal or set the breakpoint: and again, this TC is chosen regardless of its software-set-
table state, so you are guaranteed that the debug condition will be serviced.

When any TC is already executing in debug mode DINT (even if directed at another VPE) isignored.

For non-debug code some MT facilities are protected by “safety catch” control bits. Debug-mode code is all-power-
ful, asif VPEConfO[MVP] was set.

Exceptionsin debug mode

Software debuggers will probably be coded to avoid causing exceptions (testing addresses in software, for example,
rather than risking address or TLB exceptions).

While executing in debug mode many conditions which would normally cause an exception are ignored: interrupts,
debug exceptions (other than that caused by executing sdbbp), and CPO watchpoint hits.

But other exceptions are turned into "nested debug exceptions' when the CPU isin debug mode - afacility which is
probably mostly valuable to debuggers using the EJTAG probe.

On such a nested debug exception the CPU jumps to the debug exception entry point, remaining in debug mode. The
Debug[DExcCode] field records the cause of the nested exception, and DEPC records the debug-mode-code restart
address. Thiswill not be survivable for the debugger unless it saved a copy of the original DEPC soon after entering
debug mode, but it probably did that! To return from a nested debug exception like this you don’'t use deret (which
would inappropriately take you out of debug mode), you grab the address out of DEPC and use a jump-register.

8.1.4 Single-stepping

When control returns from debug mode with aderet and the (per-TC) single-step bit Debug[SSt] is set, the instruc-

tion selected by DEPC will be executed in non-debug context’; then a debug exception will be taken on the thread's
very next instruction in sequence.

1. If DEPC pointsto abranch instruction, both the branch and branch-delay instruction will be executed normally.
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Since at least one instruction is run in normal mode it can lead to a non-debug exception; in that case the “very next
instruction in sequence” will be the first instruction of the exception handler, and you'll get a single-step debug
exception whose DEPC points at the exception handler.

In amultithreaded CPU any number of instructions from other threads might run before you get the single-step exception. A
debugger wanting to avoid that can use the various TC's Debug[OffLine] controls to inhibit TCs other than the one under debug,

8.1.5 The “dseg” memory decode region

EJTAG needs to use memory space both to accommodate lots of breakpoint registers (too many for CP0) and for its

probe-mapped communication space. This memory space pops into existence at the top of the CPU’s virtual address
map when the CPU isin debug mode, as shown in Table 8.2.
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Table 8.2 EJTAG debug memory region map ("dseg")
Virtual Address Region/sub-regions  Location/register Virtual Address

0xE000.0000 kseg2 0xE000.0000
OxFF1F.FFFF OxFF1F.FFFF
0xFF20.0000 dseg | dmseg fastdata 0xFF20.0000
OxFF20.000F 0xFF20.000F
OxFF20.0010 0xFF20.0010
0xFF20.0200 | debug entry 0xFF20.0200
O0XFF2F.FFFF 0XFF2F.FFFF
0xFF30.0000 drseg DCR register 0xFF30.0000
0xFF30.1000 IBS register 0xFF30.1000
I-breakpoint #1 regs
0xFF30.1100 IBAl 0xFF30.1100
0xFF30.1108 IBM1 O0xFF30.1108
0xFF30.1110 IBASID1 OxFF30.1110
0xFF30.1118 IBCl 0xFF30.1118
I-breakpoint #2 regs
0xFF30.1200 IBA2 0xFF30.1200
0xFF30.1208 IBM2 0xFF30.1208
0xFF30.1210 IBASID2 0xFF30.1210
0xFF30.1218 IBC2 0xFF30.1218

same for next two

0xFF30.2000 DBS register 0xFF30.2000

D-breakpoint #1 regs
0xFF30.2100 DBAl 0xFF30.2100
0xFF30.2108 DBM1 OxFF30.2108
0xFF30.2110 DBASID1 OxFF30.2110
O0xFF30.2118 DBC1 OxFF30.2118
0xFF30.2120 DBV1 0xFF30.2120
O0xFF30.2124 DBVHil O0xFF30.2124

D-breakpoint #2 regs
0xFF30.2200 DBA2 0xFF30.2200
0xFF30.2208 DBM2 0xFF30.2208
0xFF30.2210 DBASID2 OxFF30.2210
0xFF30.2218 DBC2 0xFF30.2218
0xFF30.2220 DBV2 0xFF30.2220
0xFF30.2224 DBVHi2 0xFF30.2224
0xFF30.2228 0xFF30.2228
OxFFFF.FFFF OxFFFF.FFFF

Noteson Table 8.2:

dseg: isthe whole debug-mode-only memory area.

It's possible for debug-mode software to read the “kseg2”-mapped locations “underneath” by setting
Debug[LSNM] (see Table 8-1 below).
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dmsag: is the memory region where reads and writes are implemented by the probe. But if no active probeis
plugged in, or if DCR[PE] is clear, then accesses here cause reads and writes to be handled like regular "kseg3"
accesses.

drseg: is where the debug unit’s main register banks are accessed. Accessesto "drseg” don’t go off core. Regis-
tersin "drseg" are word-wide, and should be accessed only with 32-bit word-wide loads and stores.

fastdata: is a corner of "dmseg" where probe-mapped reads and writes use a more JTAG-efficient block-mode
probe protocol, reducing the amount of JTAG traffic and allowing for faster data transfer. There's no details about
how it's done in this document, see [EJTAG].

debug entry: is the debug exception entry point. Becauseit liesin "dmseg", the debug code can be implemented
wholly in probe memory, alowing you to debug a system which has no physical memory reserved for debug.

8.1.6 EJTAG CPO registers, particularly Debug

In normal circumstances (specifically, when not in debug mode), the only software-visible part of the debug unitisits
set of three CPO registers:

Debug which has configuration and control bits, and is detailed bel ow;
DEPC keeps the restart address from the last debug exception (automatically used by the deret instruction);
DESAVE isa CPO register which is just 32-bits of read/write space. It's available for a debug exception handler

which needs to save the value of afirst general-purpose register, so that it can use that register as an address base
to save dl the others.

Debug, DEPC and DESAVE are replicated per-V PE, giving each VPE the impression of having its own EJTAG unit.

Debug isthe most complicated and interesting. It has so many fields defined that we've taken them in three groups:
debug exception cause bitsin Figure 8-2, information about regular exceptions which want to happen but can’t
because you're in debug mode in Figure 8-3, and everything else. The "everything else" category includes the most
important fields and comesfirst, in Figure 8-1.
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Figure 8-1 Fields in the EJTAG CPO Debug register

31 30 29 28 27 26 25 24 21 20 19 1817 1514 10 9 8 7 65 0
DB [ D [NoDC| LSN | Doz [Hal [CountD| pending [IEX| cause [EJTAGv| DExc- | NoS [SSt| OffLi [0 cause
DIM| R | M]|]e]|t M |(Figure8-| | |(Table8-| er Code | St ne (Table 8-
3) 2) 2)
Thesefields are:

DBD: exception happened in branch delay slot. When this happens DEPC will point to the branch instruction, which is
usually the right place to restart.

DM: debug mode - set on debug exception from user mode, cleared by deret.

Then some configuration and control bits:

NoDCR: read-only - Oif thereis a memory-mapped DCR register. MIPS Technol ogies cores will always have one. Any
EJTAG unit implementing "dseg" at all implements DCR.

LSNM: Set thisto 1if you want debug-mode accessesto "dseg" addressesto bejust sent to system memory. This makes
most of the EJTAG unit’s control system unavailable, so will probably only be done around a particular |oad/store.

Doze: before the debug exception, CPU was in some kind of reduced power mode.
Halt: before the debug exception, the CPU was stopped - probably asleep after await instruction.

CountDM: 1 if and only if the count register continues to run in debug mode. Writable for the 34K core, so you get to
choose. On some other implementationsit’s read-only and just tells you what the CPU does.

IEXI: set to 1 to defer imprecise exceptions. Set by default on entry to debug mode, cleared on exit, but writable. The
deferred exception will come back when and if this bit is cleared: until then you can see that it happened by looking
at the "pending" bits shown in Figure 8-3 below.

EJTAGuver: read-only - tells you which revision of the specification thisimplementation conforms to. On the 34K core
it reads 3 for version 3.1. The full set of legal values are:

0 Version 2.0 and earlier
1 Version 2.5
2 Version 2.6
3 Version 3.1

DExcCode: Cause of any non-debug exception you just handled from within debug mode - following first entry to
debug mode, thisfield isundefined. The value will be one of those defined for Cause[ExcCode], as shown in Section
C.3, "Exception Code valuesin Cause] ExcCode]".

NoSst: read-only - reads 0 because single-step isimplemented (it alwaysis on MIPS Technologies cores).
SSt: set 1 to enable single-step.
OffLine: preventsa TC from running any instructions (except in debug mode, but then debug mode overrides all soft-

ware inhibitions on thread scheduling). It s there for debuggers which may need to selectively stop some threads, and
should not be used by application or OS code. This bit has to be replicated per-TC.

Figure 8-2 Exception cause bits in the debug register

31 20 19 18 17 6 5 4 3 2 1 0
Debug |DDBSI mpr| DDBLImpr| | DINT | DIB | DDBS| DDBL | DBp | DSS|
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DDBSImpr: imprecise store breakpoint - see Section 8.1.11, "Imprecise debug breaks" below. DEPC probably pointsto
an instruction some time later in sequence than the store which triggered the breakpoint. The debugger or user (or
both) have to cope as best they can.

DDBLImpr: imprecise load breakpoint. (See note on imprecise store breakpoint, above).

DINT: debug interrupt: either the DINT signal got asserted or the probe wrote EJTAG_CONTROL|[EjtagBrk] through
the JTAG signals.

DIB: instruction breakpoint. If DBp is clear, that must have been from an sddbp.
DDBS: precise store breakpoint.

DDBL: precise load breakpoint.

DBp: any sort of match with a hardware breakpoint.

DSS: single-step exception.

Figure 8-3 Debug register - exception-pending flags
31 25 24 23 22 21 20 0
Debug| | IBusEP| MCheckP| CacheEP| DBusEP| |

These note exceptions caused by instructions run in debug mode, but which have not happened yet because they are
imprecise and Debug[IEXI] is set. They remain set until Debug[IEXI] is cleared explicitly or implicitly by aderet,
when the exception is delivered and the pending bit cleared:

IBusEP: bus error on instruction fetch pending. This exception is precise on the 34K core, so this can’t happen and the
field is always zero.

MCheckP: machine check pending (usually anillegal TLB update). As above, the machine check is aways precise on
the 34K core, so thisis always zero.

CacheEP: cache parity error pending.

DBusEP: bus error on data access pending.
8.1.7 The DCR (debug control) memory-mapped register

Thisisthe only memory-mapped EJTAG register apart from the hardware breakpoints (described in the next section).
It'sfound in “drseg” at location OxFF30.0000 as shown in Table 8.2 (but only accessibleif the CPU isin debug
mode). Thefieldsarein Figure 8-4:

Figure 8-4 Fields in the memory-mapped DCR (debug control) register

31 30 29 28 18 17 16 15 10 9 8 65 4 3 2 1 0
| 0 |ENM| 0 |DB|IB| 0 |PCS| PCR|0|INTE|NMIE|NMIP|SRE|PE|

Where:
ENM: (read only) reports CPU endianness (1 == hig).

DB/IB: (read only) 1 if data/instruction hardware breakpoints are available, respectively. The 34K core has either 0 or 2
data breakpoints, and either O or 4 instruction breakpoints.

PCS, PCR: PCS reads 1 if the PC sampling feature is available, asit can be on the 34K core. Then PCR is athree-hit
field defining the sampling frequency as one sample every 2(5+PCR) cycles. See Section 8.1.12, "PC Sampling with
EJTAG" for details.
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INTE/NMIE: set DCR[INTE] zero to disable interrupts in non-debug mode (it’ s a separate bit from the various non-
debug-mode visible interrupt enables). The ideais that the debugger might want to step through kernel code or run
kernel subroutines (perhaps to discover OS-related information) without losing control because interrupts start up

again.

DCR[NMIE] masks non-maskable interrupt in non-debug mode (a nice paradox). Both bits are "1" from reset.

NMIP: (read-only) tells you that anon-maskable interrupt is pending, and will happen when you leave debug mode (and
according to DCR[NMIE] as above).

SRE: if implemented, write zero to mask soft-reset causes. This signal has no effect inside the 34K core but is
presented at the interface, where customer reset logic could be influenced by it.

PE: (read only) software-readable version of the probe-controlled enable bit EJTAG_CONTROL[ProbEn], which you
could look at in Figure 8-6.

8.1.8 JTAG-accessible registers

We're wandering away from what is relevant to software here: this register is available for read and write only by the
probe, and is not software-accessible.

But you can't really understand the EJTAG unit without knowing what dials, knobs and switches are available to the
probe, so it seems easier to give alittle too much information.

First of all there are two informational fields provided to the probe, IDCODE (just reflects some inputs brought in to
the core by the SoC team, not very interesting) and ImpCode (Figure 8-5); then there's the main CPU interaction con-
trol/status register EJTAG_CONTROL (Figure 8-6).

Figure 8-5 Fields in the JTAG-accessible ImpCode register

31 2928 25 24 23 2120 17 16 15 14 13 1 0
EJTAGver 0 DINTsup | ASIDsize 0 MIPS16| O [ NoDMA | 0 |MIPS32/64
2=26 seenote | seenote 1 1 0

Notes on the ImpCode fields:

EJTAGver: same value (and meaning) as the Debug[EJTAGver] field, see the notes on Figure 7-2.

DINTsup: whether JTAG-connected probe hasa DINT signal to interrupt the CPU. Configured by your SoC designer
(who should know) by hard-wiring the core interface signal EJ_DINTsup.

The probe can aways interrupt the CPU by a JTAG command using the EJTAG_CONTROL[EjtagBrk], but DINT is
much faster, which is useful if you're cross-triggering one piece of hardware from another. However, it is fed to both
VPEs at once, and it's unpredictable which of them will take the resulting debug exception (only one can).

ASIDsize: usually 2 (indicating the 8-bit EntryHi[ASID] field size required by the MIPS32 standard), but can be O if
your core has been built with the no-TLB option (i.e. afixed-mapping MMU).

MIPS16: 1 because the 34K core always supports the MIPS16 instruction set extension.

NoDMA: 1 - MIPS Technologies cores do not provide EJTAG "DMA" (which would allow a probe to directly read and
write anything attached to the 34K core’s OCP interface).

MIPS32/64: the zero indicates thisis a 32-bit CPU.

Rocc: "reset occurred” - reads 1 while areset signal is applied to the CPU - and then the 1 value persists until
overwritten with a zero from the JTAG side. Until the probe reads this as zero most of the other fields are nonsense.
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The EJTAG_CONTROL register is shown in Figure 8-6:

Figure 8-6 Fields in the JTAG-accessible EJTAG_CONTROL register

31 30292823 22 21 20 19 18 17 16 15 14 13 12 114 3 2 0
Rocc| Psz 0 |Doze|Halt|PerRst| PRn | PrAc| O |[PrRst|ProbEn| Prob- |O| Ejtag- | O | D | O

W c Trap Brk M
Notes on the fields:
Psz: (read-only) when software reads or writes "dmseg" this tells the probe whether it was aword, byte or whatever-
sizetransfer:
Byte-within-word Sze code Transfer Sze
address
EJTAG_ADDRESS[1-0] EJTAG_CONTROL[Psz]

¥ 0 Byte

00 1 Halfword

10

00 2 Word

00 3 Tri-byte (lowest address 3 bytes)

01 Tri-byte (highest address 3 bytes)

Doze/Halt: (read-only) indicates CPU not fully awake. Doze reflects any reduced-power mode, whereas Halt is set
only if the CPU is asleep after await or similar.

PerRst: write to set the EJ_PerRst output signal from the core, which can be used to reset non-core logic (ask your
SoC designer whether it’s connected to anything).

For thisand all other fields which change core state, we recommend that the probe should write the field and then poll
for the change to be reflected in this register, which may take a short while. In some casesthe bit isjust an output one,
when the readback will be pointless (but harmless).

PRnW/PrAcc: PrAcc is 1 when the CPU is doing aread/write of the "dmseg" region, and the probe should service it.
The"slow" read/write protocol involves the probe flipping this bit back to zero to tell the CPU the transfer is ready.
While PrAcc is active the read-only PRnW bit distinguishes writes (1) from reads (0).

PrRst: controlsthe EJ_PrRst signal from the core, which may be wired back to reset the CPU and related logic. Write
altoreset. If it works, the probe will eventually see the bit fall back to O by itself, as the CPU resets. Most probes
are wired up with adirect CPU reset signal, which is morereliable.

ProbEn, ProbTrap, EjtagBrk: ProbEn must be set before CPU accesses to "dmseg" will be sent to the probe. It can be
written by the probe directly. ProbTrap rel ocates the debug exception entry point from 0xBFC0.0480 (when 0) to the
"dmseg" location OxFF20.0200 - required when the debug exception handler itself is supplied by the probe.

EjtagBrk can be written 1 to "interrupt”" the CPU into debug mode.

The three come together into atrick to support systems wanting to boot from EJTAG. The value of all these three bits
is preset by the "EJTAGBOOT" JTAG instruction. When the CPU resets with all of these set to 1, then the CPU will
immediately enter debug mode and start reading instructions from the probe.

DM: (read-only) indicates the CPU isin debug mode, a probe-readable version of Debug[DM].
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8.1.9 EJTAG breakpoint registers

It's optional whether the 34K core has EJTAG breakpoint registers. But if it has instruction breakpoints, it has four of
them; and if it has data breakpoints, it has two. The breakpoints:

»  Work only on virtual addresses, not physical addresses. However, you can restrict the breakpoint to asingle
address space by specifying an "ASID" value to match. Debuggers will need the co-operation of the OSto get
thisright.

» Useabit-wise address mask to permit a degree of fuzzy matching.

» Onthedataside, you can break only when a particular value is loaded or stored. However, such breakpoints are
imprecise in a CPU like the 34K core - see Section 8.1.11, "Imprecise debug breaks" below.

There are instruction-side and data-side breakpoint status registers (they’re located in “drseg”, accessible only when
in debug mode, and their addresses are in Section 8.2, "EJTAG debug memory region map ("dseg")".) They're called
IBS and DBS. The latter has, in theory, two extrafields (bits 29-28) used to flag implementations which can't do a
load/store break conditional on the data value. However, MIPS cores with hardware breakpoints always include the
value check, so these bits read zero anyway. So the registers are as shown in Figure 8-7.

Figure 8-7 Fields in the IBS/DBS (EJTAG breakpoint status) registers

31 30 29 2827 24 23 4321 O
DBS| 0 | ASID- 0 BCN=2 0 BS1-
sup 0
IBS BCN =4 0 | BSD3-0

Where:

ASIDsup: is 1if the breakpoints can use ASID matching to distinguish addresses from different address spaces; on the
34K corethat’savailableif and only if aTLB isfitted.

BCN: the number of hardware breakpoints available (two data, four instructions).

BS1-0, BSD3-0: bitfields showing breakpoints which have been matched. Debug software has to clear down a bit after
abreakpoint is detected.

Then each EJTAG hardware breakpoint ("n" is 0-3 to select a particular breakpoint) is set up through 4-6 separate reg-
isters:

* IBCn, DBCn: breakpoint control register shown at Figure 7-9 below;
* IBAn, DBAN: breakpoint address,

* IBAMm, DBAMnN: bitwise mask for breakpoint address comparison. A "1" in the mask marks an address bit which
will be excluded from comparison, so set this zero for exact matching.

Ingeniously, IBAMm[0] corresponds to the slightly-bogus instruction address bit zero used to track whether the
CPU is running MIPS16 instructions, and allows you to determine whether an EJTAG I-breakpoint may apply
only in MIPS16 (or non-MIPS16) mode.

* IBASIDn, DBASIDn specifies an 8-bit ASID, which may be compared against the current EntryHIi[ASID] field to
filter breakpoints so that they only happen to a program in the right "address space”. The ASID check can be
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enabled or disabled using IBCn[ASIDuse] or DBCn[ASIDuse] respectively - see Figure 7-9 and its notes below. 1D
(so that the break will only affect one Linux process, for example).
The higher 24 hits of each of these registersis always zero.

*  DBVn, DBVHin the value to be matched on load/store breakpoints. DBCHin defines bits 63-32 to be matched for
64-bit load/stores: the 32-hit! 34K has 64-hit load/store instructions for floati ng point.

Note that you can disable data matching (to get an address-only data breakpoint) by setting the value byte-lane
comparison mask DBCn[BLM] to all 1s.

So now let’slook at the control registersin Figure 8-8.

Figure 8-8 Fields in the hardware breakpoint control registers (IBCnh, DBCn)

31 24 23 22 1817 14 13 12 11 87 43 2 10
DBCn| 0 |AS|Duse| 0 | BAI7-0|NOSB|NOLB| 0 |BLM7-0|0|TE|0|BE|
31 24 23 22 3 210
IBCn| 0 |AS|Duse| 0 |TE|0|BE|
Thefields are:

ASIDuse: set 1 to compare the ASID as well as the address.

BAI7-0: "byte (lane) access ignore'? - which sounds mysterious. But thisis really an address filter.

When you set a data breakpoint, you probably want to break on any access to the data of interest. You don’t usually
want to make the break conditional on whether the accessis done with aload byte, load word, or even load-word-|eft:
but the obvious way of setting up the address match for a breakpoint has that effect.

To make sure you catch any access to alocation, you can use the address mask to disable sub-doubleword address
matching and then use DBCn[BAI] to mark the bytes of interest inside the doubleword: well, except that zero bits mark
the bytes of interest, and 1 bits mark the bytes to ignore (hence the mnemonic).

The DBCn[BAI] bits are numbered by the byte-lane within the 64-bit on-chip data bus; so be careful, the relationship
between the byte address of adatum and its byte lane is endianness-sensitive.
NoSB, NoLB: set 0 to enable® breakpoint on store/load respectively.

BLM7-0: a per-byte mask for data comparison. A zero bit means compare this byte, a1 bit meansto ignoreits value.
Set thisfield all-ones to disable the data match.

TE: set 1 to use astrigger for "PDtrace" instruction tracing as described in Section 8.2, "PDtrace™ instruction trace
facility" below.

BE: set 1 to activate breakpoint. This fields resets to zero, to avoid spurious breakpoints caused by random register
settings. don't forget to set it!

=

A JTAG hardware breakpoint for areal 64-bit CPU would have 64-bit DBVn registers, so wouldn’t need DBVHin.

2. Why arethere 8 bytes, when the 34K core is a 32-bit CPU with only 32-bit general purpose registers? Well, the DBCn[BAI]
and DBCn[BLM] fields each have a bit for each byte-lane across the data bus, and the 34K core has a 64-bit data bus (and in
fact can do 64-hit load and store operations, for example for floating point values).

3. “1-to-enable’ would feel morelogical. The advantage of using O-to-enable here is that the zero value means “break on either

read or write”, which is a better default than “never bresk at al”.
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8.1.10 Understanding breakpoint conditions

There are alot of different fields and settings which are involved in determining when a hardware breakpoint detects
its condition and causes an exception.

In all cases, there will be no break if you're in debug mode aready... but then for a break to happen:
»  For all breakpointsincluding instructions: al the following must be true;

1. Thebreakpoint control register enable bit IBAN[BE]/DBAN[BE] is set.

2. theaddress generated by the program for instruction fetch, load or store matches those bits of the break-
point’s address register IBAn/DBAN for which the corresponding address-mask register bitsin IBAn/DBAN
are zero.

3. either IBCn[ASIDuse]/DBCn[ASIDuse] iszero (so we don't care what address space we're matching against),
OR the address-space ID of the running program, i.e. EntryHi[ASID], is equal to the value in IBASIDn/
DBASIDnN.

That's al for instruction breakpoints, but for data-side breakpoints also:

» Data compare break conditions (not value related): both the following must be true:

4, It'saload and DBCn[NoLB] is zero, or it's astore and DBCn[NoSB] is zero.

5. Theload or the store touches at |east one byte-within-doubleword for which the corresponding DBCn[BAI]
bit is zero.

If you didn’t want to compare the |oad/store value then DBCn[BLM] will be all-ones, and you're done. But if you
also want to consider the value:

» Data value compare break conditions:

6. thedataloaded or stored, asit would appear on the system bus, matches the 64-hit contents of DBVHin with
DBVn in each of those 8-hit groups for which the corresponding bit in DBCn[BLM] is zero.

That'sit.
8.1.11 Imprecise debug breaks

Instruction breakpoints, and data breakpoints filtering only on address conditions are precise; that means that:

1. DEPC will point at the fetched or load/storeinstruction itself (except if it’sin abranch delay slot, will point at the
branch instruction);

2. Theinstruction will not have caused any side effects; in particular, the load/store will not reach the cache or
memory.

Most exceptions in MIPS architecture CPUs are precise. But because of the way the 34K core optimizes loads and
stores by permitting the CPU to run on at least until it needs to use the data from aload, data breakpoints which filter
on the data value are imprecise. The debug exception will happen to whatever instruction (typicaly later in the
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instruction stream) is running when the hardware detects the match, and not necessarily to the same TC. The debug-
ging software must cope.

8.1.12 PC Sampling with EJTAG

A valuable trick available with recent revisions of the EJTAG specification and probes, "PC sampling” provides a
non-intrusive way to collect statistical information about the activity of arunning system. You can tell whether PC
sampling is enabled by looking at DCR[PCS], as shown in Figure 7-5 above.

The hardware snapshots the "current PC" (and the TC number of that instruction) periodically, and stores that value
where it can be retrieved by a debug probe. It's then up to software to construct a histogram of samples over a period
of time, which (statistically) alows a programmer to see where the CPU has spent most cycles. Not only is this use-
ful, but it's also familiar: systems have used intrusive interrupt-based PC-sampling for many years, so there are tools
which can readily interpret this sort of data.

When PC sampling is configured in to your core, it runs continuously. It doesn’t even stop when the CPU is hanging
onawadit instruction (time spent waiting is still time you might want to measure). You can choose to sample as often

as once per 32 cycles or as rarely as once per 4096 cycles’; at every sampling point the address of the instruction
completing in that cycle (or if none completes, the address of the next instruction to complete) is deposited in a
JTAG-accessible register. Sampling rate is controlled by the DCR[PCR] field of the debug control register shownin
Figure 7-5.

The hardware stores not only 32 bits of the instruction address, but also the then-current ASID (so you can interpret
the virtual PC) and an always-written-1 "new" bit which a probe can use to avoid double-counting the same sample.

8.2 PDtrace™ instruction trace facility

Aninstruction trace is a set of data generated when a program runs which allows you to recreate the sequence of

instructions executed, possibly with additional information included about data values. Instruction traces rapidly

become enormous, and are typically generated in some kind of abbreviated form, which may be reconstructed by
software which isin possession of acopy of the binary code of your system.

34K family cores can be configured with PDtrace logic, which provides a non-intrusive way of finding out what
instructions your CPU ran. If your system includes PDtrace logic, Config3[TL] will read 1.

With avery high-speed CPU likethe 34K corethisis challenging, because you need to send data so fast. The PDtrace
system deals with this by:

» Compressing the trace: a software tool in possession of the binary of your program can predict where execution
will go next, following sequential instructions and fixed branches. To trace your program it needs only to know
whether conditional branches were taken, and the destination of computed branches like jump-register.

»  Switching the trace on and off: the 34K core can be configured with up to 8 “trace triggers’, allowing you to start
and stop tracing based on EJTAG breakpoint matches: see Section 8.1.9, "EJTAG breakpoint registers' above
and Table 8-14 below.

» High-speed connection to a debug/trace probe: optional. But if fitted, it uses advanced signalling techniquesto
get trace data from the CPU core, out of dedicated package pinsto a probe. Good probes have generous amounts
of high-speed memory to store long traces.
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Since it runs continuoudly, it's a good thing that from reset the sampling period defaults to its maximum.
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TraceControl2[ValidModes, TBI, TBU] (described below at Figure 7-10 and following) tell you whether you have
such aconnection available on your core. You'll have to ask the hardware engineers whether they brought out the
connector, of course.

* Very high-speed on-chip trace memory: if fitted, you may find between 256bytes and 8Mbytes of trace memory
in your system (larger than afew Kbytesisunlikely). Again, see TraceControl2[ValidModes, TBI, TBU] to find out
what facilities you have.

»  Option to slow the CPU to match the tracing speed: when you really, really need afull trace, and are prepared to
slow down your program if necessary to wait while the trace information is sent to the probe. Thisis controlled
by TraceControl[IO], see below.

In practice the PDtrace logic depends on the existence of an EJTAG unit (described in the previous section) and an
enhanced EJTAG probe. To benefit from on-probe trace memory, the probe will need to attach to PDtrace-specific
signals.

This manual describes only the lowest-level building blocks as visible to software. For real hardware information

refer to [PDTRACETCB]; for guidance about how to use the PDtrace facilities for software development see
[PDTRACEUSAGE]. To use PDtrace facilities, you' Il have to read the software manuals which come with a probe.

8.2.1 34K core-specific fields in PDtrace™ JTAG-accessible registers

The PDtrace system is controlled by the JTAG-accessible registers TCBCONTROLA and TCBCONTROLB. They
are not visible to software running on the CPU, but we'll document fields and configured values which are specific to

34K family CPUs.
Figure 8-9 Fields in the TCBCONTROLA register
31 26 25 24 23 22 20 19 18 17 16 15 14 13 12 5 4 3 2 1 0
0 VModes ADW | SyP |TD|IO|D|E|S|K|U ASID G| TFCR | TLSM | TIM | On
10
In TCBCONTROLA:

VModes: reads“1 0", showing that 34K family cores support al tracing modes.
ADW: reads“1” to indicate that we support the wide (32-hit) internal trace bus.

Figure 8-10 Fields in the TCBCONTROLB register

31 30 28 27 26 25 21 20 19 17 16 15 14 13 12 11 10 8 7 6 3 2 1 0
‘WE‘ 0 ‘TWSrcWidth‘ REG ‘WR‘ 0 ‘RM‘TR‘BF‘TM‘ ‘TLSIF‘ CR ‘CaI‘TWSrcVaI‘CA‘OfC‘EN‘
In TCBCONTROLB:

TWSrcWidth: "0 1", which indicatesthat a2-bit “source” field isincluded in the trace word to identify the VV PE
running the instruction, just as a multicore system would identify the CPU.

TWSrcVal: becomes writable, so the probe can set this value to a distinguishable one for each VPE."

Figure 8-11 Fields in the TCBCONTROLC register
31 28 27 23 22 21 14 13 12 5 4 2 1 0
0 Mode \ CPUvadlid \ CPUId \ TCvalid \ TCnum TChits \ MTtraceType\ MTtraceTC \

TCBCONTROLC contains new fields for multi-threading trace support, as described in [PDTRACETCB].
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MTtraceTC: can be set to 1 to includethe TC ID in trace data. Powers up as zero.

Figure 8-12 Fields in the TCBCONFIG register

31 30 25 24 21 20 17 16 14 13 11 10 9 8 6 5 4 3 0
‘CFl‘ 0 \ TRIG \ 574 CRMax \ CRMin \ PW \ PIN \ onT \ OfT‘ REV
In TCBCONFIG:

CF1: read-only, reads zero because there are no more TCB configuration registers.
PiN: read-only, reads zero because the 34K coreis a single-issue (single pipeline) processor.

REV: reads 1, denoting compliance with revision 4.xx of the TCB specification.

8.2.2 CPO registers for the PDtrace™ logic

There are four:
e TraceControl and TraceControl2; allow the software to take charge of what is being traced.

e UserTraceData: allows software to send a“user format” trace record, which can be interpreted by suitable trace
analysis software to build interesting facilities.

e TraceBPC: controls whether and how individual EJTAG breakpoint trace triggers take effect.

Figure 8-13 Fields in the TraceControl and TraceControl2 registers

31 30 29 28 27 26 25 24 23 22 21 20 13 12 54 3 2 1 0
TraceControl[ TS[{UT| 0 | TPC [TB{IO|{D[E|[K|[S|U ASID_M ASID G |TFCR[TLSM[TIM| O
n
31 30 29 28 21 20 19 1211 76 54 3 2 0
TraceControl2| 0 CPU- CPUId TCV TCNum Mode | Valid- |[TBI| TBU SyP
ldv Modes

TS: set 1 to put software (manipulating this register) in control of tracing. Zero from reset.

UT: software can output a"user triggered record” (just write any 32-bit value to the UserTraceData register). There
have been two types of user-triggered record, and this bit says which to output: 0 — Type 1 record, 1 — Type 2.

TPC: turns on PC Sampling, where the current PC value is periodically sent to the trace memory (a different feature
from the EJTAG “PC Sampling” feature described above Section 8.1.12, "PC Sampling with EJTAG".)

TB: "trace all branch" - when 1, output all branch addressesin full. Normally, predictable branches need not be sent.
10: "inhibit overflow" - slow the CPU rather than |ose trace data because you can't capture it fast enough.

D, E, K, S, U: do trace in various CPU modes: separate bitsindependently filter for debug, exception, kernel, supervisor
and user mode. Set 1 to trace.

ASID_M, ASID, G: controls ability to trace for just one (or some) processes, recognized by their current ASID value as
found in EntryHi[ASID]. Set the G ("global™) to trace instructions from al and any ASIDs. Otherwise set
TraceControl[ASID] to the value you want to trace and ASID_M to all 1s (you can also use ASID_M as abit mask to
select several ASID values at once).

TFCR: switch on to generate full PC addresses for all function call and return instructions.

TLSM: switch on to trace all D-cache misses (potentially including the miss address).
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TIM: switch on to trace all I-cache misses.

On: master trace on/off switch - set 0 to do no tracing at all.
Theread-only fieldsin TraceControl2 provide information about the capabilities of your PDtrace system. That system
may include a plug-in probe, and in that case the TraceControl2[SyP] field may read as garbage until the probeis
plugged in.
Thefirst four fields are for tracing code running on MT CPUs:

CPUIdV, CPUId: when CPUIdV is set, trace datawill only be generated by code run by the VPE identified in CPUId.
Ignored if TCV is set.

TCV, TCNum: when TCV is set, trace only instructions run by the TC whose number is stored in tTCNum.
Mode: whenever traceis turned on, you capture an instruction trace. Mode is a bit mask which determines what 1oad/
store tracing will be donel. It's coded like this:

Bit No Set  What getstraced

0 PC

1 Load addresses
2 Store addresses
3 Load data

4 Store data

However, see TraceControl2[ValidModes] (description below) for what your PDtrace unit is actually capable of doing.
Bad things can happen if you request a trace mode which isn’t available.

TraceControl2[ValidModes]: what isthis PDtrace unit capable of tracing?

ValidModes What can we trace?

00 PC trace only

01 Can trace | oad/store addresses

10 Can trace |oad/store addresses and data

TraceControl2[TBI, TBU]: best considered together, these read-only bits tell you whether there is an on-chip trace
memory, on-probe trace memory, or both - and which is currently in use.

TBI TBU On-chip or probe trace memory?

0 only on-chip memory available

1 only probe memory available

1 0 Both available, currently using on-chip
1 1 Both available, currently using probe

o o

TraceControl2[SyP]: read-only field which lets you know how often the trace unit sends a complete PC address for
synchronization purposes, counted in CPU pipeline clock cycles. The period is 2 (5P + 3)

8.2.3 JTAG triggers and local control through TracelBPC/TraceDBPC

Recent revisions of the PDtrace specification have defined much finer controls on tracing. In particular, you can now
trace only cycles matching some “breakpoint” criteria, and there is atwo-stage process where cycles are traced only
after an “arm” condition is detected. The new fields are shown in Figure 8-14

1. Prior to v4 of the PDtrace specification, thisfield was in TraceControl, and was too small to alow all conditions to be speci-
fied independently.
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Figure 8-14 Fields in the TracelBPC/TraceDBPC registers
3130 29 28 27 26 2423 2120 1817 1514 1211 98 65 32 0
TracelBPC[ 0 0 IE [ATE IBPC3[IBPC2[ IBPC1 | IBPCO
TraceDBPC DE DBPC1 | DBPCO

In either TracelBPC or TraceDBPC:

IE,DE: master 1-to-enable bit for triggers from EJTAG instruction and data breakpoints respectively.

ATE: Read-only bit which lets you know whether the additional trigger controls such as ARM, DISARM, and data-

qualified tracing (introduced in v4.00 of the PDtrace specification) are available - which they may be on the 34K
core.

IBPC8-0, DBPC8-0: each three-hit field encodes tracing options independently, for up to nine EJTAG I- and D-side
breakpoints (thisis generous: your 34K core will typically have no more than 4 |- and 2 D-breakpoints).

Each entry can be set asfollows:

xBPC field Description
0 Stop tracing (no effect if off already).
1 Start tracing (no effect if on already).
2 Trace instructions which cause this trigger.

However, do TracelBPC/TraceDBPC exist in your system? They will be there only if you have an EJTAG unit (does

Config1[EP] read 1?), and that unit has at |east one breakpoint register - check that at least one of DCR[DB,IB] is set
(as described in).

8.2.4 UserTraceDatareg

Write any 32-bit value you like here and the trace unit will send a"user" record (there are two "types" of user record,
and which you output depends on TraceControl[UT], see above). You need to send something your trace analysis sys-
tem will understand, of course! Perhapsit’s worth noting that this“user” islocal debug software, and doesn’t mean
low-privilege software running in “user mode” - which of course would not be able to access this register.

8.2.5 Summary of when trace happens

The many different enable bits which control trace add up to (or strictly "and" up to) awhole bunch of reasons why
you won't get any trace output. So it may be worth summarizing them here. So:
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» If softwareisin charge (that is, if TraceControl[TS]==1) then:

— TraceControl[On] must be set.

— Atleast one of the CPU mode filter bits TraceControl[D,E,S,K,U] must be set 1 to trace instructionsin debug,
exception, supervisor, kernel or user-mode respectively. Mostly likely either just TraceControl[U] will be set (to
follow just one process in a protected OS), or TraceControl[E,S,K,U] to follow all the software at bare-iron
level (but not to trace EJTAG debug activity);

— Either TraceControl[G] is set (to trace everything regardless of current ASID) or TraceControl[ASID] (as
masked by TraceControl[ASID_M]) matches the current value of the core-under-test’s EntryHI[ASID] field.

— Thesignal PDI_TraceOn is asserted by the trace block. Thiswill typically be true whenever the probe is
plugged in and connected to software.

— Asabovethereare D,E,S,K,U,G and ASID bits (thereisn't an "ASID_M" in this case) which must be set
appropriately in the JTAG-accessible TCBCONTROLA register, which is not otherwise described here.

Whether JTAG or TraceControl isin charge, then:
e There must have been a cycle recently when there was an "on trigger”, that is:

— TheCPU tripped an EJTAG breakpoint with the IBCn[TE]/DBCn[TE] bit set to request atracetrigger (for I-side
and D-side respectively);

— TracelBPC[IE]/TraceDBPC[DE] (respectively) was set to enable triggers from EJTAG breakpoints;

— theappropriate TraceBPC[IBPCx]/TraceBPC[DBPCx] field has some kind of "on" trigger - and if thistrigger is
conditional on "arm" there must have been an arm event since system reset or any disarm event;

*  And since the on-trigger time, there must not have been a cycle which acted as an "off trigger”, that is:

— TheCPU tripped an EJTAG breakpoint with the IBCn[TE]/DBCn[TE] bit set, and TraceBPCJ[IE]/TraceBPC[DE]
(respectively) were still set;

— wherethe appropriate TracelBPC[IBPCn]/TraceDBPC[DBPCn] fieldsis set to disable triggering (subject to
arming).

If there is more than one breakpoint match in the same cycle, an "on" trigger wins out over any number of "off".
8.3 CPO Watchpoints

Some cores may be built with no EJTAG debug unit to save space, and some debug software may not know how to
use EJTAG resources. So it may be worth configuring some of the non-EJTAG CPO watchpoint registers. If so they're
described in Appendix C, “Watchpoint registers’ on page 151 below.

8.4 Performance counters

Performance counters are provided to allow software to monitor the occurrence of events of interest within the core,
and can be very useful in analyzing system performance.
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34K family CPUs are fitted with four counters, each of which can be set up to count one of alarge choice of different
events. Unlike almost al the other CPO registers, the performance counters are not replicated per-VPE: the CPU has
four counters, which either VPE may use. Each 32-bit counter is accompanied by a control register whose layout is
shown in Figure 8-15.

34K isamulti-threading CPU, and you can optionally count only events associated with a particular thread (by its TC
number), or even those events associated with threads affiliated to a particular VPE. After some thought, | haven’t
documented in detail when you might get adifferent count if you narrow to aparticular VPE or TC. In most casesit's
obvious whether it makes sense to count a particular event for just one TC or VPE: where it's not obvious, experi-

ment.
Figure 8-15 Fields in the PerfCtl register
31 30 29 22 21 20 19 16 15 12 11 5 4 3 2 1 0
| M | 0 | TCID | MT_EN | VPEID | 0 | Event | IE | U | S | K |EXL|

There are usually four counters, but software should check using the PerfCtl[M] bit (which indicates "at least one
more").

Then thefields are:

TCID: the TC number of the thread whose events should be counted, if just-one-TC counting is enabled (i.e.
MT_EN==10 binary.)

MT_EN: available to restrict counting to events which are attributable to a particular VPE or TC:

MT_EN What gets counted?
value

00 Eventsfromall TCs& VPEs (i.e., don't filter)

01  Count eventsfrom all TCs affiliated to the VPE specified in the
VPEID field. Some events can't be tied to a particular VPE - use
common sense.

10  Count events only for the TC specified by the TCID field. Again,
some events are not TC-specific.

11 Reserved

VPEID: defines the VPE all of whose TC' s events should be counted, if just-this-VPE counting is enabled (i.e.
MT_EN==01 binary.)

Event: determines which event this counter will count; see Table 8.3 below. Note that the odd-numbered and even-
numbered counters mostly count different events, though some particularly important events can use any of the four
counters.

IE: set to cause an interrupt when the counter "overflows" into its bit 31. This can either be used to implement an
extended count, or (by presetting the counter appropriately) to notify software after a certain number of events have
happened. Theinterrupt isimplemented by taking a set of signals (usually SI_PCI - one per VPE) out of the core,
which the system integrator will have sent back in, each as one of the core’ sinterrupt inputs. The output signal
activated will depend on the V PE ffiliation of the thread which last wrote to the control register, which will
normally be what you want.

U, S, K, EXL: count eventsin User mode, Supervisor mode, Kernel mode and Exception mode (i.e. when Status[EXL] is
set) respectively. Set multiple bitsto count in all cases.

The events which can be counted in the 34K core arein Table 8.3. Blank fields are reserved. But before you get there,
take alook at the next sub-section...
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8.4.1 Reading the event table.

There are alot of events you can count. It'srelatively cheap to wire another signal from the internals of the coreinto
acounter. It'stime consuming and expensive to formulate a signal which represents exactly what a software engineer
might want to count, and even more expensive to test it. Where the definitionsin Table 8.3 are clear and simple,
they're usually exactly right. Where they seem more obscure, tread carefully, and don't just blame the author of this
manual (though sometimesit ismy fault!) When you use a counter, useit first on a piece of code where you know the
answer, and check you're really counting what you think you are.

When reading the table:

T, V, P: inthe“Type” column, mark an event which can be filtered per-TC, per-VPE or is just global (respec-
tively). Per-TC events can be counted per-V PE, and per-V PE events can be counted globally. When you count
per-TC events per-V PE or globally the counter will advance in any cycle where the event happens for any TC
under consideration. Counters never advance faster than once per clock.

IFU: isthe “instruction fetch unit” of the CPU pipeline. We can’t describe some events without referring to the
inside of the CPU. You might like to look back at Section 3.1 “The 34K ™ core pipeline and multithreading”.

Replay: when an instruction will block for along period, sequentially-later instructions from the same TC which
have got into the main pipeline must be discarded. These instructions will usually have been retained in the “ skid
buffer” of the IFU, so the IFU queues can be adjusted so that when the instruction unblocks, the TC can continue
correctly from the following instruction. This sequenceis called a“replay” and these events count the pipeline
bubbles which result.

Refetch: if you'd like to do areplay but the relevant instructions are not available in the skid buffer, the IFU must
be instructed to discard all stored instructions for the TC and fetch them again. This event counts the number of
pipeline bubbles which result.

Sall: in general, “stall” counters count the cycles when the whole pipelineis blocked and no TC can make for-
ward progress. If thistype of counter is set for aparticular TC, it will only count if this TC is causing the stall.

But subunits causing a stall can also signal a“long stall”, and the main pipeline takes that as a cue to deschedule
the blocked TC until the condition is resolved. The counters documented as “stall” or “stalled” do not count time
while one TC is blocked but others continue to run.

Blocked cycle: “events’ like this count all and any cycleswhen a TC is blocked by something.

LDQ, FSB, WBB: CPU queues, described in Section 6.3.1, "Read/write ordering and queues in the 34K core".

Instruction fetch events: these include I-cache, ITLB and JTLB events. They are not as directly related to the
instructions in your program as you might think:

»  24K/34K CPUs have a 64-bit wide interface to the I-cache and fetch two instructions at once.

» After acachemissisresolved, the IFU re-fetches the missed data; the counters will count this twice.

» ThelFU always reads instructions ahead, and on a branch or exception some of the instructions fetched will
never be executed. Moreover, the IFU's branch predictors sometimes cause it to fetch speculatively from a
predicted branch target which turns out to be wrong: those speculative instructions will never be executed

either.

» |f there's an exception-causing address error during I-fetch, it won't be counted.
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Sngle-threaded mode (ST mode): when only one TC is eligible for scheduling, 34K enters ST mode. In ST mode
some blocking events which would have been dealt with by suspending the thread and possibly replaying an
instruction are handled by a whole-pipeline stall instead, which has |less overhead.

Table 8.3 Performance counter events

Event
No Counter 0 and 2 Type Counter 1 and /3 Type

0 Cycles P

1 Instructions completed

2 |Branch instructions completed. T |Branch mispredictions T

3 |§r $31 (return) instructions T |jr $31 predicted but guessed wrong T

4 |jr (not $31) instructions T |jr $31 not predicted (the return predictor T

only worksfor one TC at atime).

5 |ITLB accesses. There will be one for every I- T |ITLB misses. Note that if two TCs cause “the T
fetch in atranslated address region. same” ITLB missin quick succession, that will

only be counted once.
DTLB accesses. T |DTLB misses T
JTLB instruction accesses (same as ITLB T |JTLB I-misses: this counts TLB misses and T
Misses). TLB invalid conditions on |-fetch.

8 |JTLB data accesses (same as DTLB misses) T |JTLB D-miss: counts TLB misses + TLB T

invalid on D-access.

9 |Instruction cache accesses. That'severy access | T [Instruction cache misses. Includes missesresulty T
including replays (and as above, including ing from fetch-ahead and speculation.
instructions which are never executed). But
more: for example, following a branch whichis
correctly predicted taken, one or more instruc-
tions on the straight-through path may be
accessed.

10 [Datacacheload/stores T |D-cache writebacks (actually counts number of | T

D-misses or cacheops which trigger writeback.)
11 L oads/stores which missin D-cache T
12-13 reserved

14  (Integer instructions completed T |FPU instructionscompleted (not including loads| T

and stores)

15 |Loads completed (including FP loads) T |Stores completed (includes FP stores) T

16 |j/jal instructions completed T |MIPS16 instructions completed T

17  [no-ops completed. Early revision cores count T |Integer multiply/divide unit instructions com- T
only strict nop instructions, but later ones pleted
count any 3-operand instruction which discards
its output by writing register $0.

18 |Cycleswherethe main pipeline (RF stage) does| P |Replays: that is, eventswhere IFU ismadetorey T
not advance. Thisis either because thereis no issue instructions which were already scheduled
instruction scheduled, or because the ALU is once.
backed up and can't accept an instruction

19 |[sc ingtructions completed T |scinstructionsfailed T

20 |Prefetch instructions to cached addresses T |Prefetch instructions completed with cache hit | T

21  |L2 cache writebacks P |L2 cache accesses P
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Event
No Counter 0 and 2 Type Counter 1 and /3 Type
22 L2 cache misses P
23 |Exceptions taken T |Cyclesspent in “Single Threaded Mode”. T
24 |Cycleswhen main pipelineis stalled whilethe | T |“Refetches’: Countsall replayed instructions T
LSU hasto do a“replay”. A good example of a (instructions which are send back to IFU to be
replay iswhen the fill buffer gets full and needs refetched (and reissued)). If an instruction has
to be emptied out to make forward progress. To been replayed multiple times, you get a count
empty out the buffer, the L SU hasto take control for each event.
of the cache which is currently being accessed
by other in-flight LSU instructions.
To accomplish this, the pipeline is stalled, the
FSB accesses the cache to empty out its data,
and then the instructions that werein flight are
replayed to get their data from the cache.
25 |Cycleswhen no instructions are available to P |Cycles when main pipeline stops because an P
issuefor any TC ALU operation is taking more than one clock
26 |DSP Instructions Completed T |ALU-DSP Saturations Done T
27 MDU-DSP Saturations Done T
28-31 |Available to count implementation-specific events signalled by wires from configurable interfaces.
28 |Available for customer PM event T |Available for customer CP2 event T
29 |Available for customer ISPRAM event T |Available for customer DSPRAM event
30 |Available for CorExtend event T
31 |Availablefor external yield manager event. T | Custom ITC event T
32 |ITCLoads. If aTCishalted or takesanexcep- | T |ITC Storesissued. Invisible retries counted too, | T
tion, a pending I TC operation will be aborted, asfor loads.
then later retried. Each retry is counted.
33 |Uncached Loads T |Uncached Stores T
34 |fork Instructions completed T |yield instructions completed T
35 |CP2register-to-register instructions completed | T |mfc2/mtc2 instructions completed T
36 reserved
37-46 |Count number of cycles (most often “stall cycles’, i.e. timelost), not just number of events. See note on stall
cycles above.
37 |lI-cache miss blocked cycles - counts cycles T |D-cache miss blocked cycles - counts cycles T
when the TC has no instruction to issue follow- when TC is blocked when an instruction uses a
ing an I-fetch miss. Thisignoresthe stallsdueto register value which is subject to aload miss.
ITLB misses aswell asthe 4 cyclesfollowing a
redirect.
38 |L2I-missstall cycles P |L2 datamissstall cycles P
39 |D-misscycles P (L2 misscycles P
40 |Uncached access block cycles T [ITCdal cycles: whennoinstructionforany TC| T
can beissued, and a TC selected for counting is
waiting for an ITC operation
41 |MDU sl cycles- notethat it's possiblefor the| T [FPU stall cycles T
MDU to indicate a“long stall” wherethe TC
waiting for the MDU gets suspended - that wait
will not be counted here.
42 | CP2 stall cycles T |CorExtend stall cycles T
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Event
No Counter 0 and 2 Type Counter 1 and /3 Type
43 [ ISPRAM stall cycles- when noinstructioncan| T [DSPRAM dtall cycles T
be issued because the IFU has run out of instruc
tions, after the ISPRAM sent a*“not ready” indi-
cation (which requiresaretry). Doesn't include
count for the 4 cycles after aredirect.
44 | CACHE instruction stall cycles P
45 | LoadtoUsestals T |Stallswhen aload/store base register wascom- | T
puted by the preceding instruction.
46 | Read-CPO-value interlock stalls. T |Branch mispredict: lost cyclesresulting froma | Pi
mispredict (24K only).
47 | Relax bubbles \
48 | IFU FB full refetches: count up when the IFU T |FB entry allocated P
has to refetch an address because the FB was
full on amiss.
49 | EJTAG Instruction triggers T |EJTAG datatriggers T
50-55 |Monitor the state of various FIFO queues relating to loads and stores, as described in Section 6.3.1, "Read/
write ordering and queues in the 34K core".
50 |FSB< 1/4full P [FSB 1/4-1/2 full P
51 |FSB>1/2full P [FSB full pipeline stalls P
52 |LDQ< V4 full P (LDQ V/4-1/2 full P
53 |LDQ > 1/2full P [LDQ full pipeline stalls P
54 |WBB < V/4full P (WBB 1/4-1/2 full P
55 |WBB > 1/2full P |Cycleswhen whole CPU is stopped becausean | P

instruction needs to write data out of the core,
but all write buffer entries are full.
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Chapter 9

Programming the 34K™ core in user mode

Sections include:

e Section 9.1, "The multiplier": multiply, multiply/accumulate and divide timings.
e Section 9.2, "User-mode accessible "Hardware registers™

e Section 9.3, "Prefetching data’: how it works.

*  Section 9.4, "Using “synci” when writing instructions': writing instructions without needing to use privileged
cache management instructions.

*  Section 9.5, "Tuning software for the 34K family pipeline": for determined programmers, and for compiler writ-
ers. It includes information about the timing of the DSP ASE instructions.

* Section 9.6 “Floating point instruction timing and data dependencies’: the floating-point unit often runs at half

speed, and some of its interactions (particularly about potential exceptions) are complicated. This section offers
some guidance about the timing issues you'll encounter.

9.1 The multiplier

Asistraditional with MIPS CPUs, the integer multiplier is a semi-detached unit with its own pipeline. All MIPS32
CPUs implement:

*  mult/multu: a32x32 multiply of two GPRs (signed and unsigned versions) with a 64-bit result delivered in the
multiply unit’s pseudo-registers hi and lo (readable only using the special instructionsmfhi and m£1o, which
are interlocked and stall until the result is available).

e madd, maddu, msub, msubu: multiply/accumulate instructions collecting their result in hi/lo.

e mul/mulu: sSimple 3-operand multiply as asingle instruction.

e div/divu: divide - the quotient goesinto lo and the remainder into hi.

Many of the most powerful instructionsin the MIPS DSP ASE are variants of multiply or multiply-accumul ate oper-

ations, and are described in Section , "The MIPS32® DSP ASE". The DSP ASE also provides three additional “accu-

mulators’ which behave like the hi/lo pair).

No multiply/divide operation ever produces an exception - even divide-by-zero is silent - so compilerstypically insert
explicit check code whereit's required.

The 34K core multiplier is high performance and pipelined; multiply/accumulate instructions can run at arate of 1
per clock, but a 32x32 3-operand multiply takes four clocks longer than asimple ALU operation. Divides use a bit-
per-clock algorithm, which is short-cut for smaller dividends. The result isthat many of these operations will not be
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finished in time for the next instruction to proceed without delay. For details see Section 9.5, "Tuning software for the
34K family pipeline”, and in particular Section 9.5.4, "Data dependency delays classified".

9.2 User-mode accessible "Hardware registers”

The 34K core complies with Revision 2 of the MI1PS32 specification, which introduces hardware registers, CPU-
dependent registers which are readable by unprivileged user space programs, usually to share information which is
worth making accessible to programs without the overhead of a system call.

The hardware registers provide useful information about the hardware, even to unprivileged (user-mode) software,
and are readable with the rdhwr instruction. [M1PS32] defines four registers so far. The OS can control access to
each register individually, through a bitmask in the CPO register HWREna - (set bit O to enable register 0 etc).
HWREna is cleared to all-zeroes on reset, so software has to explicitly enable user access. Privileged code can access
any hardware register.

The four standard registers are:

e CPUNum (0): Number of the CPU on which the program is currently running. This comes directly from the
coprocessor 0 EBase[CPUNum] field.

«  SYNCI_Step (1): the effective size of an L1 cache linel; thisis now important to user programs because they can
now do things to the caches using the synci instruction to make instructions you've written visible for execu-
tion. Then SYNCI_Step tellsyou the "step size" - the addressincrement between successive synci’srequired to
cover all the instructions in arange.

If SYNCI_Step returns zero, that means that you don’t need to use synci at all.

e CC (2): user-mode read-only access to the CPO Count register, for high-resolution counting. Which wouldn't be
much good without.

e CCRes(3): which tellsyou how fast Count counts. It's adivider from the pipeline clock (if you read a value of
“2", then Count increments every 2 cycles, at half the pipeline clock rate - which iswhat you'll find for any 34K
family core defined so far.

9.3 Prefetching data

MIPS32 CPUs are being increasingly used for computations where you'd once have needed a DSP. These computa
tions often feature loops accessing large arrays, and the run-time is often dominated by cache misses.

These are excellent candidates for using the pre£ instruction, which gets data into the cache without affecting the
CPUs other state. In awell-optimized loop with prefetch, data for the next iteration can be fetched into the cache in
parallel with computation for the last iteration.

It's a pretty major principle that pref should have no software-visible effect other than to make things go faster.
pref islogically ano-op2

The pref instruction comes with various possible “hints” which allow the program to express its best guess about
the likely fate of the cacheline. In 34K family coresthe “load” and “ store” variants of the hints do the same thing; but

122

1
2.

Strictly, it's the lesser of the I-cache and D-cache line size, but it's most unusual to make them different.
Thisisn't quite true any more; pre£ with the "PrepareForStore” hint can zero out some data which wasn't previoudly zero.
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it makes good sense to use the hint which matches your program’sintention - you might one day port it to a CPU

where it makes a difference, and it can’t do any harm.

The 34K core acts on hints as summarized in Table 9.1.

9.4 Using “synci” when writing instructions

9.4 Using “synci” when writing instructions

Table 9.1 Hints for “pref” instructions

Hint What happensin the 34K core Why would you use it?
No Name
0 load Read the cache line into the D-cache if |When you expect to read the data soon.
1 store not present. Use "store" hint if you also expect to
modify it.
4 load_streamed Fetch data, but always use cacheway  |For datayou expect to process sequen-

5 store streamed

zero - so alarge sequence of "streamed"
prefetcheswill only ever use aquarter of
the cache.

tialy, and can afford to discard from the
cache once processed

6 load_retained
7 store_retained

Fetch data, but never use cache way
zero. That meansif you do a mixture of
"streamed" and "retained" operations,
they will not displace each other from
the cache.

For data you expect to use more than
once, and which may be subject to com-
petition from "streamed" data.

25 writeback_invalidate/
nudge

If thelineisin the cache, invalidate it
(writing it back first if it was dirty).
Otherwise do nothing.

However (with the 34K core only): if
thislineisin aregion marked for
“uncached accelerated write” behavior,
then write-back thisline.

When you know you've finished with
the data, and want to make sure it loses
in any future competition for cache
resources.

30 PrepareForStore

If thelineis not in the cache, create a
cache line - but instead of reading it
from memory, fill it with zeroes and
mark it as "dirty".

If theline is aready in the cache do
nothing - this operation cannot berelied
upon to zero theline.

When you know you will overwrite the
whole line, so reading the old data from
Mmemory is unnecessary.

A recycled lineis zero-filled only
because its former contents could have
belonged to a sensitive application -
alowing them to be visible to the new
owner would be a security breach.

The synci instruction (introduced with Revision 2 of the MIPS32 architecture specification, [MIPS32]) ensures that
instructions written by a program (necessarily through the D-cache, if you're running cached) get written back from
the D-cache and corresponding I-cache locations invalidated, so that any future execution at the address will reliably
execute the new instructions. synci takes an address argument, and it takes effect on awhole enclosing cache-line
sized piece of memory. User-level programs can discover the cache line size becauseit's available in a* hardware reg-
isters’ accessed by rdhwr, as described in Section 9.2, "User-mode accessible "Hardware registers™ above.

9.5 Tuning software for the 34K family pipeline

This section is addressed to low-level programmers who are tuning software by hand and to those working on effi-
cient compilers or code trandators.

Note, though, that when there is a multi-threading workload some of the following issues become less important.
There's not so much need to mitigate cache miss delays (for example) when the time when one thread is waiting will
be cheerfully used by another thread which keeps running.

Programming the MIPS32® 34K™ Core Family, Revision 01.30 123

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Programming the 34K™ core in user mode

124

The 34K coreisapipelined design, and the pipeline and some of its consequences are described in Section , "How the
34K™ core implements multi-threading”. That leads to a class of possible delays to do with data dependencies. For
software tuning purposes it’s usually enough to know the delay which results when one instruction (the “ producer”)
generates avalue in some particular register for the use of the next instruction in sequence (the “consumer”). The
delay isin processor cycle time units, but it makes good sense to think of that delay as alost opportunity to run an
instruction. To tune round data dependencies, the programmer or compiler needs to re-order the instructions so that
enough useful but independent instructions are placed between the producer and consumer that the consumer runs
without delay.

There are times when interactions are more complicated than that. While you can pore over hardware booksto try to
figure out what the pipelineis doing, when it gets that difficult we advise that you should obtain a cycle-accurate Sim-
ulator or other well-instrumented test environment, and try your software out.

But before getting on to data delays, we'll ook at the most important causes of slow-down: cycles lost to cache
misses and branches.

9.5.1 Cache delays and mitigating their effect

Inatypical 34K CPU implementation a cache miss which hasto be refilled from DRAM memory (in the very next
chip on the board) will be delayed by a period of time long enough to run 50-100 instructions. A miss or uncached
read (perhaps of adevice register) may easily be severa times slower. These really are important!

Of course, thisis one of the main motivations for having a multithreading CPU: while one thread is stopped because
of acache miss, other threads can keep running, greatly improving the total throughput.

Because these delays are so large, there’s not alot you can do to help a cache-missing thread make progress. But
every little helps. The 34K core has non-blocking loads, so if you can move your load instruction producer away from
its consumer, you won't start paying for your memory delay until you try to run the consuming instruction.

Compilers and programmers find it difficult to move fragments of algorithm backwards like this, so the architecture
also provides prefetch instructions (which fetch designated data into the D-cache, but do nothing else). Because
they’'refree of most side-effectsit’s easier to issue prefetches early. Any loop which walks predictably through alarge
array is acandidate for prefetch.

Thepref PrepareForStore prefetch savesacacherefill read, for cache lines which you intend to overwrite in
their entirety. Read more about prefetch in Section 9.3, "Prefetching data above.

Tuning data-intensive common functions

Bulk operations like bcopy () and bzero () will benefit from some CPU-specific tuning. To get excellent perfor-
mance for in-cache data, it's only necessary to reorganize the software enough to cover the address-to-store and | oad-
to-use delays. But to get the loop to achieve the best performance when cache missing, you probably want to use
some prefetches.

9.5.2 Branch delay slot

It's afeature of the MIPS architecture that it always attempts to execute the instruction immediately following a
branch. Therationale for thisisthat it's extremely difficult to fetch the branch target quickly enough to avoid a delay,
so the extrainstruction runs “for free"...

Most of the time, the compiler deals well with this single delay slot. MIPS low-level programmersfind it odd at first,
but you get used to it!
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9.5.3 Branch misprediction delays

In along-pipeline design like this, branches would be expensive if you waited until the branch was executed before
fetching any moreinstructions. See Section 3.1, "The 34K ™ core pipeline and multithreading” for what is done about
this: but the upshot is that where the fetch logic can’t compute the target address, or guesses wrong, that's going to
cost five or more lost cycles - but most of the pain isfelt by the thread which executes the branch; so long asthere are
other running threads the CPU can keep busy. It does depend what sort of branch: the conditional branch which closes
atight loop will almost always be predicted correctly after the first time around.

However, too many branches in too short a period of time can overwhelm the ability of the instruction fetch logic to
keep ahead with its predictions. Where branchy code can be replaced by conditional moves, you'll get significant
benefits.

The branch-likely* instructions (officially deprecated by the M1PS32 architecture because they may perform poorly
on more sophisticated or wider-issue hardware) are predicted just like any other branch.

Although deprecated, the branch-likely instructionswill probably improve the performance of loopswhere thereisno
other way of avoiding a no-op in aloop-closing branch’s delay dlot. If you're tempted to use this, we strongly recom-

mend you make the code conditional on a #define variable tied specifically to the 34K family. If that’s difficult in
your environment and the code might need to be portable, it's probably better not to use this.

9.5.4 Data dependency delays classified

We've attempted to tabulate al possible producer/consumer delays affecting user-level code (we're not discussing
CPO registers here), but excluding floating point (which isin the next section).

In fact, we won't set out the tables exactly like that. The MIPS instruction set is efficient because, most of the time,
dependent instructions can be run nose-to-tail without delay. For all registers, thereis a"standard" place in the pipe-

line where the producer should deliver its value and another place in the pipeline where the consumer picksit up2.
Producer/consumer delays happen when either the producer islate delivering aresult to the register (we'll abbreviate
to "lazy"), or the consumer insists on obtaining its operand early (we'll abbreviate to "eager"). Of course, both may
happen: in that case the delays add up.

It'simportant to be clear what class of registersisinvolved in any of these delays. For non-floating-point user-level
code, there are just three classes of registers to consider:

»  Generd purpose registers ("GPR");
» Thehillo pair together with the three additional accumulators defined by the MIP DSP ASE (“ACC");
» Thefields of the DSPControl register.

So that gives us two tables.

Delays caused by " eager consumers' reading values early

1. The"likely" intheinstruction nameis historical, and pretty misleading.
2. Theseare brought closer together by the magic of register file bypasses, but we don’'t need to get into the details here.
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Table 9.2 Register — eager consumer delays

Reg — Eager consumer Del Applies when...
GPR — load/store 1]the GPR value Is an address operand (store data IS
not needed early).
ACC — multiply instructions 1|the ACC value came from any non-multiply or mul-

tiply instructions which saturate the accumulator
value (values generated by other multiply instruc-
tions are made available early, and thus avoid this
delay).

Always

W

ACC — DSPinstructions which extract selected
bits from an accumulator: extp...,
extr.. etc.

DSP instructions which write a shifted
value back to the accumulator: mthlip,
shilo, shilov.

Delays caused by " lazy producers' delivering valueslate

Table 9.3 Lazy producer — register delays

Lazy producer — Reg Del Applies when...
Load — GPR Always (familiar as the "load delay dot").
Integer multiply unit instructions produc- — GPR 4 Always (because the multiply unit pipelineis
ing a GPR result. longer than the integer unit’s).
Instructions reading accumulators and
writing GPR (e.g. m£10).

)

DSP"ALU" ingtructions (which neither — GPR 1|Always
read nor write an accumulator, nor do a
multiplication).
Integer divide instruction — ACC 7]8-bit dividend
9|8-hit dividend & negative operand to div
15|16-bit dividend
17]16-bit dividend & negative operand to div

23|24-bit dividend

25|24-bit dividend & negative operand to div
31|full-size dividend

33|full-size dividend & negative operand to div

W = O

How to usethetables

Suppose we've got an instruction sequence like this one:

addiu sa0, %$al0, 8

1w $t0, 0(sa0l) # [1]
1w stl, 4(sa0)

addu $t2, $t0, Stl# [2]
mul Sv0, $t2, S$t3

sw sv0, 0(sal) # [3]

Then alook at the tables should help us discover whether any instructions will be held up. Look at the dependencies
where an instruction is dependent on its predecessor:
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[1] The 1w will be held up by one clock, because its GPR address operand $a0 was computed by the immediately
preceding instruction (see the first box of Table 9.2.) The second 1w will be OK.

[2] The addu will be one clock |ate, because the |oad data from the preceding 1w arrives late in the GPR $t1 (see the
first box of Table 9.3.)

[3] The sw will be 4 clocks | ate starting while it waits for aresult from the multiply pipe (the second box of Table 9.3.)

These can be additive. In the pointer-chasing sequence:

1w $tl, 0($t0)
1w $t2, 0($tl)

The second load will be held up two clocks: one because of the late delivery of load dataiin $t1 (first box of Table
9.3), plus another because that datais required to form the address (first box of Table 9.2.)

Delays caused by dependencies on DSPControl fields

Some DSP ASE instructions are dependent because they produce and consume values kept in fields of the
DSPControl register. However, the most performance-critical of these dependencies are "by-passed” to make sure no
delay will occur - those are the dependencies between:

addsc — DSPControl[c] — addwc
cmp.x — DSPControl [ccond] — pick.x
wrdsp — DSPControl[pos,scount] — insv

But other dependencies passed in DSPControl may cause delays; in particular the DSPControl[ouflag] bits set by vari-
ous kinds of overflow are not ready for a succeeding rddsp instruction. The accessis interlocked, and will lead to a
delay of up to three clocks. We don’t expect that to be a problem (but if you know different, please get in touch with

MIPS Technologies).

More complicated dependencies

There can be delays which are dependent on the dynamic allocation of resourcesinside the CPU. In general you can’t
really figure out how much these matter by doing a static code analysis, and we earnestly advise you to get somekind
of high-visibility cycle-accurate simulator or trace equipment (probably based on Section 8.2, "PDtrace™ instruction

trace facility").

Advice on tuning DSP ASE instruction sequences

DSP algorithm functions are often the subject of intense tuning. There is more specific and helpful advice (with
examples) included in the white paper [DSPWP] published by MIPS Technologies.
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9.6 Floating point instruction timing and data dependencies

Thisisnot so simple. The floating point unit (FPU) hasits own pipeline. More often than not, the FPU uses a half-rate
clock compared to the integer core - afull-speed FPU isabuild option, but it will then usually limit the clock rate
which can be used in your design. The FPU pipelineis shown in Figure 9-1.

Figure 9-1 Overview of the FPU pipeline

main pipeline
RF | AG EX | Eo | WB

long-latency
instructions

iterate in M1

| FR M1 | M2 Al A2 FP FW
read FP reg multiply, divide, sqrt atljd pack into reg | write FP reg
|

bypasses

Y O

The FPU is amultiply-add pipeline, and all register-to-register instructions go through six stages:

FR: obtains FP register values and converts them into an expanded internal format; With a half-speed FPU, instructions
issued from the integer core on an “odd” CPU cycle must wait one CPU clock timeto start in the FPU.

M1, M2: multiply operation as required. Some long-latency operations “loop” in the M 1 stage until complete, holding
up any subsequent FP instruction which would otherwise enter M1. Earlier instructions continue to run, leaving
bubbles in the FP pipeline stages M2 through FW.

Al, A2: add operation as required.
FP: convert result back to standard stored form and round.
FW: write back to FP register.

9.6.1 FPU register dependency delays

Any FPU instruction must go through pipeline stages from M1 through A2 before it produces aresult, which can then
(as shown by the “bypass’ linesin the pipeline diagram) be used by a dependent instruction reaching the M1 stage. If
you want to keep the FPU pipeline full, that means there must be three non-dependent instructions between the con-
sumer and producer of an FP value. However, other FP instruction delays can create bubblesin the FP pipeline, and
then you'll need less than three intervening instructions.

9.6.2 Delays caused by “long-latency” instructions looping in the M1 stage

Instructions which take only one clock in M1 go through the pipeline smoothly and can be completed one per FPU
clock period. Instructions which take longer in M1 always prevent the next instruction from starting in the next clock,
regardless of any data dependency. Those long-latency instructions - double-precision multiplies and all division and
square root operations - are listed in Table 9.4:. An instruction which runs for 2 cyclesin M1 holds up the FPU pipe-
line for one clock and so on - and of course the cycle counts are for FPU cycles.
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Table 9.4 Long-latency FP instructions

Operand Instruction type Instructions Cycles in M1
Double-precision (64-hit) Any multiplication mul.d, madd.d, 2
msub.d, nmadd.d,
nmsub.d

Single-precision (32-hit) Reciprocal recip.s 10
divide, square-root div.s, sqrt.s 14

reciprocal square root rsqrt.s 14

Double-precision (64-hit) Reciprocal recip.d 21
divide, square-root div.d, sqrt.d 29

reciprocal sguare root rsqrt.d 31

9.6.3 Delays on FPU load and store instructions

FPU store instructions stall in the main pipeline EX stage until the register data arrives from the FPU. Provided that
the store instruction doesn’t get behind slow FP instructions, FP stores run no more than one every two instructions
should not produce further delays.

FPU load instructions are subject to the usual FPU timing. So long as the load hitsin the cache, you should see no
more than the usual FP producer-consumer delay from load to use.

9.6.4 Delays when main pipeline waits for FPU to decide not to take an exception

The MIPS architecture requires FP exceptions to be “precise”, which (in particular) means that no instruction after
the FP instruction causing the exception may do anything software-visible. That means that an FP instruction in the
main pipeline may not proceed past the ER stage until the FPU can either report the exception, or confirm that the
instruction will not cause an exception.

Floating point instructions cause exceptions not only because a user program has requested the system to trap |EEE
exceptional conditions (which isunusual) but also because the hardware is not capable of generating or accepting
very small (“denormalized”) numbers in accordance with the IEEE standards. The latter (“unimplemented”) excep-
tionisused to call up a software emulator to patch up some rare cases. But the main pipeline must be stalled until the
FP hardware can rule out an exception, and that leads to a stall on every non-trivial FP operation. With a half-rate
FPU, this stall will most likely be 6-7 clocks.

Software which can tolerate some deviation from |EEE precision can avoid these delays by opting to replace all
denormalized inputs and results by zero - controlled by the FCSR[FS,FO,FN] register bits described in Figure D.2
and its notes. If you have also disabled all 1EEE traps, you get no possibility of FP exceptions and no extramain pipe-
line stalls.

9.6.5 Delays when main pipeline waits for FPU to accept an instruction

The half-speed FPU can never accept more than one instruction for every two main pipeline clocks. But if some of
your FPinstructions are the long-latency ones described above, the FP pipeline has room for just one more instruction
before it backs up. Once it does back up, your whole CPU will stall until the long-latency instruction completes.

Programming the MIPS32® 34K™ Core Family, Revision 01.30 129

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



Programming the 34K™ core in user mode

130

9.6.6 Delays on mfcl/mtcl instructions

Any FP instruction with GP register operands gets sent the GP values when it is launched, so mtc1 instructions have
standard FP instruction timing.

Anmfc1 instructions needs to write data into the GP register file. In general it will not complete quickly enough to
use its main-pipeline WB slot, so the value returning to the integer unit must wait until the integer unit is not using the
GP register write port. Theinstruction which usesthe value obtained by themfc1 may stall until the datais available,
but that usually won't be very long.

9.6.7 Delays caused by dependency on FPU status register fields

The conditional branch instructionsbe1£/be1t and the conditional moves movE/movt execute in the main pipeline,
but test a FP condition bit generated by the various FPU compare instructions.

9.6.8 Slower operation in “MIPS I™” compatibility mode

Historic 32-bit MIPS CPUs had only 16 “even-numbered” floating point registers usable for arithmetic, with odd-
numbered registers working together with them to let you load, store and transfer double-precision (64-bit) values.
Software written for those old CPUs isincompatible with the full modern FPU, so there's a compatibility bit provided
in Status[FR] - set zero to use MIPS | compatible code. This comes at the cost of slower repeat rates for FP instruc-
tions, because in compatibility mode not all the bypasses shown in the pipeline diagram above are active.
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Chapter B

Glossary

ASE: "Application-Specific Extension” to an instruction set. The acronym is used by MIPS Technologies to describe
optional add-onsto the core MIPS32/M1PS64 architecture. The multi-threading package isthe "MIPSMT ASE"
and there’s a bunch of othersincluding the recent "DSP ASE" which adds computational instructions relevant to
media-stream signal processing.

Co-processor:the MIPS architecture reserves some parts of the instruction set for "co-processors' - which have afew
standard instructions, some instruction encoding space and standard registers. Co-processors can be standard but
optional (like the floating point unit); a space for customers to build their own logic (like CP2); or, in the case of
"Cco-processor zero", just away to separate the encodings of critical (and certainly not optional) processor control
operations and registers.

Co-processor zero:see CPO below.

CPO: MIPS computers use a bunch of register fields for most CPU control purposes. They're accessible only in high-
privilege mode, since they’re part of the protection system for a protected OS. The registers and the instructions
used to access them are defined using abuilt-in instruction set extension mechanism which conceives of four sets
of instruction encodings reserved for "co-processors': the control register set, which must be present in any
MIPS32 CPU, are "co-processor zero".

CPO0 hazard:a hazard which makes some instruction sequences involving privileged operations (and particularly privi-
leged “CPO” registers) illegal. Until quite recently OS programmers were expected to deal with CPO hazards by
inserting “enough” nop instructions between producers and consumers of CPO values and state; but with Revi-
sion 2 of [MIPS32] there are better ways described in Section 7.1, "Hazard barrier instructions’.

Dispatch Scheduler:thelogical block of aMIPS MT multithreading CPU which determines which thread to favor when
issuing instructions into the sequential main pipeline.

EMT: (“Explicit Multithreading”) software which is deliberately written in terms of closely coupled (i.e. memory shar-
ing) concurrent threads. and therefore can directly benefit from multi-threading features of the underlying CPU.

Gating Sorage:akind of special uncacheable memory recognized by a multithreading CPU. It’s suitable for use for
accessing locations where the load/store will not be completed until some event externa to the thread, with no
obvious maximum waiting time.

From the software’s point of view, gating storage is synchronous: no instruction, side-effect or exception from
the after the gating load/store is permitted unless and until the load/store completes. A load/store to gating stor-
age may be aborted at any time before it completes, and thiswill be signalled as a precise exception whose return

address is the load/store instruction®.

From the hardware's point of view, gating storage has a special interface to the core. The storage subsystem must
signal a completed store, and the core can (at any time while waiting for aload/store to complete) ask the storage
subsystem to abort the operation. An aborted operation must be "asiif it never happened”.

There will be some handshaking between the core and the storage subsystem to avoid a race condition between
completion and abort. In some circumstances, software trying to abort agated load/store will fail, and will be told

1. Orthebranchinstruction in whose delay slot the load/store lives - usual MIPS exception rules.
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that the operation completed before it could be aborted, and will then have to cope with whatever side-effectsthe
operation had.

Hazard:(or “ pipeline hazard”) - an architectural requirement which requires you to avoid some instruction sequences.
Historical MIPS CPUs had some interesting hazards (like the “load delay slot” and an exception corner case on
multiply operations). For along time MI1PS CPUs have only had hazards on code sequences using privileged
operations, see CP0 hazard.

Interrupt exempt: inaMIPSMT CPU like the 34K core a TC may be marked as interrupt-exempt by setting
TCStatus[IXMT]; then any interrupt presented to the VPE will never cause an exception to that TC. If all TCs
belonging to aVV PE are marked interrupt-exempt, that’s yet another way of disabling all interrupts.

Inter-Thread Communication storage:a generalized form of empty/full storage provided with the 34K core, and attach-
ing to the gating storage (see above) interface. It's described in Section 3.3, "Inter-thread communication storage
(ITcy".

ITC: short for “Inter-Thread Communication storage” as above.

ITC Cell:onelocation of ITC storage. A cell stores 32 bits of data, but has multiple views at different memory loca-
tions, each of which behaves differently.

Pipeline hazard: see Hazard above.

Redirect:what happens in the pipeline when the 34K core encounters an unpredictable or wrongly-predicted branch
instruction. The branch address and condition are finally available by the end of the "EX" pipeline stage (see
Section 3-1, "The 34K ™ core pipeline"); at this point al instructions in the pipeline or fetch unit for this thread
must be discarded, and instructions fetched from the now-correct instruction instead. That’s aredirect.

Relax:used for the extra"bogus TC" on the 34K core which does nothing. The external thread scheduling "policy man-
ager” (see below) has "relax” signals alongside those for real threads; when the "relax” condition has higher pri-
ority than any running threads the CPU does nothing for acycle. Thisisaway of turning down the CPU
(possibly saving energy) when no thread is urgent. See Section 3.2.3, "Policy managers available for the 34K ™
core family".

Shadow register set:an extra set of general-purpose registers which can be automatically used in an interrupt handler
(or other exception handler). Applications on MIPS32 architecture CPUs can use these shadow registers to
reduce the overhead of interrupt handlers, both by retaining quickly-used state in the shadow registers and by
avoiding the need to save and restore the state of the interrupted thread. See Section 7.3, " Shadow registers’.

For software compatibility, the 34K core can recycle one or more otherwise-unused TCs' registers as a shadow
set; see Section 4.4, "TCsrecycled as Shadow registers’.

Skid buffer:in a busy multi-threading CPU threads will block very frequently. When a thread blocks there may well be
later instructions from the same thread in the pipeline: you can’t stop the pipeline without holding up all the other
threads, and you can't let this thread's later instructions complete until this thread is unblocked. So those instruc-
tions must be discarded. It would be aproblem if we had afull Redirect every time athread blocked, so the 34K
core'sinstruction fetch unit incorporates a*skid buffer” for each thread, which remembers the last couple of
instructions issued. When athread blocks and instructions are discarded from the main pipeline, the skid buffer
can be backed up ready for the thread to be unblocked without having to fetch awhole lot more instructions.

TC: thelogic and registers implementing aminimal thread state in the MIPS MT ASE (from "Thread Context"). A
TC has at least its own PC, general-purpose registers and some other necessary bits and pieces. One or more TCs
accessing the same complete set of CPO registers make up a VPE.

The"Tera" project used the word "stream™ for this.

Thread:a computation consisting of a set of computer instructions read and activated in their programmed order.
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Operating systems often use the word "thread" specifically for application-software-visible explicit threads
scheduled by the operating system kernel. But any code which is entered by something other than an application-
programmed branch forms a separate thread by this definition: an interrupt handler, for example.

Thread context:the complete state of a computation as held within the CPU. The thread state excludes (1) data stored in
memory, (2) state which isinaccessible to the instruction stream (such as CPO register contents as seen by a user
task) and (3) state which isinsignificant (such as cache contents, which generally make no difference to the
underlying memory image).

What comprises the thread state varies according to what sort of software is running. For aLinux OS interrupt
handler thread on a conventional MIPS CPU the CPO registers are part of the thread context, but for a Linux
application thread they’re not. The thread state always (of course) includes the "program counter” ("PC").

Policy Manager (PM):an implementation-dependent piece of |logic (located outside of the MIPS core) which receives
thread scheduling information from the CPU and hints from the TCSchedule/VPESchedule registers, and uses
those and other customer-chosen inputs to propose a priority for the various TCs. The interface is designed to
permit the policy manager to substantially define scheduling strategy, without the system being prone to failures
caused by the inevitable delay between thread events and the PM’s response to them reaching the in-core thread
scheduler.

Program Counter (PC):A software concept - the address of the next instruction that the thread will execute. It'srealiza-
tion in hardware is somewhat elusive in a pipelined CPU implementing the M1PS architecture. However, it
makes a comeback as a hardware-visible thing with the MIPS MT ASE; it is well-defined in hardware for any
thread loaded into a TC but which is currently stopped (that is, there are no non-speculative instructionsin flight).
Such threads keep their PC in the TCRestart register.

Virtualizable:a CPU feature which can be allocated from a user-privilege program and (transparently to the user pro-
gram) provided by either the hardware or automatic OS assistance.

So when an OS offers "virtual memory" there’s memory which is accessible by the user program - but when there
isn't enough memory the user program wanders off the ready-mapped pages, generates an exception which the
OS can catch and map some more memory before restarting the application (back exactly where it was when it
tried to reference the memory which wasn't there).

MIPS MT resources - notably the TC which runs a concurrent thread - are defined to be virtualizable too. User
programs can do their own thread creation and termination using the fork/yield $0 instructions, with an OS
intervening when no TC is available.

VSMP:a system with multiple concurrent threads running in separate V PEs (see the next entry), which behaves much
like amulti-CPU system sharing memory with coherent caches (a"symmetric multiprocessor" or SMP system).

Virtual Processing Element :see VPE, next
VPE: one or more TCs sharing a bank of CPO registers and privileged-architecture resources make up aVPE. The
"Tera" project called this a"team".

A single TC running in its own VPE - as seen by software unaware of the MIPSMT ASE - looks like an indepen-
dent CPU compliant with the MIPS32/M1PS64 specifications. So you can run legacy software (including any
OS) which is compatible with the MIPS architecture on a VVPE even though the legacy software knows nothing
about multi-threading.

Yield Qualifier:asignal presented to the core interface which isavailable for test by the yield instruction; see Section
2.8.1,"Yidld, Yield Qualifiers and threads waiting for hardware events'.
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Chapter C

CPO register summary and reference

This appendix lists all the CPO registers of the 34K core. You can find registers by name through Table C.1, by num-
ber through Table C.2 and there’s our best shot at functional groupings below, under the heading Section C.3 “CPO
registers by function”. The registers-by-number Table C.2 tells you where to find a detailed description - if you're
reading on-lineit’s a hot-link.

C.0.0.1 Power-up state of CPO registers

The traditions of the MIPS architecture regard it as software’s job to initialize CPO registers. Asarule, only fields
where awrong setting would prevent the CPU from booting are forced to an appropriate state by reset; other fields -
including other fieldsin the same register - are random. This manual documents where afield has aforced-from-reset
value; but your rule should be that al CPO registers should be initialized unless you are quite sure that arandom value
will be harmless.

C.0.0.2 A note on unused fields in CPO registers

Unused fieldsin registers are marked either with adigit 0 or an“X". A field marked zero is guaranteed to read zero on
coresin the 34K family. Unless stated otherwise, it's usually best to write it either as zero or with avalue you previ-
ously read fromit. A field marked “ X" may return any value, and nothing you write there will have any effect.
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C.1 CPO registers by name

Table C.1 CPO registers by name

Register ~ Number Register Number Register Number Register Number
Name Name Name Name

BadVAddr 8.0|EntryLoO 2.0|PerfCtlO 25.0| TraceBPC 234
CacheErr 27.0|EntryLol 3.0|PerfCtl1 25.2| TraceControl 231
Cause 13.0(EPC 14.0|PerfCtl2 25.4| TraceControl2 232
Compare 11.0|ErrCitl 26.0(PerfCtl3 25.6|UserTraceData 233
Config 16.0|ErrorEPC 30.0|PRId 15.0{ VPEConf0-1 1.2-3
Configl 16.1|HWREna 7.0|Random 1.0{VPEControl 11
Config2 16.2(IDataHi 29.1|SRSConf0-4 6.1-5|VPEOpt 17
Config3 16.3|IDataLo 28.1|SRSCHl 12.2|VPEScheFBack 16
Config7 16.7|Index 0.0| SRSMap 12.3|VPESchedule 15
Context 4.0|IntCtl 12.1| Status 12.0{ WatchHi0 19.0
Count 9.0|ITagLo 28.0|TCBind 2.2|WatchHil 19.1
DDatalo 28.3|LLAddr 17.0| TCContext 2.5|WatchHi2 19.2
DEPC 24.0|MVPConf0-1 0.2-3| TCHalt 2.4|WatchHi3 19.3
DESAVE 31.0|MVPControl 0.1| TCRestart 2.3|WatchL o0 18.0
Debug 23.0| PageMask 5.0| TCScheFBack 2.7|WatchLol 18.1
DTagLo 28.2| PerfCnt0 25.1| TCSchedule 2.6{WatchL o2 18.2
EBase 15.1|PerfCntl 25.3| TCStatus 2.1{WatchL o3 18.3
EntryHi 10.0|PerfCnt2 255 Wired 6.0
PerfCnt3 25.7 Y QMask 14

C.2 CPO registers by number
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Registers which are new with the multi-threading extension to the MIPS Architecture are marked with adagger “1”.

Table C.2 Cross-referenced of CPO registers by number

Regis- Register Function Refer to
ter
No./Set Name
0.0]Index Index into the TLB array TLB indexing, p 86
0.1{MVPControl CPU-wide multithreading control Figure2-5 , p. 38
0.2-3|MVPConf0-1 CPU’s multithreading resources Figure2-4 | p. 37
1.0|Random Randomly generated index into the TLB array TLB indexing, p 86
1.1|VPEControl VPE control and status Figure2-1 ,p. 34
1.2-3|VPEConf0-1 Initializable per VPE resource lists Figure2-6 , p. 39
1.4[YQMask Defines valid inputs for yield instruction Yield etc, p 30
1.5|VPESchedule Per-V PE thread policy hints 29.12 ,p. 40
1.6|VPEScheFBack Per-V PE information from policy manager
1.7|VPEOpt Per-V PE cache-way inhibition Figure2-7 , p. 40
2.0|EntryLo0 Output (physical) side of TLB entry for even-numbered virtual pages Figure6-11 , p. 87
2.1|TCStatus Status and control for each TC Figure2-2 , p. 35
2.2|TCBind VPE affiliation and own TC number of thisTC Figure2-3 , p. 37
2.3| TCRestart Where this TC will next fetch code from MIPSMT CPO etc
24| TCHalt Set 1 to freeze the TC for inspection/modification Table2.6, p. 37
2.5|TCContext Read/write scratch register for OS to maintain thread 1D MIPSMT CPO etc
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Table C.2 Cross-referenced of CPO registers by number

Regis- Register Function Refer to
ter
No./Set Name
2.6|TCSchedule Per-TC thread scheduling hints 29.12 ,p. 40
2.7|TCScheFBack Per-TC information from policy manager
3.0(EntryLol Output (physical) side of TLB entry for odd-numbered virtual pages Figure6-11 , p. 87
4.0(Context Mixture of pre-programmed and BadVAddr bitswhich canactasanOS  |FigureC-9 , p. 151
page table pointer.
5.0 PageMask Control for variable page sizein TLB entries Figure 6-10 , p. 86
6.0|Wired Controls the number of fixed ("wired") TLB entries TLB indexing, p 86
6.1-5|SRSConf0-4 Write these to use TCs as shadow registers Figure7-4 , p. 95
7.0|HWREna Select which hardware registers are readable using the rdhwr instruction |H/W registers, p 122
in user mode.
8.0|BadVAddr Reports the address for the most recent TLB-related exception Exception contral...
and TLB address
registers, p 151
9.0|Count Free-running counter at pipeline or sub-multiple speed Count/Compare p
145
10.0|EntryHi High-order portion of the TLB entry Figure 6-10 , p. 86
11.0|Compare Timer interrupt control Count/Compare p
145
12.0| Status Processor status and control Figure C-1 , p. 142
12.1|IntCtl Setup for interrupt vector and interrupt priority features. Figure7-1 , p.91
12.2| SRSCtI Shadow register set selectors Figure 7-2 , p. 93
12.3|SRSMap In VI (vectored interrupt) mode, determines which shadow set isused for  |Figure 7-3 , p. 94
each interrupt source.
13.0|Cause Cause of last general exception FigureC-2 , p. 143
14.0|EPC Restart address from exception (no subfields, not described further inthis  [[MIPS32]
manual)
15.0|PRId Processor identification and revision FigureC-3 , p. 146
15.1|EBase Exception entry point base address and CPU/VPE 1D FigureC-8 , p. 149
16.0|Config Configuration register FigureC-4 , p. 146
16.1|Configl Configuration for MMU, caches etc Figure C-5 , p. 147
16.2|Config2
16.3|Config3 Interrupt and ASE capabilities Figure C-6 , p. 148
16.7|Config7 34K family-specific configuration Figure C-7 , p. 149
17.0|LLAddr Address associated with last 11 instruction of the "load-linked/store-condi- [Il/sc, p 49
tional" instruction pair.
18.0{WatchL o0 [-Watchpoint address Figure C-10 , p. 152
18.1|WatchL ol
18.2|WatchL o2 D-Watchpoint address
18.3|WatchL 03
19.0{WatchHi0 I-Watchpoint control
19.1|WatchHil
19.2|WatchHi2 D-Watchpoint control
19.3|WatchHi3
23.0|Debug EJTAG Debug register Figure 8-1 , p. 103
23.1| TraceControl Control fields for the PDTrace unit. Figure 8-13 , p. 112
23.2| TraceControl2
23.3|UserTraceData Software-generated PDTrace information register UserTraceDatareg,
p. 114
23.4| TraceBPC Additional controlsfor PDTrace start/stop Figure8-14 , p. 114
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Table C.2 Cross-referenced of CPO registers by number

Regis- Register Function Refer to
ter
No./Set Name

24.0{DEPC Restart address from last EJTAG debug exception EJTAG CPOregisters
p 102

25.0|PerfCtlO Performance counter O control Figure 8-15 , p. 116

25.1(PerfCnt0 Performance counter O

25.2(PerfCtl1 Performance counter 1 control

25.3(PerfCntl Performance counter 1

25.4(PerfCtl2 Performance counter 2 control

25.5(PerfCnt2 Performance counter 2

25.6(PerfCtl3 Performance counter 3 control

25.7 |PerfCnt3 Performance counter 3

26.0(ErrCtl Software parity control and test modes for cache RAM arrays Figure6-2 , p. 75

27.0{CacheErr Cache parity exception control and status Figure6-1 , p. 74

28.0|ITagLo Cache tag read/write interface for |- and D-cache respectively (TagLo2 is  |6.4.11 , p. 82

28.2|DTegLo reserved for L2 cache)

28.4(TagLo2

28.1(IDatal.o Low-order data read/write interface for |-, D- and L2 cache respectively...

28.3|DDatal.o

29.1|IDataHi ... and high-order data for the I-cache, which is only accessible in 64-bit

units.

30.0(ErrorEPC Restart location from a cache parity error exception Cache error
exceptions, p 74

31.0{DESAVE Scratch read/write register for EJTAG debug exception handler EJTAG CPOregisters
p 102
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C.3 CPO registers by function

Basic modes Status 12.0
Exception control ~ Cause 13.0
EPC 14.0

BadVAddr 8.0

Timer Count 9.0
Compare 11.0

Configuration PRId 15.0
Config 16.0

Configl-3 16.1-

3

Config7 16.7

EBase 15.1

IntCtl 12.1

SRSCitl 12.2

SRSMap 12.3

TLB maintenance  Context 4.0
(only if TLB) BadVAddr 8.0
EntryHi 10.0

EntryLoO 2.0

EntryLol 3.0

PageMask 5.0

Index 0.0

Random 1.0

Wired 6.0

Cache management [TagLo 28.0
DTagLo 28.2

TagLo2 28.4

IDatal o 28.1

DDatal o 28.3

Datal 02 285

I DataHi 29.0

EJTAG debug Debug 230

DEPC 24.0

DESAVE 31.0

PDTrace block TraceControl 231

TraceControl2 232

UserTraceData 233

TraceBPC 234

debug/ analysis PerfCtlO-1 25.0/2

PerfCnt0-1 25.1/3

WatchHi0-3 19.0-

3

WatchLo0-3 18.0-

3

regulate user-mode HWREna 7.0
access to hardware

registers

Parity/ECC control ~ CacheErr 27.0

ErrCtl 26.0

ErrorEPC 30.0

Multithreading (glo- MV PControl 0.1

bal) MV PConf0-1 0.2-3

(per-VPE) VPEControl 11

VPEConf0-1 12-3

Y QMask 14

VPEScheFBack 16

VPEOpt 17

VPESchedule 15

SRSConf0-4 6.1-5

(per-TC) TCStatus 21

TCBind 22

TCRestart 23

TCHalt 24

TCContext 25

TCSchedule 2.6

TCScheFBack 27
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C.4 Miscellaneous CPO register descriptions

Many CPO registersin the 34K core are already described earlier in thismanual, in arelevant section. But those which
got missed are described below, to make sure that every CPO register field is at least mentioned in this manual.

C.4.1 Status register

The Status register is the most basic (and most diverse, for historical reasons) control register in the MIPS architec-
ture, and its fields are squashed into Figure C-1. All fields are writable unless noted otherwise.

Figure C-1 All Status register fields

31 28 27 26 25 24 23 22 21 20 19 18 17 16 15 109 8 7 6 5 43 2 1 0
|CU3-0|RP|FR|RE|MX|PX|BEV|TS|SR|NMI|0|CEE|0 IM7-0 KX|SX|UX|KSU|ERL|EXL|IE|
In EIC (external int controller) mode| IPL | IM1-0

The 34K family Status has no non-standard fields - they're all as defined by [M1PS32]. Here and elsewhere these field
descriptions are fairly terse, and you should read behind thisif you're new to the MIPS architecture. Few of the fields
in Status are guaranteed to beinitialized by hardware on a CPU reset; bootstrap code should write areasonable value
to it early on (the same s true of many other CPO registers, and the rule is “unless you know it's safe to leave it ran-
dom, initializeit”).
A few fields are somewhat core-specific, and they are described at more length.
CU3-0: enables for different Co-processor instruction sets (replicated per-TC). Writable when such a coprocessor
exists. Since no 34K family CPU has a co-processor 3, Status[CU3] is hard-wired zero.
Setting Status[CUO] to 1 has the peculiar effect of alowing privileged instructions to work in user mode; not
something a secure OS is likely to allow often.
RP: Reduced power - standard field.
It's not connected inside the 34K core, but the state of the RP bit is available on the external core interface as the

SI_RP signal. The 34K core uses clocks generated outside the core, and this could be used in your design to
slow theinput clock(s).

FR: if thereisafloating point unit, set 0 for MIPS | compatibility mode (which means you have only 16 real FP
registers, with 16 odd FP register numbers reserved for access to the high bits of double-precision values).

RE: reverse endianness in user mode. Hard-wired to zero in the 34K core, which doesn’t provide this feature.

MX: write 1 to enable instructions in either the MIPS DSP extension to the MIPS architecture, or the MDMX ™
extension. The two may not be used together, so MDM X will never be available for the 34K core. But for maximum
portability you can find out which by looking at Config3[DSPP] (1 if MIPS DSP isimplemented) and Config1[MD] (1
if MIPSMDMX isimplemented).

PX: see description of UX below (but always zero on the 32-bit 34K CPU).

BEV: "boot exception vectors' - when 1, relocates all exception vectors to near the reset-time start address. See Section
C.4, "Exception entry points'. This bit is automatically set when the CPU is reset.

TS: (read-only) records whether there has been any “machine check” exception (caused by duplicatevalid TLB entries,
generally arather serious error) since the CPU was reset.

SR: MIPS32 architecture "soft reset" bit: the 34K core’s interface only supports afull external reset, so this always
reads zero.
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NMI: (read-only) - non-maskable interrupt shares the "reset” handler code, thisfield reads 1 when it was aNMI event
which caused it.

CEE: CorExtend Enable: read/write bit. Set zero to disable "CorExtend" user-defined instructions.

Not all CorExtend blocks implement this bit (those that don’t are unconditionally enabled). But CorExtend
blocks should use this facility if they store internal state and rely on the OS to save/restore the state associated
with some particular task. In such blocks, running a CorExtend instruction with Status[CEE] set to zero will
cause the CPU to take a " CorExtend Unusable" exception - Cause[ExcCode] value 17. A suitably aware kernel
will catch the exception and use it to note that the task is one which uses CorExtend resources (and therefore will
need CorExtend state saved and restored appropriately).

Do not attempt to set this bit if CorExtend is not present.

IM7-0: bitwise interrupt enable for the eight interrupt conditions also visible in Cause[IP7-0]; except in the "EIC"
interrupt mode, see Section 7.2.3, "External Interrupt Controller (EIC) mode”. In that case (as shown) the upper six
bits become the “interrupt priority level” (*1PL") value in the range 0-63.

KX,SX,UX: the MIPS architecture’ s memory mapping system changes slightly to support 64-bit addressing, and these

bits make that change for kernel-, supervisor- and user-privilege code respectively. But the 34K coreisa 32-bit CPU,
S0 these are dways zero.

KSU: execution privilege level - basically user or kernel:

0 kernel
1 supervisor - not available on 34K cores
2 user

Now that the intermediate “ supervisor” privilege level israrely used, thisfield is often shown as two separate
bits, with the bit 4 being called UM (“1 for user mode”).

ERL: "cache parity error exception mode" - which isreally a stronger version of the exception mode Status[EXL] bit
whose description follows...

EXL: exception mode bit, set automatically when you first enter an exception handler or upon reset (reset is treated like
an exception). MIPS hardware barely supports nested exceptions, so this disables interrupts and software should
avoid causing an exception in the early part of the handler?.

IE: global interrupt enable, O to disable all interrupts.

C.4.2 Exception control: Cause and BadVAddr register

The BadVAddr register is set following any address-related exception. TLB (address translation) exceptions are

described below; but note that BadVAddr is aso set by things like wrong alignment of addresses (but not on external
difficultieslike bus error).

Figure C-2 Fields in the Cause register

31 30 29 28 27 26 25 24 23 22 21 16 15 109 8 7 6 21 0
|BD| TI | CE |DC|PCI| 0 |IV WP| 0 IP7-2 IP1-0| 0 |Echode| 0 |
In EIC (external int controller) mode RIPL

Cause tells you about the exception which just happened. Most fields are read-only:

1. Thereare some very specia cases where nested exceptions are permitted, and the architecture specifies some rather specia
behaviors to support those. But they’re beyond the scope of this manual; see [SEEMIPSRUN]: or the [MIPS32] hible.
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BD: 1if the exception happened on an instruction in a branch delay slot; in this case EPC is set to restart execution at
the branch, which is usually the correct thing to do. Y ou need only consult Cause[BD] when you need to look at the
instruction which caused the exception (perhaps to emulate it).

TI: last interrupt was from the on-core timer (see section below for Count/Compare.)

CE: if that was a " co-processor unusable” exception, thisis the co-processor which you tried to use.

DC: (writable) set 1 to disable the Count register.

PCI: last interrupt was an overflow from the performance counters, see Section 8.4, "Performance counters’.

IV: (writable) set 1 to use a special exception entry point for interrupts, see Section C.4, "Exception entry points®. It's
quite likely that if you' re doing this, you' re also using multiple entry points for different interrupt levels; see Section
7-1, "Fieldsin the IntCtl register”.

WP: (writable to zero) - remembers that a watchpoint triggered when the CPU couldn’t take the exception because it
was already in exception mode (or error-exception mode, or debug mode). Since this bit automagically causes the
exception to happen again, it must be cleared by the watchpoint exception handler.

IP7-0, RIPL: the current state of the interrupt request inputs. When one of them is active and enabled by the
corresponding Status[IM7-0] bit, an interrupt may occur.

IP1-0 are writable, and in fact always just reflect the value written here. They act as software interrupt bits.

When using “EIC” interrupt mode the interpretation of this field changes, hence the alternate name of RIPL
(“requested interrupt priority level™). In EIC mode this represents a value between 0 and 63, and reflects the code pre-
sented on the incoming interrupt lines when the exception happened. For more information see Section 7.2.3,
"External Interrupt Controller (EIC) mode".

ExcCode: what caused that last exception. Lots of values, listed in Table C.3.

Table C.3 Exception Code values in Cause[ExcCode]

Val Code What just happened?
0 Int Interrupt
1 Mod Store, but page marked asread-only inthe TLB
2 TLBL Load or fetch, but page marked asinvalid inthe TLB
3 TLBS Store, but page marked asinvalid inthe TLB
4  AdEL Address error on load/fetch or store respectively. Addressis either wrongly
5 AJES aligned, or aprivilege violation.
6 IBE Bus error signaled on instruction fetch
7 DBE Bus error signaled on load/store (imprecise)
8 Sys System call, ie syscall instruction executed.
9 Bp Breakpoint, ie break instruction executed.
10 RI Instruction code not recognized (or not legal)
11 CpU Co-processor instruction encoding for co-processor which is not enabled in
Status[CU3-0].
12 ov Overflow from trapping form of integer arithmetic instructions.
13 Tr Condition met on one of the conditional trap instructions teq etc.
14 - Reserved
15 FPE Floating point unit exception - more detailsin FCSR.
16 - Available for implementation dependent use

17 CeU CorExtend instruction attempted when not enable by Status[CEE]
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Table C.3 Exception Code values in Cause[ExcCode]

Val Code What just happened?
18 C2E Reserved for precise Coprocessor 2 exceptions
19-21 - Reserved

22 MDMX Tried to run an MDMX instruction but Status[MX] wasn’t set (most likely,
the CPU doesn't do MDMX)

23  WATCH Instruction or data reference matched a watchpoint

24 MCheck “Machinecheck” - never happensin the 34K core.

25 Thread Thread-related exception, asdescribed in [MIPSMT]; there's a sub-cause
field in VPEControl[EXCPT], as shown in Section 2-1, "Fieldsin the
VPEControl register".

26 DSP Tried to run an instruction from the MIPS DSP ASE, but it's not enabled
(that is, Status[MX] is zero).

27-29 - Reserved

30 CacheErr Parity/ECC error somewherein the core, on either instruction fetch, load or
cacherefill. In fact you never seethisvaluein Cause[ExcCode]; but some
of the codes in thistable including this one can be visible in the “ debug
mode” of the EJTAG debug unit - see Section 8.1, "EJTAG on-chip debug
unit", and in particular the notes on the Debug register in Section 8-1,
"Fieldsin the EJTAG CPO Debug register".

31 - Reserved

C.4.3 Count and Compare

These two 32-hit registers form a useful and flexible timer. Count just counts. For the 34K core, that's usually at the
full pipeline clock rate. But portable software can discover how fast Count counts by reading the “ hardware register”
called “CCRes’, see Section 9.2, "User-mode accessible "Hardware registers™.

You can write Count to set avaluein it, but it's generally more valuable for an OSto leave it as afree-running
counter.

When the value of Count coincides with the value in Compare, an interrupt israised. Theinterrupt is cleared every
time Compare iswritten. Thisis handy:

e For aperiodic interrupt, simply advance Compare by afixed amount each time (and check for the possibility that
Count has overrun it).

e Toset atimer for some point in the future, just set Compare to an increment more than the current value of
Count.

Thetimer interrupt isimplemented as an output signa at the core interface; but it's conventional (well, pretty compul-
sory if youwant OS' to work) to return it to the same VPE on an interrupt line - see notes on IntCtI[IPTI] below Figure
7-1. However, if you have an “EIC” interrupt controller (see Section 7.2, "MIPS32® Architecture Release 2 -
enhanced interrupt system(s)") you'll need to send the timer interrupt all the way out to the interrupt controller and
back.

C.4.4 PRId, Configuration and EBase registers

The PRId register identifies the CPU to software. It's appropriately printed as part of the start-up display by any soft-
ware telling the world about its start-up; but when portable software is configuring itself around different CPU
attributes, it's always preferable to sense those attributes directly - ook in other Config registers, or perhaps a directed
software probe.
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Figure C-3 34K™ processor ID (PRId) register

31 24 23 16 15 87 54 21 0
CompanyOpts | CompanyID | ProcessorID Revision
0 1 0x95 Maor |  Minor | Patch

All these fields are read-only:

CompanyOpts: is as specified by the SoC builder who synthesizes the core. It should be a number between 0 and 127 -
higher values are reserved by MIPS Technologies.

CompanyID: is 1 for MIPS Technologies
ProcessorID: is 0x95 for the 34K core.

Revision: shows the version of the core. This number (divided into Magjor, Minor and Patch level as shown) is
referenced in the Errata Sheet provided to customers from time to time by MIPS Technologies. The following

revisions have been shipped to date:

Release PRId[Revision]

Identifier  Maj.min.patch/hex Description Date
10* 0.1.1/0x5 Early Access (EA) release June 13, 2005
20* 1.0.0/0x20 General Availability (GA) release September 30, 2005
21* 2.1.0/0x44 MR1 release. Bug fixes, 8KB cache support, OCP Resync March 10, 2006

Support.

Figure C-4 Fields in the Config register

3130 2827 25 24 23 22 21 20 19 18 17 16 15 14 1312 109 76 4 3 2 O
Config|M| K23| KU |ISP|DSP|UDI|SB|O|O|MM|0|BM|BE| AT | AR |MT| 0 |VI|KO|

Figure C-4 shows the fields of the Config register, which mixes read-only and writable fields:
M: reads 1 if Configl isavailable.

K23, KU: (wriable) if your 34K core-based system uses fixed mapping instead of having a TLB, you set the cacheability
attributes of chunks of the memory map by writing these fields. If you have a TLB, these fields are unused (write
only zeroes to them).

Config[K23] isfor program addresses 0xC000.0000-0xFFFF.FFFF (the "kseg2" and "kseg3" areas), while Config[KU]
isfor program addresses 0x0000.0000-0x 7FFF.FFFF (the "kuseg" area)

Down at the bottom of the register Config[K0] sets the cacheability of ksegO, but it would be very unusual to make that
anything other than cacheable.

ISP/DSP: (read-only) reads 1 if |-side/D-side scratchpad (SPRAM) isfitted, see Section 6.5, " Scratchpad memory/
SPRAM". (Don’'t confuse this with the MIPS "DSP" ASE, whose presence is indicated by Config3[DDSP].)

UDI: (read-only) reads 1 if your core implements user-defined " CorExtend" instructions, and (if thisisaMT CPU) if
the CorExtend unit is made available to this VPE by the setting of the VPEConfO register.

SB: read-only "SimpleBE" bus mode indicator.

If set, means that this core will only do simple partial-word transfers on its OCP interface; that is, the only par-
tial-word transfers will be byte, aligned half-word and aigned word.
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If zero, it may generate partial-word transfers with an arbitrary set of bytes enabled (which some memory con-
trollers may not like).

MM: writable: set 1 if you want writes resulting from separate store instructions in write-through mode merged into a
single (possibly burst) transaction at the interface. Note that the Config[MM] bit is not replicated per-V PE (like most
CPO fields): there's only one per CPU and anything written by one VPE affects the other one.

This doesn’t affect cache writebacks (which are always whole blocks together) or uncached writes (which are
never merged).

BM: read-only - tells you whether your bus uses sequential or sub-block burst order; set by hardware to match your
system controller.

BE: (read-only) 1 for big-endian, O for little-endian.
AT: (read-only) MIPS32 or MIPS64 compliance On 34K family coresit will read “0”, but the possible values are:

0 MIPS32
1 MIPS64 instruction set but M1PS32 address map
2 MIPS64 instruction set with full address map

AR: Architecture revision level. On 34K family coresit will read “1”, denoting release 2 of the M1PS32 specification.
MT: (read-only) MMU type (all MIPS Technologies cores may be configured astype 1 or 3):

0 None

1 MIPS32/64 compliant TLB

2 "BAT" type

3 MIPS-standard fixed mapping

VI: (read-only) O because no 34K family core has avirtually indexed and virtually tagged I-cache

KO: (writeable) is the fixed kseg0 region cached or uncached? And if cached, how exactly doesit behave - thisfield is
encoded just like the "cache coherency attribute” field of a TLB entry, asit shows up in the EntryLo0O-1 register.

Figure C-5 Fields in the Configl-2 registers

31 30 2524 2221 1918 1615 1312 109 7 6 5 4 3 2 1 O
Configl| M [ MMUSize L1 I-cache L1 D-cache C2|MD|PC|WR|CA [EP|FP
IS | IL | 1A DS | DL | DA

3130 2827 2423 2019 1615 1211 87 43 O
Config2| M L3 cache L2 cache
TU | TS | TL | TA SU | SS | SL | SA

Figure C-5 shows the Configl-2 registers, both of which are wholly read-only:
Config1[M]: continuation bit, 1 if Config2 isimplemented.

Configl[MMUSize]: the size of the TLB array (the array has MMUSize+1 entries). On the 34K corethisis aread-only
field which automagically returns the number of entries available to your VPE - unlessthe TLB is shared, in which
case it returns the size of the whole array.
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148

L1 I-cache, L1 D-cache: for each cache this reports

S Number of sets per way. Calculate as: 64 x 25

L Line size. Zero means no cache at all, otherwise calculate as; 2 x 2t
A Associativity/number of ways - calculateas A + 1

Soif (IS, IL, IA) is(2,4,3) you have 256 sets/way, 32 bytes per line and 4-way set associative: that's a 32K byte
cache.

Configl[C2,FP]: 1if CP2 or CPlisavailable respectively. A coprocessor 2 would be a customer-designed coprocessor,
but FP selects CP1, the floating point unit. Inan MT system these bits reflect whether the units are really available to
this VPE, which depends on the setting of VPEConfO[NCP2,NCP1].

Configl[MD]: 1if MDMX ASE isimplemented in the floating point unit (very unlikely for the 34K core).
Config1[PC]: there is at least one performance counter implemented, see Section 8.4, "Performance counters'.
Config1[WR]: reads 1 because the 34K core always has watchpoint registers, see Figure C-10.

Config1[CA]: reads 1 because the M1PS16e compressed-code instruction set is available (asit generally ison MIPS
Technologies cores).

Config1[EP]: reads 1 because an EJTAG debug unit is always provided, see Section 8.1, "EJTAG on-chip debug unit".
Config1[FP]: see entry shared with Config1[C2] above.

Config2[M]: continuation bit, 1 if Config3 isimplemented.

Config2[TU]: implementation-specific bits related to tertiary cache, if fitted. Can be writable.

Config2[TS,TL,TA]: tertiary cache size and shape - encoded just like Configl[IS,IL,IA] which see above.

Config2[SU]: implementation-specific bits for secondary cache, if fitted. Can be writable.

Config2[SS,SL,SA]: secondary cache size and shape, encoded like Config1[IS,IL,IA] above.

Figure C-6 Fields in the Config3 register

31 30 11 10 9 7 6 5 4 3 2 1 0
|M| 0 |DSPP| 0 |VEIC|VInt|SP|O|MT|SM|TL|

The Config3 register iswholly read-only. It's fields shown in Table C-6 are:
Config3[M]: continuation bit, zero because there is no Config4.

DSPP: reads 1 if the MIPS DSP extension isimplemented, as described in Chapter 5, “The MIPS32® DSP ASE” on
page 57.

VEIC: read-only bit from the core input signal SI_EICPresent which should be set in the SoC to alert software to the
availability of an EIC-compatibleinterrupt controller, see Section 7.2, "MIPS32® Architecture Release 2 - enhanced
interrupt system(s)". The core interface signal is replicated per-VPE: it is possible (if peculiar) to have only one VPE
provided with an EIC-compatible interrupt controller.

Vint: reads 1 to tell you that the 34K core can handle vectored interrupts.

SP: reads 0 to tell you the 34K core does not support sub-4K byte page sizes.

MT: reads 1 to tell you the 34K core implements the MIPS MT (multithreading) extension.
SM: reads 0, the 34K core does not handle instructions from the “SmartMIPS" ASE.
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TL: reads 1 if your core will do instruction trace.

Figure C-7 Fields in the Config7 Register
31 19 18 17 16 15 9 8 7 6 5 4 3 2 1 0
0 HCI | FPR| AR 0 ES 0 NBLSU | ULB |BP|RPS|BHT | SL

Config7 isamix of read-only fields (kept in the top 16 bits) and writable fields controlling implementation-dependent
options (inthe low 16 bits). They are:

Config7[HCI]: read-only field which is always zero on 34K family cores. It reads 1 for some software-simulated CPUs,
to indicate that the software-modelled cache does not require initialization. Most software should ignore this bit.

Config7[FPR]: read-only field. Reads 1 if an FPU isfitted but (asis common) it runs at half the main core clock rate.

Config7[AR]: read-only field, indicating that the D-cache is configured to avoid cache aliases (see Section 6.4.7, "Cache
aliases").

All the remaining fields are read/write, and control various functions. Only one of them islikely to find real system
use:

Config7[ES]: defaultsto zero. If set, the syne instruction will be signalled on the core’ s OCP interface as an "ordering
barrier" transaction. The transaction is an extension to the OCP standards, and system controllers which don't
support it will typically under-decode it as aread from the boot ROM area. But that’s going to be quite slow: so set
this bit only if your system understands the synchronizing transaction. This option may be set only for the whole
CPU: setting it for one VPE setsit for the other.

The remaining writable fields default to zero and are uncommonly set. It istherefore always safe not to write Config7.
Some of these hits are for diagnostics and experimentation only:

Config7[NBLSU]: set 1 to arrange that |oad/store pipeline stalls will stop the main pipeline too, keeping them
synchronized. For debug and investigation only.

Config7[ULBJ: set 1 to make all uncached loads blocking (a program usually only blocks when it uses the datawhichis
loaded). Y ou want to do this only when nothing else will work...

Config7[BP]: when set, no branch prediction is done, and all branches and jump stall as above.

Config7[RPS]: when set, the return address branch predictor is disabled, so jr $31 istreated just like any other jump
register. Instruction fetch stalls after the branch delay slot, until the jump instruction reaches the "EX" stage in the
pipeline and can provide the right address (typically adds 5 clocks compared to a successfully predicted return
address).

Config7[BHT]: when set, the branch history table is disabled and all branches are predicted taken. This bit isdon’t care
if Config7[BP] is Set.

Config7[SL]: when set, disables non-blocking loads. Normally the 34K core will keep running after aload instruction
even if it missesin the D-cache, until the datais used. With this disable bit set, the CPU will stall on any load D-

cache miss.
The EBaseregister
Figure C-8 Fields in the EBase register
31 30 29 1211 109 0
[1 O] ExceptionBase [ 0 | CPUNum
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EBase is primarily supplied for multi-CPU systems (or withaMIPS MT CPU, for systems using multiple VPES). It
does two vital jobs: oneisto allow software to know which CPU it’s running on and the other isto rel ocate the excep-
tion entry points. The latter is necessary because CPUs sharing amemory map (as SMP CPUs often do and the VPEs
insideaMIPSMT CPU are obliged to do) have their exception entry points in kseg0, so they will map to the same
physical location, and the CPUs would end up jumping to the same exception handlers.

Soin Figure C-8:

1 0: is prefixed to the base address bits to make sure the exception vector ends up in the "kseg0" region, conventionally
used for OS code.

ExceptionBase: is the base address for the exception vectors, adjustable to aresolution of 4Kbytes. See Table C.4
below for where that leaves all the exception entry points.
That means any or al of your CPUs and/or VPEs can have their own unique exception handlers.

CPUNum: on single-threaded CPUs thisisjust asingle "CPU number" field (set by the core interface bus
SI_CPUNum, which the SoC designer will tie to some suitable value).

But on MIPSMT CPUsthat is augmented by some per-VPE value - typically in the least significant bits - so that each
V PE gets a distinct value returned for EBase[CPUNum].

Exception entry points

Theincremental growth of exception entry points has left no one place where al the entry points are summarized; so
here's Table C.4. You need to accept that BASE is 0x8000.0000 for CPUs without an EBase register (or where the
software, ignoring the EBase register, leavesit at its power-on value); and that otherwise BASE isthe 4Kbyte-aligned
address found in EBase[ExceptionBase].

Table C.4 Exception entry points

Memory region Entry point Exceptions handled here
EJTAG probe-mapped 0xFF20.0200 EJTAG debug, when mapped to "probe” memory.
ROM-only entry points 0xBFC0.0480 EJTAG debug, when using normal ROM memory.
0xBFC0.0000 Post-reset and NMI entry point.
ROM entry points (when 0xBFC0.0200 Simple TLB Réfill (Status[EXL]==0).
Status[BEV]==1) 0xBFC0.0300 Cache Parity Error

0xBFC0.0400 Interrupt specia (Cause[lV]==1).
0xBFC0.0380 All others
"RAM" entry points BASE+0x100 Cache parity error - in RAM. but always through uncached ksegl
(Status[BEV]==0) window.
BASE+0x000 Simple TLB Refill (Status[EXL]==0).
BASE+0x200 Interrupt special (Cause[lV]==1).
BASE+0x200+. .. multipleinterrupt entry points - seven morein "VI" mode, 63 in
"EIC" mode.

BASE+0x180 All others

C.4.5 Configuring interrupts - The IntCtl and SRSCtl registers

The IntCtl register is defined in Section 7.2, "MIPS32® Architecture Release 2 - enhanced interrupt system(s)".

The registers used for shadow register control and setup (SRSCtl and SRSMap) are described in Section , "Selecting
shadow sets - SRSCtI".
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C.4.6 TLB registers

Four CPO registers represent the contents of a TLB entry: EntryHi, EntryLo0-1 and PageMask. They're quite intri-
cately tied in to the TLB’s operation and are al shown in Section 6.6, "The TLB and translation” above.

There are also the address-exception registers BadVAddr and Context. We' Il deal with them here.

TLB addressregisters: BadVAddr and Context

On any address-related exception (including all TLB-related exceptions) BadVAddr tells you the virtual address
whose transl ation when wrong (some of the same bits showed up as the value loaded into EntryHi[VPN2] and dis-
cussed above).

Context just contains a mix of pre-programmed and borrowed-from-BadVAddr bits, as shown in Table C-9.

Figure C-9 Fields in the Context register

31 23 22 43 0
| PTEBase | BadVPN2 | 0 |

Theideaisthat Context{PTEBase] can be set to the base address of a (suitably aligned) page table in memory; then
the VPN number is shifted such that each ascending 8K byte translation unit generates another step through a page
table (assuming that each entry is 2x32-bit words in size - reasonable since you need to store at least the two candi-
date EntryLo0-1 values.)

An OS which can accept a page tablein thisformat can contrive that in the time-critical ssmple TLB refill exception,
Context automagically points to the right page table entry for the new trandation.

Thisisagreat idea, but modern OS' tend not to use it - the demands of portability mean it'stoo much of a stretch to
bend the page table information to fit this model.

C.4.7 Cache registers

I mplementation-dependent, see Section 6.4.11, "Cache initialization and tag/data registers”.
C.4.8 EJTAG unit registers

see Section 8.1, "EJTAG on-chip debug unit".

C.4.9 Watchpoint registers

Watchpoint registers are a debugging aid, allowing you to cause an exception when instructions are fetched (or the
CPU loadg/stores) from particular virtual addresses.

In many casesit’s better to use the more extensive breakpoint/watchpoint facilities provided in the EJTAG debug unit,
see Section 8.1, "EJTAG on-chip debug unit".

Each watchpoint is controlled by apair of CPO registers. The 34K core has two instruction watchpoints WatchLo0/
WatchHi0 and WatchLol/WatchHil; and two data watchpoints WatchlLo2/WatchHi2 and WatchLo3/WatchHi3.
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Figure C-10 Fields in the WatchLo/WatchHi registers

31 30 29 24 23 16 15 12 11 3210
WatchLo| VAddr | | | R | W|
WatchHi|M|G| 0 | ASID | 0 | Mask |I|R|W|

Where:
VAddr: the address to match on, with a resolution of a doubleword.

WatchLo[l], WatchLo[R], WatchLo[W]: accesses to match: |-fetches, Reads (loads), Writes (stores). The 34K core uses
separate |- and D-side watchpoints. So in the I-side watchpoints you'll find that WatchLo0-1[R] and WatchLoO-1[W)]
isfixed to zero, while on the D-side WatchLo2-3[I] will be zero.

M: the WatchHi[M] bit is set whenever there is one more watchpoint register pair to find; your software should use it to
figure out how many watchpoints there are (and should not rely on this manual for this purpose).

G, ASID: WatchHi[ASID] matches addresses from a particular address space (the "ASID" islike that in TLB entries) -
except that you can set WatchHi[G] ("global") to match the address in any address space.

Mask: implements address ranges. Set bitsin WatchHi[Mask] to mark corresponding VAddr address bits to be ignored
when deciding whether thisis a match.

WatchHi[l], WatchHi[R], WatchHi[W]: read WatchHi after awatch exception, and these fields tell you what type of
access (if anything) matched.

C.4.10 Performance counter registers

Performance counters are provided to allow software to monitor the occurrence of events of interest within the core,
and can be very useful in analyzing system performance. They're described in Section 8.4, "Performance counters'
above.

C.4.11 Parity/ECC control

The ErrCtl register controls parity protection of the L1 caches (if it was configured in your core in thefirst place) and
isdescribed in Section 6.3.5, "ErrCtl register" above (and in particular Figure 6-2.

C.4.12 Registers added for Multithreading

See Section 2.9, "Multithreading ASE - CPO (privileged) registers'.
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Chapter D

MIPS® Architecture quick-reference sheet(s)

D.1 General purpose register numbers and names

By ancient convention the general-purpose registers in the MIPS architecture have conventional names which remind
you of their standard usage in popular MIPS ABIls. Table D.1 shows those names related to both the "032" ABI
(almost universally used for 32-bit MIPS applications), but also the minor variations in the "n32" and "n64" ABIls
defined by Silicon Graphics.

If you're not sure what an ABI is, just read the "032" column!

Table D.1 Conventional names of registers with usage mnemonics

Register Nos name use
$0 zero  awayszero
$1 AT assembler temporary
$2-$3 v0-v1l return value from function
$4-57 a0-a3 arguments
032 n32/n64

name use name use
$8-$11 t0-t3 temporaries ad-a’7 more arguments
$12-$15 td-t7 t0-t3 temporaries
$24-525 t8-t9 t8-t9

$16-5$23 s0-s7 saved registers
$26-5$27 k0-k1 reserved for interrupt/trap handler

$28 gap global pointer

$29 sp stack pointer

$30 s8/fp frame pointer if needed (additional saved register if not)
$31 ra Return address for subroutine

D.2 Floating point information

You should read a book on floating point (the M1PS architecture is highly compliant with the IEEE754 standard), or
read [SEEMIPSRUN]: to understand MIPS floating point well. This section is just bare reference material .

D.2.1 Data representation

Figure D-1 shows how datais stored in MIPS registers. These are recommended interpretations of the 32-bit and 64-
bit formats mentioned in the | EEE standards.
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Figure D-1 How floating point numbers are stored in a register

float (31 24123 1615 8 |7 0

sign  exp mantissa

double (63 56 | 55 48| 47 40|39 3231 24|23 1615 8 |7 0
N
sign exp mantissa

Where;

* sign: FP numbers are positive numbers with a separate sign bit; "1" denotes a negative number.

* mantissa: represents a binary number. But thisis afloating point number, so the units depend on:

*  exp: the exponent.

When 32-bit datais held in a 64-bit register, the high 32 bits are don’t care.

Floating point datain memory is endianness-dependent, in just the same way as integer data is; the higher bit-num-

bered bytes shown in Section D-1, "How floating point numbers are stored in aregister” will be at the lowest memory
location when the core is configured big-endian, and the highest memory location when the core is little-endian.

D.2.2 Setting up the FPU and the FPU control registers

There'safair amount of state which you set up to change the way the FPU works; thisis controlled by fieldsin the
FPU control registers, described here.

[IEEE754] defines five classes of exceptional result. For each class the programmer can select whether to get an
| EEE-defined "exceptional result" or to be interrupted. Exceptional results are sometimes just normal numbers but
where precision has been lost, but also can be an infinity or NaN ("' not-a-number") value.

Control over the interrupt-or-not options is done through the FCSR[Enable] field (or more cleanly through FENR, the
same control bits more conveniently presented); see Table D.2 below.

It's overwhelmingly popular to keep FCSR[Enable] zero and thus never generate an | EEE exception.

There are five FP control registers:
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Table D.2 FPU (co-processor 1) control registers

Conventional CP1ctrl Description
Name reg no.
FCSR 31 Extensive control register - the only FPU control register on histori-
cal MIPS CPUs.

Contains all the control bits. But in practice some of them are more
conveniently accessed through FCCR, FEXR and FENR below.

FIR 0 FPimplementation register: read-only information about the capa-
bility of this FPU.
FCCR 25 Convenient partial views of FCSR are better structured, and allow
FEXR 26 you to update fields without interfering with the operation of inde-
FENR 28 pendent bits.

FCCR has FP condition codes, FEXR contains |EEE exceptional-
condition information (cause and flag bits) you read, and FENR is
| EEE exceptional-condition enables you write.

The FP implementation (FIR) register

Figure D-2 shows the fieldsin FIR and the read-only value they always have for 34K family FPUs:

Figure D-2 Fields in the FIR register

31 25 24 23 22 21 20 19 18 17 16 15 87 0
FIR 0 FC| O [F64| L | W | 3D | PS| D | S |ProcessorID| Revisio.sp.25
34K core 1 1 1 1 0 0 111 0xXX whatever

The fields have the following meanings:

FC: "full convert range": the hardware will complete any conversion operation without running out of bits and causing
an "unimplemented” exception.

F64/L/W/D/S: thisis a 64-bit floating point unit and implements 64-bit integer ("L"), 32-bit integer ("W"), 64-bit FP
double ("D") and 32-bit FP single ("S") operations.

3D: does not implement the MIPS-3D ASE.
PS: does not implement the paired-single instructions described in [M1PS64]

Processor ID/Revision: magjor and minor revisions of the FPU - asis usual with revisionsit’s very useful to print these
out from a verbose sign-on message, and rarely a good idea to have software behave differently according to the
values.

TheFP control/statusregisters (FCSR, FCCR, FEXR, FENR)

Figure D-3 shows all these registers and their bits
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Figure D-3 Floating point control/status register and alternate views

31 2524 23 22 21 20 181716 1211 8 76 3 21 O
FCSR| FCC7-1 |FS|FCCO|FO|FN| 0 |E|Cause|EnabI05| Flags |RM|

FCCR| 0 | FCC7-0 |
FEXR 0 E | Cause 0 Flags 0

| [E] | | [ O]
FENR| 0 | Enabl%| 0 | FS| RM |

Where:

FCC7-0: the floating point condition codes; set by compare instructions, tested by appropriate branch and conditional
move instructions.

FS/FO/FN: options to avoid "unimplemented" exceptions when handling tiny ("denormalized") numbers. They do so
at the cost of |EEE compatibility, by replacing the very small number with either zero or with the nearest nonzero
quantity with a normalized representation.

The FO ("flush override") bit causes al tiny operand and result valuesto be replaced.

TheFs ("flush to zero") bit causes all tiny operand and result values to be replaced, but additionally does the
same substitution for any tiny intermediate value in a multiply-add instruction. Thisis provided both for legacy
reasons, and in case you don’t like the idea that the result of a multiply/add can change according to whether you
use the fused instruction or a separate multiply and add.

TheFN bit ("flush to nearest”) bit causes all result values to be replaced with somewhat better accuracy than you
usually get with FS: the result is either zero or a smallest-normalized-number, whichever is closer. Without FN
set you can only replace your tiny number with a nonzero result if the "RP" or "RM" rounding modes (round
towards more positive, round towards more negative) are in effect.

For full IEEE-compatibility you must set FCSR[FS,FO,FN] == [0,0,0].

To get the best performance compatible with a guarantee of no "unimplemented" exceptions, set
FCSR[FS,FO,FN] == [1,1,1].

Just occasionally for legacy applications devel oped with older MIPS CPUs which did not have the FO and FN
options, you might set FCSR[FS,FO,FN] == [1,0,0].

E: (often shown in documents as part of the Cause array) isastatus bit indicating that the last FP instruction caused an
"unimplemented" exception.

Cause/Enables/Flags: each of these fields is broken up into five bits, each representing an |EEE-recognized class of
exceptional results? which can be individually treated either by interrupting the computation, or substituting an
| EEE-defined exceptional value. So each field contains:

bitnumber 4 3 2 1 0

fida[V]Z[O] 0[]

1. See[SEEMIPSRUN]: for an explanation of "normalized" and "denormalized".
2. Sorry about the ugly wording. The |EEE standard talks of "exceptions' which makes more sense but gets mixed up with
MIPS "exceptions', and they’re not the same thing.
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Thebitsare V for invalid operation (e.g. square root of -1), Z for divide-by-zero, O for overflow (a number too
large to represent), U for underflow (a number too small to represent without loss of precision) and | for inexact -
even 1/3 isinexact in binary.

Then the:

Enables: field is "write 1 to take a MIPS exception if this condition occurs® - rarely done. With the |EEE exception-
catcher disabled, the hardware/emulator together will provide a suitable exceptional result.

Cause: field records what if any conditions occurred in the last-executed FP instruction. Because that’ s often too
transient, the

Flags: field remembers all and any conditions which happened since it was last written to zero by software.

RM: is the rounding mode, as required by |EEE:

RM Meaning

0 Round to nearest - RN
If theresult is exactly half-way between the nearest values, pick the one whose
mantissa bit0 is zero.

1 Round toward zero - RZ

2 Round towards plus infinity - RP
"Round up” (but unambiguous about what you do about negative numbers).

3 Round towards minus infinity - RM
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Appendix E

CPO Registers of the 34K Core

The System Control Coprocessor (CP0) provides the register interface to the 34K processor core and supports mem-
ory management, address translation, exception handling, and other privileged operations. Each CPO register has a
unique number that identifiesit; this number is referred to as the register number. For instance, the PageMask regis-
ter isregister number 5. A register may also have a select After updating a CPO register there is a hazard period of
zero or more instructions from the update instruction (M TCO) and until the effect of the update has taken placein the

core.

This chapter contains the following sections:

 E.1 “CPO Register Summary” below

 E.2 “CPO Register Descriptions’ on page 161

E.1 CPO Register Summary

Table E.1 lists the CPO registersin numerical order. The individual registers are described throughout this chapter.

Table E.1 CPO Registers

Register Per
Number | Select Name Function VPE | TC |Proc

0 0 Indext Index into the TLB array. Thisregister isreserved if the TLBisnot | X
implemented.

1 0 Random? Randomly generated index into the TLB array. Thisregister is X
reserved if the TLB is not implemented.

2 0 EntryLo0* Low-order portion of the TLB entry for even-numbered virtual
pages. Thisregister isreserved if the TLB is not implemented.

3 0 EntryLo1t Low-order portion of the TLB entry for odd-numbered virtual pages. | X
Thisregister isreserved if the TLB is not implemented.

4 0 Context? Pointer to page table entry in memory. Thisregister isreserved if the | X
TLB is not implemented.

5 0 PageMask PageMask controls the variable page sizesin TLB entries. Thisreg- | X
ister isreserved if the TLB is not implemented.

6 0 Wired! Controls the number of fixed (“wired”) TLB entries. Thisregister is | X
reserved if the TLB is not implemented.

7 0 HWREna Enables access viathe RDHWR instruction to selected hardware X
registers in non-privileged mode.

8 0 BadVAddr2 Reports the address for the most recent address-related exception.

9 0 Count? Processor cycle count. X
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Table E.1 CPO Registers (Continued)

Register Per
Number | Select Name Function VPE | TC |Proc
10 0 EntryHit High-order portion of the TLB entry. Thisregister isreserved if the | X X3
TLB is not implemented.
11 0 Compare2 Timer interrupt control. X
12 0 Status? Processor status and control. X N
12 1 IntCtl2 Set-up for interrupt vector and interrupt priority features. X
12 2 SRSCt]2 Shadow register set selectors X
12 3 SRSMap? In vectored interrupt mode, determines which shadow setisused for | X
each interrupt source.
13 0 Cause? Cause of last exception. X
14 0 EPC2 Program counter at |ast exception. X
15 0 PRId Processor identification and revision. X
15 1 EBase Exception base address. X
16 0 Config Configuration register. X
16 1-2 |Configl-2 Configuration for MMU, caches, etc. X
16 3 Config3 Interrupt and ASE capabilities X
16 Config7 34K family-specific configuration register. X
17 0 LLAddr Address associated with last LL instruction of a“load-linked/store- X
conditional” instruction pair.
18 0-1 |wWatchLo0-12 Low-order watchpoint address associated with instruction watch- X
points.
18 2-3 | WatchLo2-32 L ow-order watchpoint address associated with data watchpoints. X
19 0-1 | wWatchHi0-12 High-order watchpoint address used for instruction watchpoints. X
19 2-3 | WatchHi2-32 High-order watchpoint address used for data watchpoints. X
23 0 Debug® EJTAG Debug register. X
24 0 DEPCS Restart address from last EJTAG debug exception. X
25 0 PerfCtlO Performance counter O control. X
25 1 PerfCnt0 Performance counter O. X
25 2 PerfCtl1 Performance counter 1 control. X
25 3 PerfCntl Performance counter 1. X
25 4 PerfCtl2 Performance counter 2 control. X
25 5 PerfCnt2 Performance counter 2. X
25 6 PerfCtl3 Performance counter 3 control. X
25 7 PerfCnt3 Performance counter 3. X
26 0 ErrCtl Softwaretest enable of way-select and DataRAM arraysfor I-Cache | X
and D-Cache.
27 0 CacheErr Records information about cache parity errors X
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Table E.1 CPO Registers (Continued)

Register Per
Number | Select Name Function VPE | TC |Proc
28 0 TagL o0 Cache tag read/write interface for I-cache. X
28 1 Datal o0 Low-order data read/write interface for I-cache. X
28 2 TagLol Cache tag read/write interface for D-cache. X
28 3 Datal ol Low-order data read/write interface for D-cache. X
28 4 TagL o2 Cache tag read/write interface for L2-cache. X
28 5 Datal 02 Low-order data read/write interface for L2-cache. X
29 0 DataHiO Upper bits for I-cache interface. Thisis only accessible in 64-hit X
units.
30 3 ErrorEPC2 Program counter at last error. X
31 0 DeSAVE® Debug handler scratchpad register. X

1. Registers used in memory management.
2. Registers used in exception processing.
3. ASID per-TC. See “EntryHi Register (CPO Register 10, Select 0)” on page 168.

4. KSU and CUO-3 per-TC. See “ Status Register (CPO Register 12, Select 0)” on page 170.
5. Registers used in debug.

E.2 CPO Register Descriptions

The CPO registers provide the interface between the ISA and the architecture. Each register is discussed below, with
the registers presented in numerical order, first by register number, then by select field number.

For the read/write properties of the field, the following notation is used:

Table E.2 CPO Register Field Types

Notation

Hardware Interpretation

Software Interpretation

RIW

A field in which all bits are readable and writable by software and, potentially, by hardware.
Hardware updates of thisfield are visible by software reads. Software updates of thisfield are visible by hardware

reads.

If the reset state of thisfield is“Undefined,” either software or hardware must initialize the value before the first
read will return a predictable value. This should not be confused with the formal definition of UNDEFINED

behavior.

R A field that is either static or isupdated only by hard- | A field to which the value written by softwareis
ware. ignored by hardware. Software may write any value to
If the Reset State of thisfield iseither “0” or “Preset”, | thisfield without affecting hardware behavior. Software
hardware initializes this field to zero or to the appropri- | reads of thisfield return the last value updated by hard-
ate state, respectively, on power-up. ware.
If the Reset State of thisfield is“Undefined”, hardware | If the Reset State of thisfield is“Undefined,” software
updates thisfield only under those conditions specified | reads of thisfield resultin an UNPREDICTABLE
in the description of the field. value except after a hardware update done under the

conditions specified in the description of the field.
W A field that can be written by software but which can not be read by software.

Software reads of thisfield will return an UNDEFINED value.
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Table E.2 CPO Register Field Types (Continued)

Notation Hardware Interpretation Software Interpretation
0 A field that hardware does not update, and for which A field to which the value written by software must be
hardware can assume a zero value. zero. Software writes of non-zero values to thisfield

may result in UNDEFINED behavior of the hardware.
Software reads of thisfield return zero aslong as all
previous software writes are zero.

If the Reset State of thisfield is“Undefined,” software
must write this field with zero before it is guaranteed to
read as zero.

E.2.1 Index Register (CPO Register 0, Select 0)

The Index register isa 32-bit read/write register that contains the index used to accessthe TLB for TLBP, TLBR, and
TLBWI instructions. The width of the index field is implementation-dependent as a function of the number of TLB
entries that are implemented. The minimum value for TLB-based MMUs is Ceiling(Log,(TLBEntries)).

The operation of the processor isUNDEFINED if avalue greater than or equal to the number of TLB entriesis writ-
ten to the Index register.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure E-1 Index Register Format
31 30 6 5 0

P 0 Index

Table E.3 Index Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
P 31 Probe Failure. Set to 1 when the previous TLBProbe (TLBP) R/W Undefined
instruction failed to find amatch in the TLB.
0 30:6 Must be written as zeros; returns zeros on reads. 0 0
Index 5:0 Index to the TLB entry affected by the TLBRead and TLBWrite R/W Undefined
instructions.
For 16 or 32 entry TLBs, behavior is undefined if index pointsto a
non-existent entry.

E.2.2 Random Register (CPO Register 1, Select 0)

The Random register isaread-only register whose value is used to index the TLB during aTLBWR instruction. The
width of the Random field is calculated in the same manner as that described for the Index register above.

The value of the register varies between an upper and lower bound as follow:
* Alower bound is set by the number of TLB entries reserved for exclusive use by the operating system (the con-

tents of the Wired register). The entry indexed by the Wired register isthe first entry available to be written by a
TLB Write Random operation.
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* Anupper bound is set by the total number of TLB entries minus 1.

The Random register is decremented by one almost every clock, wrapping after the value in the Wired register is
reached. To enhance the level of randomness and reduce the possibility of alive lock condition, an LFSR register is
used which prevents the decrement pseudo-randomly.

The processor initializes the Random register to the upper bound on a Reset exception and when the Wired register
iswritten.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure E-2 Random Register Format
31 6 5 0

0 Random

Table E.4 Random Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
0 31:6 Must be written as zero; returns zero on reads. 0 0
Random 5.0 TLB Random Index R TLB Entries- 1

E.2.3 EntryLoO and EntryLol Registers (CPO Registers 2 and 3, Select 0)

The pair of EntryLo registers act as the interface between the TLB and the TLBR, TLBWI, and TLBWR instructions.
For aTLB-based MMU, EntryLoO holds the entries for even pages and EntryLo1 holds the entries for odd pages.
The contents of the EntryLoO and EntryLo1l registers are undefined after an address error, TLB invalid, TLB modi-
fied, or TLB refill exception. These registers are only valid when the TL B-based memory management unit is
present. They are reserved if the FM-style MMU is present.

Figure E-3 EntryLoO, EntryLol Register Format
31 30 29 26 25 6 5 3 2 1 0

R 0 PFN C DIV |G

Table E.5 EntryLoO, EntryLol Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
R 31:30 | Reserved. Should beignored on writes; returns zero on reads. R 0
0 29:26 | These 4 bits are normally part of the PFN, however, since the R 0

core supports only 32 bits of physical address, the PFN isonly
20 bits wide; therefore, bits 29:26 of this register must be writ-
ten with zeros.

PFN 25:6 Page Frame Number: Contributes to the definition of the high- R/W Undefined
order bits of the physical address. The PFN field correspondsto
bits 31..12 of the physical address.

C 53 Coherency attribute of the page. See Table E.6. R/W Undefined
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Table E.5 EntryLoO, EntryLol Register Field Descriptions (Continued)

both the EntryLo0O and EntryLo1 registers become the G hitin
the TLB entry. If the TLB entry G hit isa one, then the ASID
comparisons are ignored during TLB matches. On aread from
aTLB entry, the G bits of both EntryLoO and EntryLo1 reflect
the state of the TLB G bit.

Fields
Read /
Name Bit(s) Description Write Reset State

D 2 “Dirty” or write-enable bit: Indicates that the page has been R/W Undefined
written, and/or iswritable. If this bit is a one, then storesto the
page are permitted. If this bit is a zero, then stores to the page
cause a TLB Modified exception.

\% 1 Valid bit: Indicates that the TLB entry, and thus the virtual page R/W Undefined
mapping are valid. If this bit is aone, then accesses to the page
are permitted. If thisbit is a zero, then accesses to the page
cause a TLB Invalid exception

G 0 Global bit: On aTLB write, thelogical AND of the G hitsin R/W Undefined

Table E.6 lists the encoding of the C field of the EntryLo0 and EntryLo1 registers and the KO field of the Config reg-

ister.

Table E.6 Cache Coherency Attributes

C[5:3] Value Cache Coherency Attribute

Cacheable, non-coherent, write-through, no write alocate

Reserved

Uncached

Cacheable, non-coherent, write-back, write allocate

Reserved

~N|OoO|w| N[O

Uncached Accelerated

E.2.4 Context Register (CPO Register 4, Select 0)

The Context register is aread/write register containing a pointer to an entry in the page table entry (PTE) array. This
array is an operating system data structure that stores virtual-to-physical translations. During a TLB miss, the operat-
ing system loads the TLB with the missing translation from the PTE array. The Context register duplicates some of
the information provided in the BadVAddr register but is organized in such away that the operating system can

directly reference an 8-byte page table entry (PTE) in memory.

A TLB exception (TLB Refill, TLB Invalid, or TLB Modified) causes bits VVAg;.13 of the virtual address to be written
into the BadVPN2 field of the Context register. The PTEBase field is written and used by the operating system.

The BadVPN2 field of the Context register is not defined after an address error exception.

31

Figure E-4 Context Register Format
23 22

PTEBase

BadVPN2
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Table E.7 Context Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State

PTEBase 31:23 | Thisfield isfor use by the operating system and is normally R/W Undefined
written with avalue that allows the operating system to use the
Context Register as a pointer into the current PTE array in
memory.

BadVPN2 22:4 Thisfield iswritten by hardware on aTLB miss. It contains bits R Undefined
VAg;.13 Of the virtual address that missed.

0 3.0 Must be written as zero; returns zero on reads. 0 0

E.2.5 PageMask Register (CPO Register 5, Select 0)

The PageMask register is aread/write register used for reading from and writing to the TLB. It holds a comparison

mask that sets the variable page size for each TLB entry, as shown inTable E.9.
Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure E-5 PageMask Register Format
31 29 28 13 12

0 Mask 0

Table E.8 PageMask Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
0 31:29, |lgnored on write; returns zero on read. R 0
12.0
Mask 28:13 | TheMask field isabit mask in which a“1" bit indicates that R/W Undefined
the corresponding bit of the virtual address should not partici-
pate in the TLB match.
Table E.9 Values for the Mask Field of the PageMask Register
Bit
Page Size 28 | 27 |26 | 25|24 (23|22 |21 |20|19 |18 |17 |16 | 15| 14 | 13
4 KBytes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 KBytes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
64 KBytes 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1
256 KBytes 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1
1 MByte 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1
4 MByte 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1
16 MByte 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1
64 MByte 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Table E.9 Values for the Mask Field of the PageMask Register (Continued)

Bit

Page Size 28 (27126 (25|24 |23 |122|21|20|19 |18 |17 (16| 15| 14| 13

256 MByte 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Software may determine which page sizes are supported by writing all ones to the PageMask register, then reading
the value back. If apair of bits reads back as ones, the processor implements that page size. The operation of the pro-
cessor is UNDEFINED if software loads the Mask field with a value other than one of those listed in Table E.9, even
if the hardware returns a different value on read. Hardware may depend on this requirement in implementing hard-
ware structures.

E.2.6 Wired Register (CPO Register 6, Select 0)

The Wired register is aread/write register that specifies the boundary between the wired and random entries in the
TLB as shown in Figure E-6. The width of the Wired field is calculated in the same manner as that described for the
Index register above. Wired entries are fixed, non-replaceable entries that are not overwritten by a TLBWR instruc-
tion. Wired entries can be overwritten by a TLBWI instruction.

The Wired register is reset to zero by a Reset exception. Writing the Wired register causes the Random register to
reset to its upper bound.

The operation of the processor is undefined if avalue greater than or equal to the number of TLB entriesiswritten to
the Wired register.

Thisregister isonly valid with a TLB. It isreserved if the FM isimplemented.

Figure E-6 Wired and Random Entries in the TLB

Entry n-1 A
: £
. 3
: 5
' o
Wired Register [ 10 |——m Entr.y10 \
: [y
: o
: @
: =
Ent.ryO \
Figure E-7 Wired Register Format
31 6 5 0
0 Wired
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E.2 CPO Register Descriptions

Table E.10 Wired Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
0 316 Must be written as zero; returns zero on reads. 0 0
Wired 5:0 TLB wired boundary. RIW 0
For 16 and 32 entry TLBs, behavior is undefined if value is set
to avalue larger than last TLB entry.

E.2.7 HWREna Register (CPO Register 7, Select 0)

The HWREna register contains a bit mask that determines which hardware registers are accessible viathe RDHWR

instruction.
Figure E-8 HWREnNa Register Format
31 4 3 0
0 Mask
Table E.11 HWREnNa Register Field Descriptions
Fields
Read /
Name Bits Description Write Reset State
0 31:4 Must be written with zero; returns zero on read 0
Mask 3.0 Each bit in thisfield enables access by the RDHWR instruction R/W

to a particular hardware register (which may not be an actual
register). If bit ‘n’" inthisfieldisal, accessis enabled to hard-
wareregister ‘n’. If bit ‘n’ of thisfieldisaO0, accessis disabled.
See the RDHWR instruction for alist of valid hardware regis-
ters.

Privileged software may determine which of the hardware registers are accessible by the RDHWR instruction. In
doing so, aregister may be virtualized at the cost of handling a Reserved Instruction Exception, interpreting the
instruction, and returning the virtualized value. For example, if it is not desirable to provide direct access to the
Count register, access to that register may be individually disabled and the return value can be virtualized by the
operating system.

E.2.8 BadVAddr Register (CPO Register 8, Select 0)

The BadVVAddr register is aread-only register that captures the most recent virtual address that caused one of the fol-
lowing exceptions:

* Addresserror (AdEL or AdES)
* TLB Réfill
+ TLBInvaid

+ TLB Modified

Programming the MIPS32® 34K™ Core Family, Revision 01.30 167

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



CPO Registers of the 34K Core

168

The BadVVAddr register does not capture address information for cache or bus errors, since they are not addressing

errors.
Figure E-9 BadVAddr Register Format
31 0
BadVAddr
Table E.12 BadVAddr Register Field Description
Fields
Read /
Name Bits Description Write Reset State
BadVAddr 31:0 Bad virtual address. R Undefined

E.2.9 Count Register (CPO Register 9, Select 0)

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. If enabled, the counter increments every other clock. Setting
the DC hit in the Cause register to 0 enables counting.

The Count register can be written for functional or diagnostic purposes, including at reset or to synchronize proces-
sors.

By writing the CountDM bit in the Debug register, it is possible to control whether the Count register continues
incrementing while the processor isin debug mode.

Figure E-10 Count Register Format
31 0

Count

Table E.13 Count Register Field Description

Fields
Read /
Name Bits Description Write Reset State
Count 31.0 Interval counter. R/W Undefined

E.2.10 EntryHi Register (CPO Register 10, Select 0)

The EntryHi register contains the virtual address match information used for TLB read, write, and access operations.

A TLB exception (TLB Refill, TLB Invalid, or TLB Modified) causes bits VAg; 13 of the virtual address to be written

into the VPN2 field of the EntryHi register. A TLBR instruction writes the EntryHi register with the corresponding
fields from the selected TLB entry. The ASID field is written by software with the current address space identifier
value and is used during the TLB comparison process to determine TLB match.

Because the ASID field is overwritten by a TLBR instruction, software must save and restore the value of ASID
around use of the TLBR. Thisis especially important in TLB Invalid and TLB Modified exceptions, and in other
memory management software.
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The VPN2 field of the EntryHi register is not defined after an address error exception and this field may be modified
by hardware during the address error exception sequence. Software writes of the EntryHi register (viaMTCO0) do not
cause the implicit write of address-related fieldsin the BadVAddr, Context registers.

Thisregister isonly valid with the TLB. It isreserved if the FM isimplemented.

Figure E-11 EntryHi Register Format
31 13 12 8 7 0

VPN2 0 ASID

Table E.14 EntryHi Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
VPN2 31:13 | VAg; 13 0f thevirtual address (virtual page number / 2). This R/W Undefined
field iswritten by hardware on a TLB exceptionor onaTLB
read, and is written by software before a TLB write.
0 12:8 Must be written as zero; returns zero on read. 0 0
ASID 7:0 Address space identifier. Thisfield iswritten by hardware on a R/W Undefined
TLB read and by software to establish the current ASID value
for TLB write and against which TLB references match each
entry's TLB ASID field.

E.2.11 Compare Register (CPO Register 11, Select 0)

The Compare register actsin conjunction with the Count register to implement atimer and timer interrupt function.
The timer interrupt is an output of the cores. The Compare register maintains a stable value and does not change on
its own.

When the value of the Count register equals the value of the Compare register, the SI_TimerInt pin is asserted. This
pin will remain asserted until the Compare register iswritten. The SI_TimerInt pin can be fed back into the core on
one of the interrupt pins to generate an interrupt. Traditionally, this has been done by multiplexing it with hardware
interrupt 5 to set interrupt bit 1P(7) in the Cause register.

For diagnostic purposes, the Compare register is a read/write register. In normal use, however, the Compare regis-
ter iswrite-only. Writing avalue to the Compare register, as aside effect, clears the timer interrupt.

Figure E-12 Compare Register Format
31 0

Compare

Table E.15 Compare Register Field Description

Fields
Read /
Name Bit(s) Description Write Reset State
Compare 31:.0 Interval count compare value. R/W Undefined
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E.2.12 Status Register (CPO Register 12, Select 0)

The Status register is aread/write register that contains the operating mode, interrupt enabling, and the diagnostic
states of the processor. Fields of this register combine to create operating modes for the processor.

Interrupt Enable: Interrupts are enabled when all of the following conditions are true:

« |E=1

 EXL=0
 ERL=0
« DM=0

If these conditions are met, then the settings of the IM and | E bits enable the interrupts.

E.2.12.1 Operating Modes

Debug Mode

The processor is operating in Debug Mode if the DM bit in the CPO Debug register isaone. If the processor is run-
ning in Debug Mode, it has full accessto all resources that are available to Kernel Mode operation.

Kernel Mode

The processor is operating in Kernel Mode when the DM bit in the Debug register is azero and any of the following
three conditions is true:

* TheKSU field in the CPO Status register contains 2#00

e TheEXL hit inthe Status register is one

e TheERL hit inthe Status register is one

The processor enters Kernel Mode at power-up, or asthe result of an interrupt, exception, or error. The processor

leaves Kernel Mode and enters User Maode or Supervisor Mode when all of the previous three conditions are fal se,
usually asthe result of an ERET instruction.

Supervisor Mode

The processor is operating in Supervisor Mode when all of the following conditions are true:
» The DM bitinthe Debug register isa zero

 TheKSU field in the Status register contains 2401

 TheEXL and ERL bitsin the Status register are both zero

Supervisor mode is not supported with the Fixed Mapping MMU.
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User Mode

E.2 CPO Register Descriptions

The processor is operating in User Mode when all of the following conditions are true:

e TheDM bit inthe Debug register isa zero

 TheKSU field in the Status register contains 2410

* TheEXL and ERL bitsin the Status register are both zero

E.2.12.2 Coprocessor Accessibility

The Status register CU bits control coprocessor accessibility. If any coprocessor is unusable, then an instruction that
accesses it generates an exception.

31 28 27 26

25

Figure E-13 Status Register Format
24 23 22 21 20 19 18 17 16 15 10 9

CU3..CUO | RP| FR

RE

MX|R|BEV|TS|SR|NMI| 0 |CEE|R IM7..1M2 IM1..IMO R

KSU |ERL |EXL

IPL

Table E.16 Status Register Field Descriptions

Fields

Name

Bits

Description

Read /
Write

Reset State

Cus

31

Reserved.

R

0

Ccu2

30

Controls access to Coprocessor 2

Encoding Meaning

0 Access not allowed
1 Access dlowed

This bit can only be written when a coprocessor 2 unit is
present. This bit cannot be written and will read as 0 if copro-
€essor 2 unit is not presen.

RIW

Undefined

Cul

29

Controls access to Coprocessor 1

Encoding Meaning

0 Access not allowed
1 Access dlowed
This bit can only be written when the Floating Point Unit is

present (34Kf core); in the 34K ¢ core, thisbit cannot be written
and will read as 0.

Undefined

Cuo0

28

Controls access to coprocessor 0

Encoding Meaning

0 Access not allowed
1 Access alowed

Coprocessor 0 is aways usable when the processor is running
in kernel mode, independent of the state of the CUO hit.

Undefined

RP

27

Enables reduced power mode. The state of the RP bit is avail-
able on the external coreinterface asthe SI_RP signal.
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Table E.16 Status Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
FR 26 This bit is used to control the floating point register mode for R/W 0
64-bit floating point units:
Encoding Meaning
0 Floating point registers can contain any 32-hit
datatype. 64-bit datatypes are stored in even-
odd pairs of registers
1 Floating point registers can contain any
datatype
This bit must be ignored on write and read as zero under the
following conditions
* No floating point unit isimplemented
 64-bit floating point unit is not implemented
RE 25 Used to enable reverse-endian memory references while the R/W Undefined
processor is running in user mode;
Encoding Meaning
0 User mode uses configured endianness
1 User mode uses reversed endianness
Neither Debug Mode nor Kernel Mode nor Supervisor Mode
references are affected by the state of this bit.
MX 24 Enables access to DSP A SE resources. An attempt to execute R
any DSP ASE instruction before this bit has been set to 1 will
cause a DSP State Disabled exception.
R 23 Reserved. Thisfield isignored on write and read as 0. R 0
BEV 22 Controls the location of exception vectors: R/W
Encoding Meaning
0 Normal
1 Bootstrap
TS 21 TLB shutdown. Indicates that the TLB has detected a match on R/WO 0
multiple entries. Thisbit isset if aTLBWI or TLBWR instruc-
tionisissued that would cause a TLB shutdown condition if
alowed to complete. A machine check exception isalso issued.
Thisbit isreserved if the TLB is not implemented.
Software can only write a0 to this bit to clear it and cannot
force a0-1 transition
SR 20 Indicates that the entry through the reset exception vector was R 0
due to a Soft Reset. Soft Reset is not supported on this proces-
sor and this bit is not writable and will alwaysread as 0
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Table E.16 Status Register Field Descriptions

E.2 CPO Register Descriptions

Fields

Read /

Name

Bits

Description

Write

Reset State

NMI

19

Indicates that the entry through the reset exception vector was
dueto an NMI:

Encoding Meaning

0 Not NMI (Reset)
1 NMI

Software can only write a0 to this bit to clear it and cannot
force a0-1 transition.

R/WO

1 for NMI; O oth-
erwise

18

Must be written as zero; returns zero on read.

0

CEE

17

CorExtend Enable: Thishit is sent to the CorExtend block to be
used to enable the CorExtend block. The usage of thissignal by
a CorExtend block isimplementation dependent.

Thisbit isreserved if CorExtend is not present.

Undefined

R

16

Reserved. Ignored on write and read as zero.

0

IM7..IM2

15:10

Interrupt Mask: Controls the enabling of each of the hardware
interrupts. An interrupt istaken if interrupts are enabled and the
corresponding bits are set in both the Interrupt Mask field of the
Status register and the Interrupt Pending field of the Cause
register and the |E bit is set in the Status register.

Encoding Meaning

0 Interrupt request disabled
1 Interrupt request enabled

In implementations of Release 2 of the Architecture in which
EIC interrupt mode is enabled (Config3[VEIC] = 1), these bits
take on adifferent meaning and are interpreted asthe IPL field,
described below.

Undefined

IPL

15:10

Interrupt Priority Level: Inimplementations of Release 2 of the
Architecture in which EIC interrupt mode is enabled
(Config3[VEIC] = 1), thisfield is the encoded (0..63) value of
the current IPL. Aninterrupt will be signalled only if the
requested IPL is higher than this value.

If EIC interrupt mode is not enabled (Config3[VEIC] = 0),
these bits take on a different meaning and are interpreted asthe
IM7..IM2 bits, described above.

Undefined

IM1..IMO

9:8

Interrupt Mask: Controls the enabling of each of the software
interrupts.

Encoding Meaning

0 Interrupt request disabled
1 Interrupt request enabled

In implementations of Release 2 of the Architecturein which
EIC interrupt mode is enabled (Config3[VEIC] = 1), these hits
are writable, but have no effect on the interrupt system.

Undefined

75

Reserved. Thisfield isignored on write and read as 0.
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Table E.16 Status Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
KSU 4:3 Thisfield denotes the base operating mode of the processor. R/W Undefined

The encoding of thisfieldis:

Encoding Meaning

00 Base mode is Kernel Mode

01 Base mode is Supervisor Mode

10 Base mode is User Mode
11 Reserved

Note that the processor can also be in kernel mode if ERL or
EXL is set, regardless of the state of the KSU field.

ERL 2 Error Level; Set by the processor when a Reset, Soft Reset, R/W 1
NMI or Cache Error exception are taken.

Encoding Meaning

0 Normal level
1 Error level

When ERL is set:

* The processor is running in kernel mode

 Interrupts are disabled

e The ERET instruction will use the return address held in
ErrorEPC instead of EPC

« Thelower 22° bytes of kuseg are treated as an unmapped and
uncached region. Thisallows main memory to be accessed in
the presence of cache errors. The operation of the processor
isUNDEFINED if the ERL hit is set while the processor is
executing instructions from kuseg.

EXL 1 Exception Level; Set by the processor when any exception R/W Undefined
other than Reset, Soft Reset, or NMI exceptionsis taken.

Encoding Meaning

0 Normal level
1 Exception level

When EXL is set:

e The processor is running in Kernel Mode

 Interrupts are disabled.

« TLB Refill exceptions use the general exception vector
instead of the TLB Refill vector.

* EPC, Cause[BD] and SRSCtl (implementations of Release
2 of the Architecture only) will not be updated if another
exception istaken
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E.2 CPO Register Descriptions

Table E.16 Status Register Field Descriptions

hardware interrupts:

Encoding Meaning
0 Interrupts are disabled
1 Interrupts are enabled

In Release 2 of the Architecture, this bit may be modified sepa-
rately viathe DI and El instructions.

Fields
Read /
Name Bits Description Write Reset State
IE 0 Interrupt Enable: Acts as the master enable for software and R/W Undefined

E.2.13 IntCtl Register (CPO Register 12, Select 1)

The IntCtl register controls the expanded interrupt capability added in Release 2 of the Architecture, including vec-

tored interrupts and support for an external interrupt controller. This register does not exist in implementations of

Release 1 of the Architecture.

Figure E-14 IntCtl Register Format

31 29 28 26 25 10 9 4
IPTI IPPCI 0 VS 0
Table E.17 IntCtl Register Field Descriptions
Fields
Read /
Name Bits Description Write Reset State
IPTI 31:29 | For Interrupt Compatibility and Vectored Interrupt modes, this R Externally Set

field specifies the IP number to which the Timer Interrupt
request is merged, and allows software to determine whether to
consider Cause([TI] for apotential interrupt.

Encoding| IP bit |Hardware Interrupt Source
2 2 HWO
3 3 HW1
4 4 HW?2
5 5 HW3
6 6 HW4
7 7 HW5

The value of this bit is set by the static input, SI_IPTI[2:0].
This allows external logic to communicate the specific SI_Int
hardware interrupt pin to which the SI_TimerInt signdl is
attached.

The value of thisfield is not meaningful if External Interrupt
Controller Modeis enabled. The external interrupt controller is
expected to provide this information for that interrupt mode.
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Table E.17 IntCtl Register Field Descriptions (Continued)

Fields
Read /

Name Bits Description Write Reset State

| PPCI 28:26 | For Interrupt Compatibility and Vectored Interrupt modes, this R Externaly Set
field specifiesthe | P number to which the Performance Counter
Interrupt request is merged, and allows software to determine
whether to consider Cause[PCI] for a potential interrupt.

The value of thisfield is not meaningful if External Interrupt
Controller Mode is enabled. The external interrupt controller is
expected to provide thisinformation for that interrupt mode.

VS 9.5 Vector Spacing. If vectored interrupts are implemented (as R/W 0
denoted by Config3[VInt] or Config3[VEIC]), thisfield speci-
fies the spacing between vectored interrupts.

Spacing Between | Spacing Between
Encoding| Vectors (hex) |Vectors (decimal)

16#00 16#000 0

16#01 16#020 32
16#02 16#040 64
16#04 16#080 128
16#08 16#100 256
16#10 16#200 512

All other values are reserved. The operation of the processor is
UNDEFINED if areserved valueiswritten to thisfield.

0 25:10, 4:0 | Must be written as zero; returns zero on read. 0 0

E.2.14 SRSCtl Register (CPO Register 12, Select 2)

The SRSCtl register controls the operation of GPR shadow sets in the processor.

Figure E-15 SRSCtl Register Format
31 30 29 26 25 22 21 18 17 16 15 12 11 10 9 6 5 4 3 0

0 HSS 0 EICSS 0 ESS 0 PSS 0 CSS

Table E.18 SRSCtl Register Field Descriptions

Fields
Read /

Name Bits Description Write Reset State

HSS 29:26 | Highest Shadow Set. Thisfield contains the highest shadow set R Preset
number that isimplemented by this processor. A value of zero
in thisfield indicates that only the normal GPRs are imple-
mented.

Possible values of thisfield for the 34K processor are:Thevalue
in thisfield also represents the highest value that can be written
tothe ESS, EICSS, PSS and CSSfields of thisregister, or to any
of thefields of the SRSMap register. The operation of the pro-
cessor is UNDEFINED if avaue larger than the onein this
field iswritten to any of these other fields.
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Table E.18 SRSCtI Register Field Descriptions (Continued)

E.2 CPO Register Descriptions

Fields

Name

Bits

Description

Read /
Write

Reset State

EICSS

21:18

EIC interrupt mode shadow set. If Config3[VEIC]is1 (EIC
interrupt modeis enabled), thisfield isloaded from the external
interrupt controller for each interrupt request and is used in
place of the SRSMap register to select the current shadow set
for theinterrupt. If Config3[VEIC] isO, thisfield returns zero
on read.

R

Undefined

ESS

15:12

Exception Shadow Set. This field specifies the shadow set to
use on entry to Kernel Mode caused by any exception other
than a vectored interrupt.

The operation of the processor is UNDEFINED if software
writesavalue into thisfield that is greater than the valuein the
HSSfield.

9:6

Previous Shadow Set. If GPR shadow registers areimple-
mented, and with the exclusions noted in the next paragraph,
thisfield is copied from the CSS field when an exception or
interrupt occurs. An ERET instruction copies this value back
into the CSSfield if Status[BEV] = 0.

Thisfield is not updated on any exception which sets
Status[ERL] to 1 (i.e., Reset, Soft Reset, NMI, cache error), an
entry into EJTAG Debug mode, or any exception or interrupt
that occurs with Status[EXL ]= 1, or Status[BEV] = 1. This
field is not updated on an exception that occurs while
Status[ERL] = 1.

The operation of the processor is UNDEFINED if software
writesavalue into thisfield that is greater than the value in the
HSSfield.

CSs

3.0

Current Shadow Set. If GPR shadow registersareimplemented,
thisfield is the number of the current GPR set. With the exclu-
sions noted in the next paragraph, this field is updated with a
new value on any interrupt or exception, and restored from the
PSSfield on an ERET. Table E.19 describes the various sources
from which the CSS field is updated on an exception or inter-
rupt.

Thisfield is not updated on any exception which sets
Status[ERL] to 1 (i.e., Reset, Soft Reset, NMI, cacheerror), an
entry into EJTAG Debug mode, or any exception or interrupt
that occurswith Status[EXL ]=1, or Status[BEV] = 1. Neither
isit updated on an ERET with Status[ERL] =1 or
Status[BEV] = 1. Thisfield is not updated on an exception that
occurs while Status[ERL] = 1.

The value of CSS can be changed directly by software only by
writing the PSS field and executing an ERET instruction.

31:30,

25:22,

17:16,
11:10,5:4

Must be written as zeros; returns zero on read.
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Table E.19 Sources for new SRSCtI[CSS] on an Exception or Interrupt

178

Exception Type Condition SRSCtI[CSS] Source Comment
Exception All SRSCUI[ESS]
Non-Vectored Interrupt Cause[lV]=0 SRSCUI[ESS] Treat as exception
Vectored Interrupt Cause[lV] =1and SRSMap[VECTNUM] Sourceisinternal map register.
Config3[VEIC] = 0 and
Config3[VInt] =1
Vectored EIC Interrupt Cause[lV] =1and SRSCUI[EICSS] Source is external interrupt
Config3[VEIC] =1 controller.

E.2.15 SRSMap Register (CPO Register 12, Select 3)

The SRSMap register contains 8 4-hit fields that provide the mapping from an vector number to the shadow set num-
ber to use when servicing such an interrupt. The values from this register are not used for a non-interrupt exception,
or anon-vectored interrupt (Cause[lV] = 0 or IntCtl[VS] = 0). In such cases, the shadow set number comes from
SRSCHI[ESS].

If SRSCHI[HSS] is zero, the results of a software read or write of this register are UNPREDICTABLE.

The operation of the processor is UNDEFINED if avalueiswritten to any field in thisregister that is greater than the
value of SRSCtI[HSS].

The SRSMap register contains the shadow register set numbers for vector numbers 7..0. The same shadow set num-
ber can be established for multiple interrupt vectors, creating a many-to-one mapping from avector to asingle
shadow register set number.

Figure E-16 SRSMap Register Format

31 28 27 24 23 20 19 16 15 12 11 8 7 4 3 0
SSv7 SSV6 SSV5 SSv4 SSv3 SSv2 SSv1 SSVo
Table E.20 SRSMap Register Field Descriptions

Fields Read /
Name Bits Description Write Reset State
SSsv7 31:28 | Shadow register set number for Vector Number 7 R/W 0
SSV6 27:24 | Shadow register set number for Vector Number 6 R/W 0
SSV5 23:20 | Shadow register set number for Vector Number 5 R/W 0
Ssv4 19:16 | Shadow register set number for Vector Number 4 R/W 0
SSsv3 15:12 | Shadow register set number for Vector Number 3 R/W 0
SSv2 11:8 Shadow register set number for Vector Number 2 R/W 0
Ssv1 74 Shadow register set number for Vector Number 1 R/W 0
SSVo 3.0 Shadow register set number for Vector Number 0 R/W 0
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E.2.16 Cause Register (CPO Register 13, Select 0)

The Cause register primarily describes the cause of the most recent exception. In addition, fields also control soft-
ware interrupt requests and the vector through which interrupts are dispatched. With the exception of the IP; o, DC,

IV, and WP fields, all fieldsin the Cause register are read-only. Release 2 of the Architecture added optional support
for an External Interrupt Controller (EIC) interrupt mode, in which IP;_, are interpreted as the Requested Interrupt

Priority Level (RIPL).

Figure E-17 Cause Register Format
31 30 29 28 27 26 25 24 23 22 21 16 15 10 9 8 7 6 2 1 0

BD| Tl | CE |DC|PCI| O vV |WP 0 IP7..1P2 IP1.1IPO| O Exc Code 0

RIPL

Table E.21 Cause Register Field Descriptions

Fields
Read /

Name Bits Description Write Reset State

BD 31 Indicates whether the last exception taken occurred in a branch R Undefined
delay dlot:

Encoding Meaning
0 Not in delay slot
1 Indelay slot

The processor updates BD only if Status[EXL] was zero when
the exception occurred.

Tl 30 Timer Interrupt. This bit denotes whether atimer interrupt is R Undefined
pending (analogous to the IP bits for other interrupt types):

Encoding Meaning

0 No timer interrupt is pending

1 Timer interrupt is pending

The state of the Tl bit is available on the external core interface
asthe SI_TimerInt signal.

CE 29:28 | Coprocessor unit number referenced when a Coprocessor R Undefined
Unusable exception is taken. Thisfield isloaded by hardware
on every exception, but is UNPREDICTABLE for all excep-
tions except for Coprocessor Unusable.

DC 27 Disable Count register. In some power-sensitive applications, RIW 0
the Count register is not used and is the source of meaningful
power dissipation. This bit allows the Count register to be
stopped in such situations.

Encoding Meaning

0 Enable counting of Count register

1 Disable counting of Count register
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Table E.21 Cause Register Field Descriptions (Continued)

Fields
Read /

Name Bits Description Write Reset State

PCI 26 Performance Counter Interrupt: This bit denotes whether a per- R Undefined
formance counter interrupt is pending (analogous to the I P bits
for other interrupt types):

Encoding Meaning

0 No performance counter interrupt is pending

1 Performance counter interrupt is pending

The state of the PCI bit is available on the external core inter-
face asthe SI_PCint signal.

v 23 Indicates whether an interrupt exception uses the general R/W Undefined
exception vector or a special interrupt vector:

Encoding Meaning

0 Use the general exception vector (16#180)
1 Use the special interrupt vector (16#200)

If the Cause[IV] is 1 and Status[BEV] is 0, the specidl inter-
rupt vector represents the base of the vectored interrupt table.

WP 22 Indicates that a watch exception was deferred because R/W Undefined
Status[EXL] or Status[ERL] were aone at the time the watch
exception was detected. This bit both indicates that the watch
exception was deferred, and causes the exception to beinitiated
once Status[EXL] and Status[ERL] are both zero. As such,
software must clear this bit as part of the watch exception han-
dler to prevent awatch exception loop.

Software should not write a 1 to this bit when itsvalueis a0,
thereby causing a0-to-1 transition. If such atransition is caused
by software, it is UNPREDICTABL E whether hardware
ignores the write, accepts the write with no side effects, or
accepts the write and initiates a watch exception once
Status[EXL] and Status[ERL] are both zero.

IP7..1P2 15:10 |Indicates an interrupt is pending: R Undefined
Bit Name Meaning
15 IP7 |Hardware interrupt 5
14 IP6 |Hardware interrupt 4
13 IP5 |Hardware interrupt 3
12 IP4  |Hardware interrupt 2
11 IP3 |Hardwareinterrupt 1
10 IP2 |Hardware interrupt O

If EIC interrupt mode is not enabled (Config3[VEIC] = 0),
timer interrupts are combined in a system-dependent way with
any hardware interrupt. If EIC interrupt mode is enabled
(Config3[VEIC] = 1), these hits take on a different meaning
and areinterpreted as the RIPL field, described below.
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Table E.21 Cause Register Field Descriptions (Continued)

Fields

Name Bits

Read /

Description Write Reset State

RIPL 15:10

Requested Interrupt Priority Level: If EIC interrupt modeis
enabled (Config3[VEIC] = 1), thisfield is the encoded (0..63)
value of the requested interrupt. A value of zero indicates that
no interrupt is requested.

If EIC interrupt mode is not enabled (Config3[VEIC] = 0),
these bits take on a different meaning and are interpreted as the
IP7..1P2 bits, described above.

R Undefined

IP1..IPO 9:8

Controls the request for software interrupts:

Bit Name Meaning

9 IP1 |Request software interrupt 1

8 IPO  |Request software interrupt O

These bits are exported to an external interrupt controller for
prioritization in EIC interrupt mode with other interrupt
sources. The state of these bits is available on the external core
interface asthe SI_SWInt[1:0] bus.

R/W Undefined

ExcCode 6:2

Exception code - see Table E.22

R Undefined

0 25:24,
21:16, 7,
1.0

Must be written as zero; returns zero on read.

0

Table E.22 Cause Register ExcCode Field

Exception Code Value

Decimal Hexadecimal | Mnemonic Description

o

16#00

Int Interrupt

16#01

Mod TLB modification exception

16#02

TLBL TLB exception (load or instruction fetch)

16#03

TLBS TLB exception (store)

16#04

AdEL Address error exception (load or instruction fetch)

16#05

AdES Address error exception (store)

16#06

IBE Bus error exception (instruction fetch)

16#07

DBE Bus error exception (data reference: load

or store)

16#08

Sys Syscall exception

O|l | N[O | W] N P

16#09

Bp Breakpoint exception. If an SDBBP instruction is executed whilethe
processor is running in EJTAG Debug Mode, this value is written to
the Debug[DExcCode] field to denote an SDBBP in Debug Mode.

10

16#0a

RI Reserved instruction exception

11

16#0b

CpU Coprocessor Unusable exception

12

16#0c

Ov Arithmetic Overflow exception

13

16#0d

Tr Trap exception
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Table E.22 Cause Register ExcCode Field (Continued)

Exception Code Value
Decimal Hexadecimal | Mnemonic Description
14 16#0e - Reserved
15 16#0f FPE Floating point exception
16 16#10 IS1 Coprocessor 2 implementation specific exception
17 16#11 CEU CorExtend Unusable
18 16#12 C2E Precise Coprocessor 2 exception
19-22 16#13-16#16 - Reserved
23 16#17 WATCH Reference to WatchHi/WatchLo address
24 16#18 M Check Machine check
30 16#1e CacheErr Cache error. In normal mode, a cache error exception has a dedi-
cated vector and the Cause register is not updated. If a cache error
occurs while in Debug Mode, this code is written to the
Debug[DExcCode] field to indicate that re-entry to Debug Mode
was caused by a cache error.
31 16#1f - Reserved

E.2.17 Exception Program Counter (CPO Register 14, Select 0)

The Exception Program Counter (EPC) isaread/write register that contains the address at which processing resumes
after an exception has been serviced. All bits of the EPC register are significant and must be writable.

For synchronous (precise) exceptions, the EPC contains one of the following:
» Thevirtual address of the instruction that was the direct cause of the exception

» Thevirtual address of theimmediately preceding branch or jump instruction, when the exception causing
instruction isin abranch delay dot and the Branch Delay bit in the Cause register is set.

On new exceptions, the processor does not write to the EPC register when the EXL bit in the Status register is set,
however, the register can still be written viathe MTCO instruction.

In processors that implement the MIPS16 ASE, aread of the EPC register (viaMFCO) returnsthe following valuein
the destination GPR:

GPR[rt] ¢« ExceptionPCs; ; || ISAMode,

That is, the upper 31 bits of the exception PC are combined with the lower bit of the ISAMode field and written to the
GPR.

Similarly, awrite to the EPC register (via M TCOQ) takes the value from the GPR and distributes that value to the
exception PC and the ISAMode field, as follows

ExceptionPC « GPR[rtls; 1 || O
ISAMode « 2#0 || GPR[rt],
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That is, the upper 31 bits of the GPR are written to the upper 31 bits of the exception PC, and the lower bit of the
exception PC is cleared. The upper bit of the ISAMode field is cleared and the lower bit isloaded from the lower bit

of the GPR.
Figure E-18 EPC Register Format
31 0
EPC
Table E.23 EPC Register Field Description
Fields
Read /
Name Bit(s) Description Write Reset State
EPC 31:0 Exception Program Counter. R/W Undefined

E.2.18 Processor Identification (CPO Register 15, Select 0)

The Processor Identification (PRId) register isa 32 bit read-only register that contains information identifying the
manufacturer, manufacturer options, processor identification, and revision level of the processor.

Figure E-19 PRId Register Format
31 24 23 16 15 8 7 0

CompanyOption Company ID Processor ID Revision

Table E.24 PRId Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
Company 31:24 Implementation specific values R Preset
Option
Company 23:16 | Identifies the company that designed or manufactured the pro- R 1
ID cessor. In the 34K thisfield contains avalue of 1 to indicate
MIPS Technologies, Inc.
Processor 15:8 Identifies the type of processor. Thisfield allows software to R 0x93
ID distinguish between the various types of MIPS Technologies
processors.
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Table E.24 PRId Register Field Descriptions (Continued)

Fields
Read /
Name Bit(s) Description Write Reset State
Revision 7.0 Specifies the revision number of the processor. Thisfield R Preset

allows software to distinguish between one revision and
another of the same processor type.
Thisfield is broken up into the following three subfields:

Bit(s) Name Meaning
75 Major | Thisnumber isincreased on major
Revision |revisions of the processor core
4:2 Minor | This number isincreased on each

Revision |incremental revision of the proces-
sor and reset on each new major
revision

1.0 Patch | If apatchismadeto modify an older
Level |revision of the processor, thisfield
will be incremented

E.2.19 EBase Register (CPO Register 15, Select 1)

The EBase register is aread/write register containing the base address of the exception vectors used when
Status[BEV] equals 0, and aread-only CPU number value that may be used by software to distinguish different pro-
€essorsin amulti-processor system.

The EBase register provides the ability for software to identify the specific processor within a multi-processor sys-
tem, and allows the exception vectors for each processor to be different, especially in systems composed of heteroge-
neous processors. Bits 31:12 of the EBase register are concatenated with zeros to form the base of the exception
vectorswhen Status[BEV] is 0. The exception vector base address comes from the fixed defaults when Status[BEV]
is1, or for any EJTAG Debug exception. The reset state of bits 31:12 of the EBase register initialize the exception
base register to 16#8000.0000, providing backward compatibility with Release 1 implementations.

Bits 31:30 of the EBase Register are fixed with the value 2#1 0 to force the exception base address to be in the kseg0
or ksegl unmapped virtual address segments. Bit 29 of exception base address will be forced to 1 on Cache Error
exceptions so the exception handler will be executed from the uncached ksegl segment.

If the value of the exception base register is to be changed, this must be done with Status[BEV] equal 1. The opera-
tion of the processor isUNDEFINED if the Exception Base field is written with adifferent value when Status[BEV]
isO.

Combining bits 31:12 with the Exception Base field allows the base address of the exception vectors to be placed at
any 4K Bbyte page boundary.

Figure E-20 EBase Register Format
31 30 29 12 11 10 9 0

1|0 Exception Base 0 CPUNum
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Table E.25 EBase Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
1 31 This bit isignored on write and returns one on read. R 1
Exception | 29:12 | In conjunction with bits 31..30, this field specifies the base RIW 0
Base address of the exception vectors when Status[BEV] is zero.
CPUNum 9:0 Thisfield specifies the number of the CPU in amulti-processor R Externally Set
system and can be used by software to distinguish a particular
processor from the others. The value in thisfield is set by the
SI_CPUNum[9:0] static input pinsto the core. In asingle pro-
cessor system, this value should be set to zero.
0 30, 11:10 | Must be written as zero; returns zero on read. 0 0

E.2.20 Config Register (CPO Register 16, Select 0)

The Config register specifies various configuration and capabilitiesinformation. Most of the fields in the Config reg-
ister areinitialized by hardware during the Reset exception process, or are constant. The KO, KU, and K23 fields must
be initialized by software in the Reset exception handler, if the reset value is not desired.

Figure E-21 Config Register Format — Select 0
31 30 2827 25 24 23 22 21 2019 18 17 16 15 14 13 12 10 9 7 6 3 2 0

M| K23 KU ISP |DSP|UDI|SB| O |MM| O |BM|BE| AT AR MT 0 KO

Table E.26 Config Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
M 31 Thisbit is hard-wired to ‘1’ to indicate the presence of the R 1

Configl register.

K23 30:28 | Thisfield controls the cacheability of the kseg2 and kseg3 FM: R'W FM: 010
address segmentsin FM implementations. TLB: R TLB: 000
Refer to Table E.27 for the field encoding.

KU 27:25 | Thisfield controls the cacheability of the kuseg and useg FM: RIW FM: 010
address segmentsin FM implementations. TLB: R TLB: 000
Refer to Table E.27 for the field encoding.

ISP 24 I-side ScratchPad RAM present R Preset

DSP 23 D-side ScratchPad RAM present R Preset

uDI 22 This bit indicates that CorExtend User Defined Instructions R Preset
have been implemented.

Encoding Description
0 No User Defined Instructions are imple-
mented
1 User Defined Instructions are implemented
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Table E.26 Config Register Field Descriptions (Continued)

Fields

Name Bit(s)

Description

Read /
Write

Reset State

SB 21

Indicates whether SimpleBE bus mode is enabled. Set via
SI_SimpleBE input pin.

Encoding

Description

0

No reserved byte enables on OCP interface

1

Only simple byte enables allowed on OCP
interface

R

Externaly Set

MM 18

This bit indicates whether write-through merging is enabled in
the 32 byte collapsing write buffer.

Encoding

Description

0

No Merging

1

Merging allowed

BM 16

Burst order. Set via SI_SBlock input pin.

Encoding

Description

0

Sequential

1

SubBlock

Externally Set

BE 15
Set viaSI_En

Indicates the endian mode in which the processor is running.

dian input pin.

Encoding

Description

0

Little endian

1

Big endian

Externaly Set

AT 14:13

Architecture type implemented by the processor. Thisfield is

aways 00 to indicate the MIPS32 architecture.

00

AR

12:10

Architecturerevision level. Thisfield is always 001 to indicate
MIPS32 Release 2.

Encoding

Description

0

Release 1

1

Release 2

2:7

Reserved

001

MT 97 MMU Type:

Encoding

Description

1

Standard TLB

3

Fixed Mapping

0,2 47

Reserved

Preset

KO 2.0
encoding.

Kseg0 coherency algorithm. Refer to Table E.27 for the field

010

0 20:19, 17,
6:3

Must be written as zeros; returns zeros on reads.
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Table E.27 Cache Coherency Attributes

K0(2:0) Value Cache Coherency Attribute
0 Cacheable, non-coherent, write-through, no write allocate
1 Reserved
2 Uncached
3 Cacheable, non-coherent, write-back, write allocate
6 Reserved
7 Uncached Accelerated

E.2.21 Configl Register (CPO Register 16, Select 1)

The Configl register is an adjunct to the Config register and encodes additional information about capabilities
present on the core. All fields in the Configl register are read-only.

Theinstruction and data cache configuration parameters include encodings for the number of sets per way, the line
size, and the associativity. Thetotal cache size for acacheistherefore:

Associativity * Line Size * Sets Per Way

If theline sizeis zero, no cache isimplemented.

Figure E-22 Configl Register Format
31 30 25 24 22 21 19 18 16 15 13 12 10 9 7 6 5 4 3 2 1 0

M MMU Size IS IL 1A DS DL DA C2 |(MD|PC |WR|CA | EP | FP

Table E.28 Configl Register Field Descriptions

Fields
Read /

Name Bit(s) Description Write Reset State

M 31 Thisbit ishard-wired to ‘1’ to indicate the presence of the R 1
Config2 register.

MMU 30:25 | Thisfield containsthe number of entriesinthe TLB minusone. R Preset
Size Thefield isread as 0 decimal if the TLB is not implemented

IS 24:22 | Thisfield contains the number of instruction cache sets per R Preset
way. The corresponding total instruction cache sizeis shownin
parentheses

Encoding Description
0x0 64 (8KB)
Oxl |128 (16KB)
0x2  |256 (32KB)
0x3  [512 (64K B)
0x4:0x7 |Reserved

Programming the MIPS32® 34K™ Core Family, Revision 01.30 187

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



CPO Registers of the 34K Core

Table E.28 Configl Register Field Descriptions (Continued)

Fields
Read /
Name Bit(s) Description Write Reset State
IL 21:19 | Thisfield containstheinstruction cacheline size The cacheline R Preset
sizeisfixed at 32 bytes when the | Cache is present. A value of
0 indicates no | Cache.
Encoding Description
0x0 No ICache present
0x1:0x3 |Reserved
O0x4 32 bytes
0x5:0x7 |Reserved
1A 18:16 [ Thisfield containsthe level of instruction cache associativity R 0x3
Thisfield isfixed at 4-way set associative
Encoding Description
0x0:0x2 |Reserved
0x3 4-way
0x4:0x7 |Reserved
DS 15:13 [ Thisfield contains the number of data cache sets per way. The R Preset
corresponding total data cache size is shown in parentheses
Encoding Description
0x0 64 (8KB)
Ox1 128 (16K B)
0x2 256 (32KB)
0x3 512 (64KB)
0x4:0x7 |Reserved
DL 12:10 | Thisfield contains the data cache line size. The cache line size R Preset
isfixed at 32 byteswhen aDcacheis present. Thisfield reads 0
when a Dcache is hot present.
Encoding Description
0x0 No DCache present
0x1:0x3 |Reserved
Ox4 32 bytes
0x5:0x7 |Reserved
DA 97 Thisfield contains the type of set associativity for the data R 0x3
cache The associativity is fixed at 4-way.
Encoding Description
0x0:0x2 |Reserved
0x3 4-way
0x4:0x7 |Reserved
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E.2 CPO Register Descriptions

Fields Read /
Name Bit(s) Description Write Reset State
Cc2 6 Coprocessor 2 present. R Preset
Encoding Description
0 Coprocessor2 not present
1 Coprocessor2 present
MD MDMX implemented. R 0
PC 4 Performance Counter registers implemented. R
WR Watch registers implemented. R 1
Encoding Description
0 No Watch registers are present
1 One or more Watch registers are present
CA 2 Code compression (MIPS16) implemented. R 1
Encoding Description
0 No MIPS16 present
1 MIPS16 isimplemented
EP 1 EJTAG present: This bit is always set to indicate that the core R 1
implements EJTAG.
FP 0 FPU implemented. R Preset

E.2.22 Config2 Register (CPO Register 16, Select 2)

The Config2 register is an adjunct to the Config register and is reserved to encode additional capabilitiesinforma-
tion. Config2 is alocated for showing the configuration of level 2/3 caches. L2 values reflect the configuration infor-
mation input from the L2 module. L3 fields are reset to 0 because L3 caches are not supported by the 34K core. All
fieldsin the Config2 register are read-only.

Figure E-23 Config2 Register Format

31 30 28 27 24 23 20 19 16 15 13 12 7 4 3
M TU TS TL TA SU SS SL SA
Table E.29 Config2 Register Field Descriptions
Fields
Read /
Name Bit(s) Description Write Reset State
M 31 Thisbit ishard-wired to ‘1’ to indicate the presence of the R 1
Config3 register.
TU 30:28 | Implementation specific tertiary cache control. Tertiary cache R 0
not supported
TS 27:24 | Tertiary cache sets per way. Tertiary cache not supported
TL 23:20 | Tertiary cacheline size. Tertiary cache not supported R
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Table E.29 Config2 Register Field Descriptions (Continued)

Fields
Read /

Name Bit(s) Description Write Reset State

TA 19:16 | Tertiary cache associativity. Tertiary cache not supported R 0

SU 15:13 | Reserved R 0

SS 12:8 Secondary cache sets per way R Preset

Encoding Sets Per Way
64

128

256

512

1024

2048

4096

8192

5 Reserved

o

N OO WIN| P

®
'_\

SL 7.4 Secondary cacheline size R Preset

Encoding Sets Per Way

o

No cache present
4
8
16
32
64
128
256
5 Reserved

N[Ol b~ W NP

@
[y

SA 3.0 Secondary cache associativity R Preset

Encoding Sets Per Way

0 Direct mapped
2

N[ OO AW NP
O N[O O bW

Reserved

d
=
[6)]

E.2.23 Config3 Register (CPO Register 16, Select 3)

The Config3 register encodes additional capabilities. All fields in the Config3 register are read-only.
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Figure E-24 Config3 Register Format
31 30 11 10 9 7 6 5 4 3 2 1 0

M 0 DSPP 0 VEIC| VInt | SP| 0 |MT|SM | TL

Table E.30 Config3 Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
M 31 Thisbit isreserved to indicate if a Config4 register is present. R 0
DSPP 10 DSP Present. Indicates whether support for the DSP ASE is R Preset
implemented.
VEIC 6 Support for an external interrupt controller isimplemented. R Externally Set
Encoding Description

0 Support for EIC interrupt modeis not imple-
mented

1 Support for EIC interrupt mode isimple-
mented

The value of this bit is set by the static input, SI_EICPresent.
This allows external logic to communicate whether an external
interrupt controller is attached to the processor or not.

Vint 5 Vectored interrupts implemented. This bit indicates whether R 1
vectored interrupts are implemented.

Encoding Description

0 Vector interrupts are not implemented
1 Vectored interrupts are implemented

Onthe 34K core, thisbit isalways a1 since vectored interrupts
are implemented.

SP 4 Small (1KByte) page support is implemented, and the R 0
PageGrain register exists. This bit will always be 0 since
small pages are not supported.

Encoding Description

0 Small page support is not implemented
1 Small page support isimplemented

SM 1 This bit indicates whether the SmartMIPS™ ASE isimple- R 0
mented. Since SmartMIPS is not present on the 34K core, this
bit will always be 0.

Encoding Description

0 SmartMIPS ASE is not implemented
1 SmartMIPS ASE isimplemented
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Table E.30 Config3 Register Field Descriptions (Continued)

Fields
Read /
Name Bits Description Write Reset State
TL 0 Trace Logic implemented. This bit indicates whether MIPS R Preset
trace support is implemented.
Encoding Description
0 Tracelogic is not implemented
1 Trace logic isimplemented
0 30:11,9:7, | Must be written as zeros; returns zeros on read 0 0
3

E.2.24 Config7 Register (CPO Register 16, Select 7)

The Config7 register contains implementation specific configuration information. A number of these bits are writ-
able to disable certain performance enhancing features within the core.

Figure E-25 Config7 Register Format
31 18 17 16 15 9 8 7 6 5 4 3 2 1 0

0 FPR|AR 0 ES|0 NBLSU|ULB| BP |RPS|BHT| SL

Table E.31 Config7 Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
0 31:1,15:9, | These bits are unused and should be written as 0. R 0
7

FPR 17 Floating Point Ratio: Indicates clock ratio between integer core R Based on HW
and floating point unit on 34Kf cores. Reads as 0 on 34Kc present
cores.

Encoding Description
0 FP clock frequency is the same as the integer
clock
1 FP clock frequency is one-half the integer
clock

AR 16 Alias removed: This bit indicates that the data cache is orga- R Based on HW
nized to avoid virtual aliasing problems. Thisbit isonly set if present
the data cache config and MMU type would normally cause
diasing - i.e., only for the 32KB data cache and TL B-based
MMU.

ES 8 Externalize Sync: If thisbit is set, the SYNC instruction will R/W 0
cause a SY NC specific transactions to go out on the external
bus. If thisbit is cleared, no transaction will go out, but all
SYNC handling internal to the core will still be performed.
Refer to SYNC instruction description for more information.
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Table E.31 Config7 Register Field Descriptions (Continued)

E.2 CPO Register Descriptions

Fields
Read /
Name Bits Description Write Reset State
NBLSU 5 Non-Blocking LSU: Writing 1 to this field will lock the LSU RIW 0
and ALU pipelines together. Thisforces LSU pipeline stallsto
also stall the ALU pipeline.
ULB 4 Uncached L oads Blocking: Writing 1 to thisfield will make all R/W 0
uncached loads blocking.
BP 3 Branch Prediction: Writing 1 to thisfield will disable al specu- RIW 0
lative branch prediction. The fetch unit will wait for abranch to
be resolved before fetching the target or fall-through path.
RPS 2 Return Prediction Stack: Writing 1 to thisfield will disable the R/W 0
use of the Return Prediction Stack. Returns (JR ra) will stall
instruction fetch until the destination is calcul ated.
BHT 1 Branch History Table: Writing 1 to thisfield will disable the R/W 0
dynamic branch prediction. Branches will be statically pre-
dicted taken.
SL 0 Scheduled Loads: Writing 1 to thisfield will make load misses RIW 0
blocking.

E.2.25 LLAddr Register (CPO Register 17, Select 0)

Figure E-26

E.2.26 WatchLo Register (CPO Register 18, Select 0-3)

The WatchLo and WatchHi registers together provide the interface to a watchpoint debug facility that initiates a

watch exception if an instruction or data access matches the address specified in the registers. As such, they duplicate
some functions of the EJTAG debug solution. Watch exceptions are taken only if the EXL and ERL bits are both zero
inthe Status register. If either bit isaone, the WP bit is set in the Cause register, and the watch exception is deferred
until both the EXL and ERL bits are zero.

There are 4 sets of Watch register pairs (WatchLo, WatchHi). Two of them (select 0, 1) are associated with instruc-
tion addresses only. Thus, only the | bit iswritable, the R and W bits aretied to 0. The other two (select 2, 3) are asso-
ciated with data addresses and can only be used for R or W watchpoints.

The WatchLo register specifies the base virtual address and the type of reference (instruction fetch, load, store) to

match.

31

Figure E-27 WatchLo Register Format

VAddr
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Table E.32 WatchLo Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
VAddr 31:3 Thisfield specifiesthe virtual address to match. Note that this R/W Undefined
is adoubleword address, since bits[2:0] are used to control the
type of match.
| 2 If this bit is set, watch exceptions are enabled for instruction R/W 0
fetches that match the address.
R 1 If thisbit is set, watch exceptions are enabled for |oads that R/W 0
match the address.
W 0 If thisbit is set, watch exceptions are enabled for stores that R/W 0
match the address.

E.2.27 WatchHi Register (CPO Register 19, Select 0-3)

The WatchLo and WatchHi registers together provide the interface to a watchpoint debug facility that initiates a
watch exception if an instruction or data access matches the address specified in the registers. As such, they duplicate
some functions of the EJTAG debug solution. Watch exceptions are taken only if the EXL and ERL bitsare zero in the
Status register. If either bit is a one, then the WP bit is set in the Cause register, and the watch exception is deferred
until both the EXL and ERL bits are zero.

The WatchHi register contains information that qualifies the virtual address specified in the WatchLo register: an
ASD, aGlobal (G) bit, and an optional address mask. If the G bit is 1, then any virtual address reference that matches
the specified address will cause awatch exception. If the G bitisa0, only those virtual address references for which
the ASD value in the WatchHi register matchesthe ASID value in the EntryHi register cause awatch exception. The
optional mask field provides address masking to qualify the address specified in WatchLo.

There are 4 sets of Watch register pairs (WatchLo, WatchHi). Two of them (select O, 1) are associated with instruc-
tion addresses only. Thus, only the | bit is meaningful, the R and W bits are tied to 0. The other two (select 2, 3) are
associated with data addresses and can only be used for R or W watchpoints.

Figure E-28 WatchHi Register Format
31 30 29 24 23 16 15 12 11 3 2 0

M| G 0 ASID 0 Mask I |R|W

Table E.33 WatchHi Register Field Descriptions

Fields
Read /
Name Bit(s) Description Write Reset State
M 31 Indicates the presence of additional Watch registers. R Preset
G 30 If thisbit is one, any address that matches that specified in the R/W Undefined

WatchLo register causes awatch exception. If this bit is zero,
the ASID field of the WatchHi register must match the ASD
field of the EntryHi register to cause a watch exception.

ASID 23:16 | ASD value whichisrequired to match that in the EntryHi reg- RIW Undefined
ister if the G bit is zero in the WatchHi register.
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Table E.33 WatchHi Register Field Descriptions (Continued)

Fields
Read /

Name Bit(s) Description Write Reset State

Mask 11:3 Bit mask that qualifies the addressin the WatchLo register. R/W Undefined
Any bitinthisfield that is a set inhibits the corresponding
address bit from participating in the address match.

| 2 This bit is set by hardware when an instruction fetch condition wiC Undefined
matches the values in this watch register pair. When set, the bit
remains set until cleared by software, which isaccomplished by
writing a 1 to the bit.

R 1 This bit is set by hardware when aload condition matches the wiC Undefined
valuesin this watch register pair. When set, the bit remains set
until cleared by software, which is accomplished by writinga 1
to the bit.

w 0 Thisbit is set by hardware when a store condition matches the wic Undefined
valuesin this watch register pair. When set, the bit remains set
until cleared by software, which is accomplished by writing a1
to the bit.

0 29:24, | Must be written as zero; returns zero on read. 0 0
15:12

E.2.28 Debug Register (CPO Register 23, Select 0)

The Debug register is used to control the debug exception and provide information about the cause of the debug
exception and when re-entering at the debug exception vector due to anormal exception in debug mode. The read
only information bits are updated every time the debug exception is taken or when anormal exception is taken when
already in debug mode.

Only the DM bit and the EJTAGver field are valid when read from non-debug mode; the values of all other bits and
fields are UNPREDICTABLE. Operation of the processor is UNDEFINED if the Debug register is written from
non-debug mode.

Some of the hits and fields are only updated on debug exceptions and/or exceptions in debug mode, as shown below:
 DSS DBp, DDBL, DDBS, DIB, DINT are updated on both debug exceptions and on exceptions in debug modes
»  DExcCode is updated on exceptions in debug mode, and is undefined after a debug exception

« Halt and Doze are updated on a debug exception, and are undefined after an exception in debug mode

» DBD isupdated on both debug and on exceptions in debug modes

All bits and fields are undefined when read from normal mode, except those explicitly described to be defined, e.g.
EJTAGver and DM.

Figure E-29 Debug Register Format
31 30 29 28 27 26 25 24 23 22 21 20 19

DBD|DM | NoDCR| LSNM | Doze | Halt | CountDM | IBusEP | MCheckP | CacheEP | DBUsEP| IEXI DDBSImpr
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18 17 15 14 10 9 8 7 6 5 4 3 2 1 0

DDBLImpr | EJTAGver DExcCode NoSSt | SSt | R | Offline | DINT | DIB | DDBS | DDBL | DBp | DSS

Table E.34 Debug Register Field Descriptions

Fields

Read /
Name Bit(s) Description Write Reset State

DBD 31 Indicates whether the last debug exception or exception in R Undefined
debug mode, occurred in abranch delay dlot:

Encoding Description

0 Not in delay slot
1 In delay slot

DM 30 Indicates that the processor is operating in debug mode: R 0

Encoding Description

0 Processor is operating in non-debug mode

1 Processor is operating in debug mode

NoDCR 29 Indicates whether the dseg memory segment is present: R 0

Encoding Description

0 dseg is present
1 No dseg present

LSNM 28 Controls access of |oad/store between dseg and main memory: R/W 0

Encoding Description

0 Load/stores in dseg address range goes to dseg

1 Load/stores in dseg address range goes to
main memory

Doze 27 Indicates that the processor wasin any kind of low power mode R Undefined
when a debug exception occurred:

Encoding Description

0 Processor not in low power mode when debug
exception occurred

1 Processor in low power mode when debug
exception occurred

Halt 26 Indicates that the internal system bus clock was stopped when R Undefined
the debug exception occurred:

Encoding Description

0 Internal system bus clock stopped

1 Internal system bus clock running

CountDM 25 Indicates the Count register behavior in debug mode. R/W 1

Encoding Description

0 Count register stopped in debug mode
1 Count register is running in debug mode
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Table E.34 Debug Register Field Descriptions (Continued)

Fields

Name

Bit(s)

Description

Read /
Write

Reset State

IBusEP

24

Imprecise instruction fetch Bus Error exception Pending: All
instruction bus errors are precise on the 34K core so this bit
will alwaysread as 0.

Set when an instruction fetch bus error event occursor if alis
written to the bit by software. Cleared when a Bus Error excep-
tion on instruction fetch is taken by the processor, and by reset.
If IBusEP is set when IEXI is cleared, a Bus Error exception on
instruction fetch is taken by the processor, and IBuseP is
cleared.

R

0

MCheckP

23

Indicates that an imprecise Machine Check exception is pend-
ing. Set when a Machine Check exception occursor if alis
written to the bit by software. Cleared when a machine check
exception istaken by the processor, and by reset. If MCheckP is
set when IEXI is cleared, a Machine Check exception is taken
by the processor, and MCheckP is cleared.

CacheEP

22

Indicates that an imprecise Cache Error is pending.

R/W1

DBuUstEP

21

Data access Bus Error exception Pending: Set when an data bus
error event occurs or if a1 iswritten to the bit by software.
Cleared when a Data Bus Error exception is taken by the pro-
cessor, and by reset. If DBUSEP is set when |EXI is cleared, a
Data Bus Error exception is taken by the processor, and
DBuUSEP is cleared.

R/W1

IEXI

20

Imprecise Error eXception Inhibit: Controls exceptions taken
dueto imprecise error indications. Set when the processor takes
adebug exception or exception in debug mode. Cleared by exe-
cution of the DERET instruction; otherwise modifiable by
debug mode software. When IEXI is set, the imprecise error
exception from a bus error on an instruction fetch or data
access, cache error, or machine check isinhibited and deferred
until the bit is cleared.

RIW

DDBSImpr

19

Indicates that an imprecise Debug Data Break Store exception
was taken.

DDBLImpr

18

Indicates that an imprecise Debug Data Break Load exception
was taken.

EJTAGver

17:15

EJTAG version.

Encoding Description

3 Version 3.x

011

DExcCode

14:10

Indicates the cause of the latest exception in debug mode. See
Table E.22 for alist of values.
Value is undefined after a debug exception.

Undefined

NoSST

Indicates whether the single-step feature controllable by the S
bit is available in thisimplementation:

Encoding Description

0 Single-step feature available
1 No single-step feature available
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Table E.34 Debug Register Field Descriptions (Continued)

Fields
Read /
Name Bit(s) Description Write Reset State
SSt 8 Controlsif debug single step exception is enabled: R/W 0

Encoding Description

0 No debug single-step exception enabled
1 Debug single step exception enabled

Thisisimplemented per TC. Global single-step operation of a
V PE can be achieved by setting SSt for all TCs.

Offline 7 Implemented per-TC. When thisbit is1, TCis alowed to exe- R/W 0
cute only in Debug mode.

R 6 Reserved. Must be written as zeros; returns zeros on reads. R 0

DINT 5 Indicates that a debug interrupt exception occurred. Cleared on R Undefined
exception in debug mode.

Encoding Description

0 No debug interrupt exception
1 Debug interrupt exception

DIB 4 Indicates that a debug instruction break exception occurred. R Undefined
Cleared on exception in debug mode.

Encoding Description

0 No debug interrupt exception
1 Debug interrupt exception

DDBS 3 Indicates that a debug data break exception occurred on a store. R Undefined
Cleared on exception in debug mode.

Encoding Description

0 No debug data exception on a store
1 Debug instruction exception on a store

DDBL 2 Indicates that a debug data break exception occurred on aload. R Undefined
Cleared on exception in debug mode.

Encoding Description

0 No debug data exception on aload
1 Debug instruction exception on aload

DBp 1 Indicates that a debug software breakpoint exception occurred. R Undefined
Cleared on exception in debug mode.

Encoding Description

0 No debug software breakpoint exception
1 Debug software breakpoint exception
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Table E.34 Debug Register Field Descriptions (Continued)

Fields
Read /
Name Bit(s) Description Write Reset State
DSS 0 Indicates that a debug single-step exception occurred. Cleared R Undefined
on exception in debug mode.
Encoding Description
0 No debug single-step exception
1 Debug single-step exception
E.2.29 Trace Control Register (CPO Register 23, Select 1)
The TraceControl register configuration is shown below.
Figure E-30 TraceControl Register Format
31 30 29 28 27 26 25 24 23 22 21 20 13 12 5 4 3 2 1 0
TS|UT| O |TB|IO|D|E|K|S|U ASID_M ASID G| TFCR|TLSM|TIM| On

Table E.35 TraceControl Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
TS 31 The trace select bit is used to select between the hardware and R/W 0

the software trace control bits. A value of zero selects the exter-
nal hardware trace block signals, and a value of one selectsthe
trace control bitsin the TraceControl register.

uT 30 Thisbit is used to indicate the type of user-triggered trace R/W Undefined
record. A value of zero implies auser type 1 and avalue of one
implies a user type 2.

The actual triggering of a user trace record happens on awrite
to the UserTraceData register. Thisis a 32-bit register for 32-
bit processors and a 64-bit register for 64-bit processors.

0 29:28 | Reserved for future use; Must be written as zero; returns zero 0 0
on read.
B 27 Trace All Branch. When set to 1, thistellsthe processor to trace R/W Undefined

the PC value for all taken branches, not just the ones whose
branch target address is statically unpredictable.

10 26 Inhibit Overflow. Thissignal is used to indicate to the core RIW Undefined
tracelogic that slow but complete tracing is desired. Hence, the
core tracing logic must not allow a FIFO overflow and discard
trace data. Thisis achieved by stalling the pipeline when the
FIFO is nearly full, so that no trace records are ever lost.

D 25 When set to one, this enables tracing in Debug Mode. For trace R/W Undefined
to be enabled in Debug mode, the On bit must be one, and
either the G bit must be one, or the current process ASID must
match the ASID field in this register.

When set to zero, trace is disabled in Debug Mode, irrespective
of other bits.
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Table E.35 TraceControl Register Field Descriptions (Continued)

Fields
Read /
Name Bits Description Write Reset State
E 24 When set to one, this enables tracing in Exception Mode. For R/W Undefined

trace to be enabled in Exception mode, the On bit must be one,
and either the G bit must be one, or the current process ASID
must match the ASID field in this register.

When set to zero, trace is disabled in Exception Mode, irrespec-
tive of other bits.

K 23 When set to one, this enables tracing in Kernel Mode. For trace R/W Undefined
to be enabled in Kernel mode, the On bit must be one, and
either the G bit must be one, or the current process ASID must
match the ASID field in this register.

When set to zero, trace is disabled in Kernel Mode, irrespective
of other bits.

S 22 When set to one, this enables tracing in Supervisor Mode.For R/W Undefined
trace to be enabled in Supervisor mode, the On bit must be one,
and either the G bit must be one, or the current process ASID
must match the ASID field in this register.

When set to zero, traceis disabled in Supervisor Mode, irre-
spective of other bits.

If the processor does not implement Supervisor Mode, this bit
isignored on write and returns zero on read.

U 21 When set to one, this enablestracing in User Mode. For traceto R/W Undefined
be enabled in User mode, the On bit must be one, and either the
G bit must be one, or the current process ASID must match the
ASID field in this register.

When set to zero, trace is disabled in User Mode, irrespective
of other bits.

ASID_M 20:13 | Thisisamask value applied to the ASID comparison (done R/W Undefined
when the G bitiszero). A “1” in any bit in thisfield inhibitsthe
corresponding ASID bit from participating in the match. As
such, avalue of zero in thisfield compares al bits of ASID.
Note that the ability to mask the ASID valueis not available in
the hardware signal hit; it is only available viathe software
control register.

If the processor does not implement the standard TL B-based
MMU, thisfield isignored on write and returns zero on read.

ASID 12:5 The ASID field to match when the G bit is zero. When the G bit R/W Undefined
isone, thisfield isignored.

If the processor does not implement the standard TL B-based
MMU, thisfield isignored on write and returns zero on read.

G 4 When set, thisimplies that tracing is to be enabled for all pro- R/W Undefined
cesses, provided that other enabling functions (like U, S, etc.,)
are also true.

If the processor does not implement the standard TL B-based
MMU, thisfield isignored on write and returns 1 on read. This
causes all match equations to work correctly in the absence of
an ASID.

TFCR 3 When asserted, used to trace function call and return instruc- R/W Undefined
tions with full PC values.

200 Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.



E.2 CPO Register Descriptions

Table E.35 TraceControl Register Field Descriptions (Continued)

Fields
Read /

Name Bits Description Write Reset State

TLSM 2 When asserted, used to trace data cache load and store misses R/W Undefined
with full PC values, and potentially the data address and value
aswell.

TIM 1 When asserted, used to trace instruction miss with full PC val- R/W Undefined
ues.
On 0 Thisisthe master trace enable switch in software control. R/W 0

When zero, tracing is always disabled. When set to one, tracing
is enabled whenever the other enabling functions are al so true.

E.2.30 Trace Control2 Register (CPO Register 23, Select 2)

The TraceControl2 register provides additional control and status information. Note that some fields in the
TraceControl2 register are read-only, but have areset state of “Undefined”. Thisis because these values are loaded
from the Trace Control Block (TCB). As such, these fieldsin the TraceControl2 register will not have valid values
until the TCB asserts these val ues.

Thisregister is only implemented if the MIPS Trace capability is present.

Figure E-31 TraceControl2 Register Format
31 30 29 28 21 20 19 12 11 7 6 5 4 3 2

0 |CPUIdV CPUId TCV TCNum Mode VaidModes | TBI | TBU | SyP

Table E.36 TraceControl2 Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
0 31:30 | Reserved for future use; Must be written as zero; returns zero 0 0

on read.

CPUIdV 29 When set, this bit specifies the VPE defined in CPUId must be R/W
traced. Otherwise, instructions from all VPEs are traced when
other conditionsfor tracing are valid. Thisbit isignored if TCV

is asserted.
CPUId 28:21 | Thisfield specifies the number of the VPE to trace when R/W
CPUIAV is set.
TCV 20 When set, the TCNum field specifies the number of the TC that R/W

must be traced. Otherwise, instructions from all TCs are traced
when other conditions for tracing are valid.

TCNum 19:12 | Specifiesthe TC to trace when TCV is set. The right-most bits R/W
only are used.
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Table E.36 TraceControl2 Register Field Descriptions

Fields
Read /

Name Bits Description Write Reset State

Mode 11.7 These 5 bits provide the same trace mode functions as the R/W Undefined
PDI_TraceMode[4:0] signal, and is described here again.
When tracing isturned on, this signal specifies what informa-
tionisto be traced by the core. It uses 5 bits, where each bit
turnson atracing of a specific tracing when that bit valueisal.
If the corresponding bit is 0, then the Trace Value shown in col-
umn two is not traced by the processor.

Onthe 34K core PC tracing is always enabled, regardless of the
value on bit 23.ode. The table shows what trace value is turned
on:

Bit Trace the Following

PC

Load address
Store address
Load data
Store data

AW N O

Valid- 6:5 Thisfield specifies the subset of tracing that is supported by the R Preset
Modes processor.

Encoding Meaning

00 PC tracing only
01 PC and load and store address tracing only

10 PC, load and store address, and load and store
data

11 Reserved

TBI 4

_|

his bit indicates how many trace buffers are implemented by R Undefined
the TCB, asfollows:

Encoding Meaning

0 Only one trace buffer isimplemented, and the
TBU bhit of thisregister indicates which trace
buffer isimplemented

1 Both on-chip and off-chip trace buffers are
implemented by the TCB and the TBU hit of
thisregister indicates to which trace buffer the
tracesis currently written.

This bit isloaded from the PDI_TBImpl signal when the
PDI_SyncOffEn signal is asserted.
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Table E.36 TraceControl2 Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
TBU 3 This bit denotes to which trace buffer the trace is currently R Undefined

being written and is used to sel ect the appropriate interpretation
of the TraceControl2[SyP] field.

Encoding Meaning
0 Trace datais being sent to an on-chip trace
buffer
1 Trace Datais being sent to an off-chip trace
buffer

This bit is loaded from the PDI_OffChipTB signa when the
PDI_SyncOffEn signal is asserted.

SyP 2.0 The period (in cycles) to which the internal synchronization R Undefined
counter is reset when tracing is started, or when the synchroni-
zation counter has overflowed.

SyP Sync Period
000 25
001 26
010 27
011 28
100 29
101 210
110 011
11 12

Thisfield isloaded from the PDI_SyncPeriod signal when the
PDI_SyncOffEn signal is asserted.

E.2.31 User Trace Data Register (CP0O Register 23, Select 3)

A software write to any bitsin the UserTraceData register will trigger atrace record to be written indicating a type
1 or type 2 user format. The typeis based on the UT bit in the TraceControl register. This register cannot be written
in consecutive cycles. The trace output datais UNPREDICTABLE if thisregister iswritten in consecutive cycles.

Thisregister is only implemented if the MIPS Trace capability is present.

Figure E-32 User Trace Data Register Format
31 0

Data
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Table E.37 UserTraceData Register Field Descriptions

user format trace record out of the PDtrace interface that trans-
mits the Data field to trace memory.

Fields
Read /
Name Bits Description Write Reset State
Data 31.0 Software readable/writable data. When written, thistriggers a R/W 0

E.2.32 TracelBPC Register (CPO Register 23, Select 4)

The TracelBPC register is used to control start and stop of tracing using an EJTAG Instruction Hardware breakpoint.
The Instruction Hardware breakpoint would then be set as atrigger source and optionally also as a Debug exception

breakpoint.

Thisregister is only implemented if both Hardware breakpoints and the MIPS Trace capability are present.

31 29 28 27

Figure E-33 TracelBPC Register Format
12 11 9

8 6

5

0 IE

0 IBPC,

IBPC,

IBPC, | IBPC,

Table E.38 TracelBPC Register Field Descriptions

Fields

Name

Bits

Description

Read /
Write

Reset State

31:29,
2712

Reserved for future implementation

R

0/1

28

Used to specify whether the trigger signal from EJTAG instruc-
tion breakpoint should trigger tracing functions or not:

Encoding Meaning

0 Disables trigger signals from instruction
breakpoints

1 Enablestrigger signals from instruction break-
points

RIW

IBPC,

3n-1:3n-3

The three bits are decoded to enable different tracing modes.
Table E.40 showsthe possibleinterpretations. Each set of 3 hits
represents the encoding for the instruction breakpoint nin the
EJTAG implementation, if it exists. If the breakpoint does not
exist then the bits are reserved, read as zero and writes are
ignored.

If bit 27 is zero, bits 3n-1:3n-2 areignored, and only the bottom
bit 3n-3 isused to start and stop tracing as specified in versions
less than 4.00 of this specification.

E.2.33 TraceDBPC Register (CPO Register 23, Select 5)

The TraceDBPC register is used to control start and stop of tracing using an EJTAG Data Hardware breakpoint. The
Data Hardware breakpoint would then be set as atrigger source and optionally also as a Debug exception breakpoint.

Thisregister is only implemented if both Hardware breakpoints and the MIPS Trace capability are present
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Figure E-34 TraceDBPC Register Format

E.2 CPO Register Descriptions

31 29 28 27 6 5 3 2 0
0 DE 0 DBPC; | DBPCy
Table E.39 TraceDBPC Register Field Descriptions
Fields
Read /
Name Bits Description Write Reset State
0 31:29, |Reserved for future implementation R 0/1
27:6
DE 28 Used to specify whether the trigger signal from EJTAG data R/W 0
breakpoint should trigger tracing functions or not:
Encoding Meaning
0 Disables trigger signals from data breakpoints
1 Enables trigger signals from data breakpoints
DBPC,, | 3n-1:3n-3 | Thethree bits are decoded to enable different tracing modes. R/W 0

Table E.40 showsthe possible interpretations. Each set of 3 bits
represents the encoding for the data breakpoint n in the EJTAG
implementation, if it exists. If the breakpoint does not exist then
the bits are reserved, read as zero and writes are ignored.

If ATE is zero, bits 3n-1:3n-2 are ignored, and only the bottom
bit 3n-3 isused to start and stop tracing as specified in versions
less than 4.00 of this specification.

Table E.40 BreakPoint Control Modes: IBPC and DBP

Value Trigger Action Description
000 Unconditional Trace Stop Unconditionally stop tracing if tracing was turned on. If
tracing is aready off, then thereis no effect.
001 Unconditional Trace Start Unconditionally start tracing if tracing was turned off. If
tracing is already turned off then thereis no effect.
010to 111 Not used Reserved for future implementation

E.2.34 Debug Exception Program Counter Register (CPO Register 24, Select 0)

The Debug Exception Program Counter (DEPC) register is aread/write register that contains the address at which
processing resumes after a debug exception or debug mode exception has been serviced.

For synchronous (precise) debug and debug mode exceptions, the DEPC contains either:

» Thevirtual address of the instruction that was the direct cause of the debug exception, or

» Thevirtual address of theimmediately preceding branch or jump instruction, when the debug exception causing
instruction isin abranch delay dot, and the Debug Branch Delay (DBD) bit in the Debug register is set.

For asynchronous debug exceptions (debug interrupt), the DEPC contains the virtual address of the instruction where
execution should resume after the debug handler code is executed.
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31

In processors that implement the MIPS16 ASE, aread of the DEPC register (via MFCO) returns the following value
in the destination GPR:

GPR[rt] « DebugExceptionPC;; ¢ || ISAMode,

That is, the upper 31 bits of the debug exception PC are combined with the lower bit of the ISAMode field and writ-
ten to the GPR.

Similarly, awrite to the DEPC register (via MTCO) takes the value from the GPR and distributes that value to the
debug exception PC and the ISAMode field, as follows

DebugExceptionPC « GPR[rtls; ;1 || O
ISAMode « 2#0 || GPR[rt],

That is, the upper 31 bits of the GPR are written to the upper 31 bits of the debug exception PC, and the lower bit of
the debug exception PC is cleared. The upper bit of the ISAModefield is cleared and the lower hit isloaded from the
lower bit of the GPR.

Figure E-35 DEPC Register Format

DEPC

Table E.41 DEPC Register Formats

Fields
Read /
Name Bit(s) Description Write Reset
DEPC 31:0 The DEPC register is updated with the virtual address of the R/W Undefined

instruction that caused the debug exception. If theinstructionis
in the branch delay slot, then the virtual address of the immedi-
ately preceding branch or jJump instruction is placed in this reg-
ister.

Execution of the DERET instruction causes ajump to the
addressin the DEPC.

E.2.35 Performance Counter Register (CPO Register 25, select 0-3)

206

The 34K processor defines four performance counters and four associated control registers, which are mapped to CPO
register 25. The select field of the MTCO/MFCO instructions are used to select the specific register accessed by the
instruction, as shown in Table E.42.

Table E.42 Performance Counter Register Selects

Select[2:0] Register

0 Register 0 Control

Register 0 Count

Register 1 Control

Register 1 Count

Register 2 Control

Register 2 Count

OO |l W NP

Register 3 Control
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Table E.42 Performance Counter Register Selects

Select[2:0] Register

7 Register 3 Count

Each counter is a 32-bit read/write register and isincremented 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.

Bit 31 of each of the counters are AND’ ed with an interrupt enable bit, I1E, of their respective control register, and

then OR'’ ed together to create the SI_PCI output. This signal is combined with one of the SI_Int pinsto signal an

interrupt to the core. Counting is not affected by the interrupt indication. This output is cleared when the counter

wrapsto zero, and may be cleared in software by writing avalue with bit 31 = 0 to the Performance Counter Count

registers.
Figure E-36 Performance Counter Control Register
31]30 29‘ ‘22 21 ‘ 20 19‘ ‘16 15‘ ‘12 11‘ ‘5 473f2[1] o
M| O TCID MT_EN VPEID 0 Event IE|U| S|K|EXL

Table E.43 Performance Counter Control Register Field Descriptions

Fields

Kernel Mode when EXL and ERL both are 0.

Read/
Name Bits Description Write Reset State
M 31 If this bit is one, another pair of Performance Control and R 1 for counter O
Counter registersisimplemented at aMTCO or MFCO select 0 for counter 1
field value of ‘n+2" and ‘n+3'.
TCID 29:22 | Specifies which TC events should be counted for if per-TC RIW Undefined
counting is enabled.
MT_EN 21:20 | Specifies which events should be counted: R/W Undefined
Encoding Meaning
00 Count eventsfrom all TCs & VPEs
01 Count events from all TCs of the VVPE speci-
fied in VPEID
10 Count events from the TC specified in TCID
11 Reserved
VPEID 19:16 | Specifies which VPE events should be counter for if per-VPE RIW Undefined
counting is enabled.
Event 11:5 Counter event enabled for this counter. Possible events are R/W Undefined
listed in Table 8.3 on page 118.
IE 4 Counter Interrupt Enable. This bit masks bit 31 of the associ- R/W 0
ated count register from the interrupt exception request output.
U 3 Count in User Mode. When this bit is set, the specified event is R/W Undefined
counted in User Mode.
S 2 Count in Supervisor Mode. When this bit is set, the specified R/W Undefined
event is counted in Supervisor Mode.
K 1 Count in Kernel Mode. When this bit is set, count the event in R/W Undefined

Programming the MIPS32® 34K™ Core Family, Revision 01.30

Copyright © 2004-2006 MIPS Technologies Inc. All rights reserved.

207



CPO Registers of the 34K Core

208

Table E.43 Performance Counter Control Register Field Descriptions (Continued)

Fields
Read/
Name Bits Description Write Reset State
EXL 0 Count when EXL. When this bit is set, count the event when R/W Undefined
EXL =1and ERL =0.
0 30, 15:12 | Must be written as zeroes; returns zeroes when read. 0 0

The different events which are countable are listed in Section 8.4, "Performance counters’ on page 115.

The performance counter resets to alow-power state, in which none of the counters will start counting events until
software has enabled event counting, using an MTCO instruction to the Performance Counter Control Registers.

Figure E-37 Performance Counter Count Register
31 0

Counter

Table E.44 Performance Counter Count Register Field Descriptions

Fields
Read /
Name Bits Description Write Reset State
Counter 31:.0 Counter R/W Undefined

E.2.36 ErrCtl Register (CPO Register 26, Select 0)

The ErrCtl register controls parity protection of data and instruction caches and provides for software testing of the
way-selection and scratchpad RAMs.

Parity protection can be enabled or disabled using the PE bit. When parity is enabled and the PO bit is deasserted, the
CACHE Index Store Tag and Index Store Data operations will internally generate parity to be written into the RAM
arrays. However, when the PO bit is asserted, tag array parity iswritten using the P bit of the TagLo register and data
array parity iswritten using the PI/PD bits of ErrCtl.

A CACHE Index Load Tag operation to the instruction cache will update the PCI field with the instruction precode
bits from the data array and the PI field with the parity bitsfrom the dataarray if parity is supported. A CACHE Index
L oad Tag operation to the data cache will cause the PD bitsto be updated with the byte parity for the selected word of
the data array if parity isimplemented. If parity is disabled or not implemented, the contents of the Pl and PD fields
after a CACHE Index Load Tag operation will be 0.

The PCO field can be used for testing the precode bits of the instruction cache data array. When the PCO bit is
cleared, the CACHE Index Store Data instruction will internally generate the precode bits to be written into the
instruction cache data array. However, when the PCO bit is set, the CACHE Index Store Datainstruction will write
the value in the PCI field to the precode bits in the data array. Setting an illegal value in the precode bits will cause
unpredictable behavior. This mechanism should only be used for software testing of the cache arrays. Furthermore,
the cache should be flushed after testing.

The way- selection RAM test mode is enabled by setting the WST bit. This mode isintended for software testing of
the way-selection RAM and data RAM. It modifies the functionality of the CACHE Index Load Tag and Index Store
Tag operations so that they modify the way-selection RAM instead of the TAG RAMSs. In addition, when the WST bit
is set, the CACHE Index Store Data can be used for testing the data RAM.
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Setting the SPR bit enables scratchpad test mode. This mode allows reading and writing of the scratchpad pseudo-
tags as well the scratchpad data array.

Setting the ITC bit enables access to the I TC pseudo-tags that control the addressing information

At most one of the WST, SPR, and ITC bits should be set. Setting multiple bits will lead to unpredictable behavior.

Figure E-38 ErrCtl Register
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28 27
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Table E.45 ErrCtl Register Field Descriptions

Fields

Name

Bits

Description

Read /
Write

Reset State

PE

31

Parity Enable. This bit enables or disables the cache parity pro-
tection for both the instruction cache and the data cache.

Encoding Meaning

0 Parity disabled

1 Parity enabled
Thisfield isonly write-able if the cache parity option was
implemented when the core was built. If cache parity is not
supported, thisfield is always read as 0. Software can test for

cache parity support by attempting to write a1 to thisfield,
then read back the value.

R or R'W

0

30

Parity Overwrite. If set, the PI/PD fields of this register over-
writes calculated parity for the data array. In addition, the P
field of the TagL o register overwrites calculated parity for the
tag array. This bit only has significance during CACHE Index
Store Tag and CACHE Index Store Data operations.

Encoding Meaning

0 Use calculated parity
1 Override calculated parity

WST

29

Way Selection Test. If set, way-selection RAM test mode is
enabled. This affects only the CACHE instruction operation.

Encoding Meaning

0 Test mode disabled
1 Test mode enabled

SPR

28

ScratchPadRAM test. If set, indexed CACHE instructions oper-
ate on the ScratchPad RAM. Undefined behavior if ScratchPad
RAM isnot present
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Table E.45 ErrCtl Register Field Descriptions

Fields
Read /

Name Bits Description Write Reset State

PCO 27 Precode override. If set, the contents of the PCI field overwrite RIW 0
the calculated precode bits when data is written to the instruc-
tion cache for indexed CACHE instruction operations.

Encoding Meaning

0 Use calculated precode
1 Override calculated precode

ITC 26 InterThread Communication. If set, Index Load Tag and Index R/W 0
Store Tag CACHE instructions operate on the ITC tag.

LBE 25 Bit indicating that the most recent Data Bus Error wasinvolved RIW Undefined
aload instruction. A Per-TC BE bit will indicate which TCs
were impacted.

WABE 24 Bit indicating that the most recent Data Bus Error was dueto a R/W Undefined
write allocate and that store datawas lost. Thereisno indica
tion of which TC(s) the store request came from.

It is possible for both LBE and WABE to be set if the bus error
was on aline being used for both loads and stores.

0 23:19 | Must be written as zeroes; returns zeroes when read. 0 0

PCI 18:13 | Instruction precode bits read from or written to the instruction RIW Undefined
cache data RAM.

PI 12:4 Parity bit read from or written to instruction cache data RAM. R/W Undefined

Bits Meaning

12 Even parity bit for the pre-code bits
11:4  |Per-byte even parity bits for the 64b of data

PD 3.0 Parity bitsread from or written to data cache data RAM. PD[ 0] R/W Undefined
is even parity for the least-significant byte of the requested
data.

E.2.37 CacheErr Register (CPO Register 27, Select 0)

The CachekErr register provides an interface with the cache error-detection logic. When a Cache Error exception is
signalled, the fields of this register are set accordingly.

Figure E-39 CacheErr Register
31 30 29 28 27 26 25 24 23 22 21 20 19 0

ER|EC|ED|ET | ES|EE|EB | EF| SP |EW| Way Index
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Table E.46 CacheErr Register Field Descriptions

Fields

Name

Bits

Description

Read /

Write Reset State

ER

31

Error Reference. Indicates the type of reference that encoun-

tered an error.

Encoding

Meaning

0

Instruction

1

Data

R Undefined

EC

30

Indicates the cache level at which the error was detected:

Encoding

Meaning

0

Primary

1

Non-primary

R Undefined

ED

29

m

rror Data. Indicates adata RAM error.

Encoding

Meaning

0

No data RAM error detected

1

Data RAM error detected

R Undefined

ET

28

m

rror Teg. Ind

icates atag RAM error.

Encoding

Meaning

0

No tag RAM error detected

1

Tag RAM error detected

R Undefined

ES

27

m

rror source. |

ndicates whether error was caused by internal

processor or external snoop request.

Encoding

Meaning

0

Error on internal request

1

Error on externa request

R Undefined

EE

26

Error external: Indicates whether a bus parity error was

detected.
Not supported

EB

25

Error Both. Indicates that a data cache error occurred in addi-

tion to an instruction cache error.

Encoding

Meaning

0

No additional data cache error

1

Additional data cache error

In the case of an additional data cache error, the remainder of

thebitsin thisregister are set according to the instruction cache

error.

R Undefined
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Table E.46 CacheErr Register Field Descriptions (Continued)

Fields
Read /

Name Bits Description Write Reset State

EF 24 Error Fatal. Indicates that afatal cache error has occurred. R Undefined

There are afew situations where software will not be ableto get

al information about a cache error from the CacheErr register.

These situations are fatal because software cannot determine

which memory locations have been affected by the error. To

enable software to detect these cases, the EF hit (bit 24) has

been added to the CacheErr register.

The following 6 cases areindicated as fatal cache errors by the

EF bit:

E.46.1 Dirty parity error in dirty victim (dirty bit cleared in
tag)

E.46.2 Tag parity error in dirty victim

E.46.3 Dataparity error in dirty victim

E.46.4 WB store miss and EW error at the requested index

E.46.5 Dual/Triple errors from different transactions, e.g.
scheduled and non-scheduled |oad.

E.46.6 Multiple data cache errors detected before the first
instruction of the cache error handler isissued.

In addition to the above, simultaneous instruction and data

cache errors asindicated by CacheErr[EB] will causeinforma-

tion about the data cache error to be unavailable. However, that

situation is not indicated by CacheErr[EF].

SP 23 Scratchpad. Indicates Scratchpad RAM parity error. R 0

Encoding Meaning

0 No Scratchpad RAM error detected
1 Scratchpad RAM error detected

N
N
m

rror Way. Indicates away selection RAM error. R Undefined

Encoding Meaning

0 No way selection RAM error detected
1 Way selection RAM error detected

Way 21:20 | Way. Specifies the cache way in which the error was detected. R Undefined
Itisnot valid if aTag RAM error is detected (ET=1) or Scratch-
pad RAM error is detected (SP=1).

Index 19:0 Index. Specifies the cache or Scratchpad RAM index of the R Undefined
double word in which the error was detected. The way of the
faulty cacheiswritten by hardware in the Way field. Software
must combine the Way and Index read in this register with
cache configuration information in the Configl register in
order to obtain an index which can be used in an indexed
CACHE instruction to access the faulty cache data or tag. Note
that Index is aligned as a byte index, so it does not need to be
shifted by software beforeit is used in an indexed CACHE
instruction. Index bits[4:3] are undefined upon tag RAM errors
and Index bits above the MSB actually used for cache indexing
will also be undefined.

Bits[19:16] are only used for errorsin the Scratchpad RAM.
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E.2.38 TagLo Register (CPO Register 28, Select 0,2,4)

The TagLo register acts as the interface to the cache tag array. The Index Store Tag and Index L oad Tag operations of
the CACHE instruction use the TagLo register as the source of tag information. Note that the 34K core does not
implement the TagHi register.

When the WST hit of the ErrCtl register is asserted, this register becomes the interface to the way-selection RAM. In
this mode, the fields are redefined to give appropriate access the contents of the WS array instead of the Tag array.

Note that there are separate registers for each of the caches (L1 I-cache: select 0, L1 D-cache: select 2, L2 cache:

select 4).
Figure E-40 TagLo Register Format (ErrCtl[WST]=0, ErrCtI[SPR]=0)
Al [T PP P efeofefefrfelsfef [ [*]°
PTagLo U R |V|D|L R P
Figure E-41 TagLo Register Format (ErrCtI[WST]=1, ErrCtI[SPR]=0)
31‘ ‘24 23‘ ‘20 19‘ 15‘ ‘10 9‘8 7‘ ‘5 4‘ ‘1 0
Unused WSDP WSD WSLRU R Unused R U
Figure E-42 TagLo Register Format (ErrCtI[WST]=0, ErrCtI[SPR]=1)
eofat] [ I [T [T T [l [ [T [ ] [ [ [e[7]e[ [[]T]]°
0 BasePA 0 E 0
1 0 Size 0
Table E.47 TagLo Register Field Descriptions
Fields
Read /
Name Bit(s) Description Write Reset State
Unused/U | various | Not used in certain modes of operation. R/W Undefined
PTagLo 31:11 | Thisfield containsthe physical address of the cacheline. Bit 31 R/W Undefined
corresponds to bit 31 of the PA and bit 11 correspondsto bit 11
of the PA.
Bit 11 isonly used when 8KB caches are implemented. For
other cache sizes, this bit will not exist in the tag and will be
written as a 0 on IndexL oadTag operations.
R 9:8,4:1 | Must be written as zero; returns zero on read. 0 0
7 Thisfield indicates whether the cachelineisvalid. RIW Undefined
D 6 Thisfield indicates whether the cache lineis dirty. It will only RIW Undefined
be set if bit 7 (valid) is also set. For L1 I-cache, this field must
be written as zero and returns zero on read.
L 5 Specifiesthelock bit for the cache tag. When this bit is set, and R/W Undefined
the valid hit is set, the corresponding cache line will not be
replaced by the cache replacement algorithm.
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Table E.47 TagLo Register Field Descriptions (Continued)

Fields
Read /

Name Bit(s) Description Write Reset State

P 0 Parity. Specifies the parity bit for the cache tag. Thisbitis R/W Undefined
updated with tag array parity on CACHE Index Load Tag oper-
ations and used astag array parity on Index Store Tag opera-
tions when the PO bhit of the ErrCtl register is set.

NOTE: For the Data cache, this parity does not cover the dirty
bit; the dirty bit has a separate parity bit placed in the way
selection RAM.

WSDP 23:20 | Dirty Parity (Optiona, D-side only). Thisfield contains the RIW Undefined
value read from the WS array during a CACHE Index Load WS
operation.

If the PO field of the ErrCtl register is asserted, then thisfield
is used to store the dirty parity bits during a CACHE Index
Store WS operation.

WSsD 19:16 | Dirty bits (D-side only). Thisfield contains the value read from R/W Undefined
the WS array after a CACHE Index Load WS operation. Itis
used to storeinto the WS array during CACHE Index Store WS
operations.

WSLRU 15:10 [LRU bits. Thisfield contains the value read from the WS array R/W Undefined
after a CACHE Index Load WS operation. It is used to store
into the WS array during CACHE Index Store WS operations.

BasePA 31:12 | When reading pseudo-tag O of a scratchpad RAM, thisfield R/W Undefined
will contain bits [31:12] of the base address of the scratchpad
region
E 7 When reading pseudo-tag O of a scratchpad RAM, this bit will R/W Undefined
indicate whether the scratchpad is enabled
Size 19:12 [ When reading pseudo-tag 1 of a scratchpad RAM, thisfield R/W Undefined

indicates the size of the scratchpad array. Thisfield isthe num-
ber of 4KB sectionsit contains. (Combined with the 0'sin 11:0,
the register will contain the number of bytes in the scratchpad

region)

In addition to the three uses of the TagLo register specified above, there is a fourth application where TagLo isused
to access the pseudo-tags (control registers) of the ITC block. Thisis done by executing the Index Store Tag or Index
Load Tag operation of the CACHE instruction with the ErrCtl[ITC] set to 1 (and ErrCtI[SPR]/ErrCtI[WST] set to 0).

E.2.39 DatalLo Register (CPO Register 28, Select 1,3)

The Datalo register is aregister that acts as the interface to the cache data array and isintended for diagnostic oper-
ations only. The Index Load Tag operation of the CACHE instruction reads the corresponding data values into the

Datalo register. If the WST bit in the ErrCtl register is set, then the contents of Datal.o can be written to the cache
data array by doing an Index Store Data CACHE instruction. If the SPR bit in the ErrCtl register is set, then the con-
tents of DatalLo can be written to the scratchpad RAM data array by doing an Index Store Data CACHE instruction.

Note that there are separate Datal o registers for each of the primary caches (L1 I-cache: select 1, L1 D-cache: select
3). This register does not exist for the L2 cache.
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Figure E-43 DataLo Register Format

31 0

DATA

Table E.48 DatalLo Register Field Description

Fields
Read /
Name Bit(s) Description Write Reset State
DATA 31:0 Low-order data read from the cache data array. R/W Undefined

E.2.40 DataHi Register (CPO Register 29, Select 1)

The DataHi register is aregister that acts as the interface to the cache data array and is intended for diagnostic opera-
tions only. The Index Load Tag operation of the CACHE instruction reads the corresponding data values into the
DataHi register. If the WST bit in the ErrCtl register is set, then the contents of DataHi can be written to the cache
data array by doing an Index Store Data CACHE instruction. If the SPR bit in the ErrCtl register is set, then the con-
tents of DataHi can be written to the scratchpad RAM data array by doing an Index Store Data CACHE instruction.

The DataHi register only exists for the Instruction Cache. The interface to the I-cache only operates on pairs of
instructions - the high instruction will be written into the DataHi register.

Note that DataHi and Datal o reflect the memory ordering of the instructions. Depending on the endianness of the
system, InstructionO belongsin either DataHi (BigEndian) or Datalo (LittleEndian) and vice versafor Instructionl.

Figure E-44 DataHi Register Format

31 0

DATA

Table E.49 DataHi Register Field Description

Fields
Read /
Name Bit(s) Description Write Reset State
DATA 31:0 High-order data read from the cache data array. R/W Undefined

E.2.41 ErrorEPC (CPO Register 30, Select 0)

The ErrorEPC register is aread/write register, similar to the EPC register, except that ErrorEPC is used on error
exceptions. All bits of the ErrorEPC register are significant and must be writable. It is also used to store the program
counter on Reset, Soft Reset, and non-maskable interrupt (NMI) exceptions.

The ErrorEPC register contains the virtual address at which instruction processing can resume after servicing an
error. This address can be;

* Thevirtual address of the instruction that caused the exception

»  Thevirtual address of theimmediately preceding branch or jump instruction when the error causing instruction is
in abranch delay dot
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Unlike the EPC register, there is no corresponding branch delay slot indication for the ErrorEPC register.

In processors that implement the MIPS16 ASE, aread of the ErrorEPC register (via MFCO) returns the following
value in the destination GPR:

GPR[rt] « ErrorExceptionPCs; ¢ || ISAMode,

That is, the upper 31 bits of the error exception PC are combined with the lower bit of the ISAMode field and written
to the GPR.

Similarly, awrite to the ErrorEPC register (viaMTCO) takes the value from the GPR and distributes that value to the
error exception PC and the ISAMode field, as follows

ErrprExceptionPC « GPR[rtls; ;1 || O
ISAMode « 2#0 || GPR[rt],

That is, the upper 31 hits of the GPR are written to the upper 31 bits of the error exception PC, and the lower bit of the
error exception PC is cleared. The upper bit of the ISAModefield is cleared and the lower bit is loaded from the

lower bit of the GPR.
Figure E-45 ErrorEPC Register Format
31 0
ErrorEPC
Table E.50 ErrorEPC Register Field Description
Fields
Read /
Name Bit(s) Description Write Reset State
ErrorEPC 31:0 Error Exception Program Counter. R/W Undefined

E.2.42 DeSave Register (CP0O Register 31, Select 0)

The Debug Exception Save (DeSave) register is aread/write register that functions as a simple memory location.
Thisregister is used by the debug exception handler to save one of the GPRs that is then used to save the rest of the
context to a pre-determined memory area (such asin the EJTAG Probe). This register allows the safe debugging of
exception handlers and other types of code where the existence of avalid stack for context saving cannot be assumed.

Figure E-46 DeSave Register Format

AP PP PPl

DESAVE

Table E.51 DeSave Register Field Description

Fields
Read /
Name Bit(s) Description Write Reset State
DESAVE 31:0 Debug exception save contents. R/W Undefined
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Revision History

Revision Date Description

0.50 21st October 2004 First release for the 34K core “ pre-release” package. Statusis preliminary; in
particular note that the MIPS MT ASE description is missing some details
which changed with v0.97 of [MIPSMT].

0.81 24th May 2005  For first customer access (“EA”) release of the 34K core.
More information about the DSP ASE.
Brought up to date with v0.98 of [MIPSMT] and [MIPSDSP].

0.99 3rd August 2005  Preview of text of v1.00 leading up to GA release of the 34K core.

1.00 9th August 2005 For GA release of the 34K core.

1.05  28th September 2005 For GA release of the 34K core.
Better description of policy managers and performance counters.
Compatible with v1.00 of MT ASE and DSP ASE

120 1st March 2006  Incremental improvements with feedback. Change bars are against 1.05.

1.30 26th May 2006  Changes to help customers recycling the manual for reference:

» Added CPO reference-format appendix.

» Complete review of performance counter event description.
« Many small changes in response to feedback.

 Converted to revised document templates.

Change barsvs. 1.20
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