MIPS Technologies, Incorporated 1 o Advanced Superscalar Ar chitectur e

- Supports Four Instr uctions per Cycle - Two Load/Stor e Instr uctions per Cycle - Two Integer and T wo Floating Point Execute Instr uctions per Cycle

o High Performance Design

- 75 MHz Clock Rate - 3.3 Volt Technology - Separate Integer and Floating Point Chips - 300 Double Pr ecision MFLOPS Peak - On-Chip Floating Point Instr uction Queue - Separate 64 bit Load and Stor e Data Busses - Implements MIPS IV Instr uction Set

o High Integration Chip-Set

- R8000 Microprocessor Contains: - 16 KByte Dual Ported Data Cache - 16 KByte Single Ported Instr uction Cache - 384 Entry Dual Ported T ranslation Lookaside Buffer - 1K Entry Branch Pr ediction Cache - Second Level Cache Support o Optimized for Floating Point Performance - Separate-Chip Floating Point Unit - Two Floating point Execution Units - Two Floating Point Arithmetic and T wo Floating Point Memory Operations per Clock - Large Load/Stor e Data Queues

o Second Level Cache Support

- Two 4-Way Set Associative T ag RAM Chips - Delivers T wo 64-bit Operands to the Floating Point Unit Every Clock.

- Each Tag RAM has a Dedicated Bus Interface to the R8000 Micr oprocessor.

o Compatible with Industry Standar ds - ANSI/IEEE Standar d 754-1985 for Binary Floating Point Arithmetic - MIPS III Instr uction Set Compatible - Conforms to MESI Cache Consistency Pr otocol - IEEE Standar d 1149.1/D6 Boundary Scan Architectur e

mips

Open RISC T echnology

R8000 MICROPROCESSOR CHIP SET

The MIPS R8000 Micr oprocessor Chip Set fr om MIPS Technologies implements a super -scalar ar chitectur e, providing super computer performance at a fraction of the cost. The 64 bit ar chitectur e of the MIPS R8000 Micr oprocessor is implemented using separate integer and floating point devices. The impr essive floating point performance of the R8000 Microprocessor Chip Set makes it ideal for applications such as engineering workstations, scientific computing, 3-D graphics workstations, and multi-user systems. The high thr oughput is achieved thr ough complete separation of the integer and floating point functions, the use of wide, dedicated data paths, and lar ge on- and of f- chip caches.

The R8000 Micr oprocessor Chip Set implements the MIPS IV instr uction set. MIPS IV is a superset of the MIPS III instr uction set and is backwar d compatible. Implementing a 3.3 volt technology with a tar get frequency of 75 MHz, the R8000 Microprocessor Chip Set delivers peak performance of 300 MIPS and 300 MFLOPS. The R8000 Micr oprocessor contains 2.6 million transistors. The R8010 floating point unit contains 830 thousand transistors. Each device is housed in a 591 pin PGA package and is fabricated using the VHMOSIII 0.7-micr on silicon technology .

PRODUCT OVERVIEW

August, 1994

MIPS Technologies, Incorporated 2

1.0 INTRODUCTION T O THE R8000 MICROPRO-

CESSOR CHIP SET

2.0 R8000 CHIP-SET FUNCTIONAL UNITS

2.1 R8000 MICROPROCESSOR

2.1.1 Instr uction Cache 2.1.2 Instr uction Cache T ag RAM 2.1.3 Branch Cache 2.1.4 Instr uction Queue 2.1.5 X-Bar 2.1.6 General Purpose Registers 2.1.7 Arithmetic Logic Units 2.1.8 Translation Lookaside Buf fer 2.1.9 Data Cache 2.1.10 Data Cache T ag RAM 2.1.11 Data Cache V alid RAM

2.2 R8010 FLOATING POINT UNIT

2.2.1 R8010 FPU Operations 2.2.2 TBus Interface

2.3 TAG RAM

2.3.1 Tag RAM Or ganization 2.3.2 Cycle Types 2.3.3 Dirty Bit RAM

2.4 STREAMING CACHE DA TA RAM’s

2.4.1 Data RAM Ar chitectur e 2.4.2 Streaming Cache System Ar chitectur e

3.0 RESPONSIBILITIES OF THE CACHE CONTROLLER

3.1 Overview of the Cache Contr oller

3.1.1 Streaming Cache Data Management 3.1.2 Tag RAM Management 3.1.3 TBus Interface

3.1.3.1 R8000 CPU to CC TBus Pr otocol 3.1.3.2 CC to R8000 CPU TBus Pr otocol

MIPS Technologies, Incorporated 3

1.0 INTRODUCTION TO THE R8000 MICROPRO- CESSOR CHIP SET

There are 7 basic parts to the system. Each is explained in more detail in the following pages:

1) R8000 Microprocessor 2) R8010 Floating Point Unit 3) Tag RAM (even addr esses) 4) Tag RAM (odd addr esses) 5) Streaming Cache SRAM (Even data) 6) Streaming Cache SRAM (Odd data) 7) Cache Contr oller

Both the R8000 Micr oprocessor and the R8010 Floating Point Unit have multiple execution units, allowing execution of 4 instuctions per clock; two load/stor e instr uctions and two r egister to r egister or floating point execute instr uctions. Separate integer and floating point units maximize floating point thr oughput and allow for simultaneous execution of integer and floating point instr uctions. The floating point unit contains two pipelines, each of which can perform a double pr ecision multiply-add every cycle. Two identical tag RAM’s stor e addr ess information for the even and odd data banks of the interleaved str eaming cache. The R8000 Micr oprocessor and R8010 Floating Point Unit interface only to the str eaming cache. Updates to the tag RAM’s as well as all transactions r equiring interface to main system memory ar e handled by the cache controller. Separate load and stor e data busses on the floating point unit eliminate bus turnar ound time and allow both loads and stor es to second level cache to execute simultaneously . Multiple tag RAM’s pr ovide an interleaved caching scheme, allowing access times to the cache to be hidden and pr oviding two 64 bit operands to the R8010 FPU every clock.. A separate dirty bit RAM within each T ag RAM allows for updating of the dirty bit status for one cycle at the same time as a T ag RAM access for another cycle.

A set of compound multiply-add instr uctions has been added, taking advantage of the fact that the majority of floating point computations use the chained multiply-add paradigm. The operator for the multiply-add instr uctions is not defined by the IEEE and does not perform intermediate rounding. Eliminating the intermediate r ounding step allows for a lower inher ent latency and has higher pr ecision and higher performance than an operator which performs intermediate r ounding.

A register + r egister addr essing mode for floating point loads and stor es has been added which eliminates the extra integer add r equir ed in many array accesses. Register + register addr essing for integer memory operations is not supported.

A set of four conditional move operators allows IF statements to be r epresented without branches. ‘THEN’ and ‘ELSE’ clauses are computed unconditionally and the results placed in a temporary r egister . Conditional move operators then transfer the temporary r esults to their tr ue register .

To allow the compiler flexibility in scheduling conditional moves and their r elated comparisons, the Condition Code register has been expanded to 8 bits.

Figur e 1 shows a block diagram of the R8000 Micr oprocessor Chip Set. The diagram is divided into two sections seperated by the thick dotted line. All components below the thick dotted line constitute the R8000 Micr oprocessor Chip Set. Those components above the dotted line, the Cache Contr oller and the Data Buf fer Chips, ar e not part of the R8000 Microprocessor Chip Set. Consequently the Cache Contr oller is discussed only in terms of functionality requir ed. Package characteristics and external pinout infor-

MIPS Technologies, Incorporated 4 mation ar e not discussed in this document. Refer to section 3.0 for mor e information on the r esponsibilities of the Cache Contr oller.

2.0 R8000 FUNCTIONAL UNITS

This section pr ovides a mor e indepth look at the seven component parts of the R8000 Micr oprocessor Chip Set. T o provide the user with maximum flexibility in system design, the cache contr oller was not included as part of the R8000 Microprocessor. The Cache Contr oller is also not offered as part of the chip set and is discussed only in terms of functionality r equir ed.

Figure 1: R8000 Microprocessor Chip Set Block Diagram

INTEGER

UNIT TAG RAM

Tag Tag Index, Sector,

Status

Index, Sector,

Status

FLOATING

POINT UNIT

Load Data

Load Data

Control Control

Store Data Store Data

To Data Buffers To Data Buffers

STREAMING

CACHE CONTROLLER

TBus

Status

Control

Data Set Address

Data Set Address

Control

Tag RAM

Control

(even) TAG RAM (odd)

Addr ess

Addr ess

Cache Contr oller ASIC

R8000 Microprocessor Chip Set

CACHE SRAM (odd)

STREAMING CACHE SRAM (even)

MIPS Technologies, Incorporated 5

2.1 R8000 Microprocessor

The R8000 CPU is a 591 pin device and is the main computing component of the system. The high pin count is a r esult of the numer ous dedicated busses pr ovided by the R8000 CPU. This dedicated bussing scheme helps to take full advantage of the multiple execution units within the R8000 CPU, allowing each unit to r un independently of the other , alleviating not only the need for multiplexing data and addr ess, but also allowing loads and stor es to the str eaming cache to occur simultaneously .

The R8000 CPU contains four caches and has dedicated interfaces to all components in the system. The R8000 CPU performs addr ess generation and pr ovides addr ess information for interfacing to the str eaming cache via separate and dedicated addr ess busses for the even and odd banks. Instr uction and data interface to the R8010 Floating Point Unit is via a dedicated 80 bit TBus, and addr esses to the tag RAM’s are provided via separate and dedicated tag, index, and sector busses for both the even and odd tag RAM’s.

The R8000 CPU contains two arithmetic logic units (ALU) as well as two addr ess generation units, and yields a maximum of 4 instr uctions per cycle. The on-chip 16 KByte Data cache is dual ported and contains separate addr ess and 64 bit data busses for each port. This allows multiple accesses to the cache to occur simultaneously . The 16 KByte instr uction cache is 128 bits wide and single ported. Both caches are virtually indexed. The instr uction cache is virtually tagged, alleviating the need for addr ess translation on Icache accesses. The data cache is physically tagged to maintain coher ency with second level cache. Each 32 byte line in the I-cache contains a specific addr ess space identifier (ASID). This value is assigned by the operating system and is pr ocess specific. Ther e are at least two specific ASID values per pr ocess, one for the instr uction cache, one for the TLB. The ASID helps to dif ferentiate between multiple processes within the same cache and helps to r educe Icache flushing by allowing the operating system to invalidate only those lines whose pr ocess is no longer valid. The operating system can also flush the I-cache when all 256 ASID values have been used.

In addition to the data and instr uction caches, the R8000 CPU also contains Branch and T ranslation Lookaside Buffer (TLB) caches. The Branch cache is accessed along with the instr uction cache and is used to pr edict and modify the pr ogram counter on branch or jump instr uctions. The Branch Cache is a 15 bit field concatenated to each aligned 128 bit quadwor d of the I-cache. The Branch Cache implements a simple branch pr ediction mechanism which branches depending on the state of the pr edict bit associated with each Branch Cache entry .

The TLB cache is used to convert virtual addr esses to physical addr esses. A single TLB services both the data and instr uction caches. The instr uction cache only r equir es addr ess translation on a miss. Similar to the instr uction cache, each entry of the TLB also contains an ASID. However, this value is dif ferent fr om that contained in the Icache. Having separate ASID values for each cache allows separate flushing of the Instr uction and TLB caches. Below is a list of featur es of the four caches.

- Instr uction cache; - 16 KBytes - Virtually indexed - Virtually tagged - Direct mapped, no hashing - Single ported, 128 bit path - Fetches 4 instr uctions (128 bits) per cycle -32 Byte line size - No parity - 11 cycle miss penalty to str eaming cache - No coher ency maintained with str eaming cache - Separate ASID values for I-cache tags - Data Cache; - 16 KBytes - Virtually indexed - Physically tagged - Direct mapped, no hashing - Dual ported, 64 bit data paths - Two loads or one load and one stor e per cycle - 32 Byte line size - No parity - 8 cycle miss penalty to str eaming cache - Coher ency maintained with the str eaming cache - Write thr ough with allocate pr otocol - Separate ASID for D-cache tags - Branch Cache; - 1K Entries, one entry per 4 instr . - Virtually indexed in parallel with Instr uction cache - Direct mapped, no hashing - 3 cycle miss penalty - TLB Cache; - Dual ported, 2 translations/clock - 3-way set associative,

MIPS Technologies, Incorporated 6

Figure 2: R8000 Microprocessor Block Diagram

I-cache 16 KByte 128 0 1023

Program Counter

43 511 0 Branch 15 0 1023

Instruction queue Tag Queue 6 6 X-bar

Dispatch

Integer FP instructions

TO R8010 FPU

INTEGER REGISTER FILE

Address Generator

Address Generator ALU ALU (right)

(left)

(right) (left)

Data Cache Valid RAM R L Data Dache Tag Data Cache 16 KByte 0

2047 64

R L

Compare Compare

64 bit 64 bit

0 128

EntryHi EntryLo

DCACHE Register Misc Bus

Cache

Instruction Cache Tag

TLB Hit?

D-Cache Hit?

Program Counter Logic

9 Read Ports, 4 Write Ports

15 Floating Point Queue

Instr.

TLB (L) Phys Addr 3-Way

TLB (R) Phys Addr 3-way

TLB (L) Virtual Tag 3-Way

TLB (R) Virtual Tag 3-Way

- 384 entries total (128 X 3 way) - Implements random r eplacement algorithm - Supports 4K,8K,16K,64K,1M,4M,16M page sizes - Maps one virtual to one physical page Indexed by low-or der 7 bits of virtual addr ess - Index is hashed by Exclusive-OR of low order 7 bits of TLB cache ASID. - Softwar e Refilled

MIPS Technologies, Incorporated 7

2.1.1 INSTRUCTION CACHE

The instr uction cache is 16 KBytes in size and is a dir ectmapped ar chitectur e arranged as 1024 entries by 128 bits. Each entry contains four 32 bit instr uctions. Each access to the I-cache r esults in the fetching of four instr uctions. The I-cache is virtually indexed and virtually tagged, hence coher ency between the I-cache and the physically tagged Data Cache is not maintined. Figur e 3 shows the or ganization of the instr uction cache.

The valid bit in the I-cache tag RAM defines whether the tag information is valid. If the addr ess tag compar e is valid but the valid bit for that entry is not set, an I-cache miss occurs. The valid bit is used on I-cache misses to validate Icache entries as the instr uctions ar e written into the I-cache. The Region bits contain the values of bits 63:62 of the addr ess bus and define one of the four addr essing mode the pr ocesor is operating in. Figur e 4 shows a block diagram of the instr uction cache tag RAM.

2.1.3 BRANCH CACHE

The Branch Cache works in conjunction with the instr uction cache and implements a simple branch pr ediction mechanism. The Branch Cache has 1024 entries, one entry for each 128 bit quadwor d in the instr uction cache. The total width of the Branch cache is 15 bits, 10 of which ar e used to allow branching to any of the 1024 entries in the instr uction cache.

The branch cache does not detect the pr esence of branches in a given I-cache line. Each branch cache entry has a pr edict bit associated with it. If the pr edict bit is on, the corr esponding 10 bit branch tar get addr ess is jammed into the program counter . The I-cache vectors to a new index location and r esumes the fetching of instr uctions. Whether or not the branch pr ediction was corr ect is not known until 3 cycles later when the branch instr uction is actually executed. If the pr ediction is corr ect, all of the I-cache entries in the pipeline following the branch instr uction will be corr ect and no cycles ar e lost. If the pr ediction was incorr ect, the pipeline is flushed. The new branch tar get addr ess is calculated and thr ee cycles later instr uction execution r esumes.

The two bit DELA Y field associated with each branch cache entry encodes which of the four instr uctions in the I-cache entry contained the branch instr uction.

2.1.2 INSTRUCTION CACHE T AG RAM

The I-cache line size is 32 bytes . Ther e is one tag entry per I-cache line. Each entry in the I-cache tag RAM consists of a 34 bit tag, an 8 bit addr ess space identifier (ASID), and a tag valid bit. The ASID dif ferentiates between pr ocesses and allows tag addr esses fr om dif ferent pr ocesses to r eside in the I-cache tag at the same time.

Figure 3: Instruction Cache Organization

         0

         1

       1022

       1023

              32 32 32 32

                    128 bits

1024
Entries

Figure 4: Instruction Cache Tag RAM

             ASID

             ASID

             ASID

             ASID

              8 34 1
                        34 BIT VIRTUAL TAG
                        34 BIT VIRTUAL TAG

                        34 BIT VIRTUAL TAG
                        34 BIT VIRTUAL TAG

                                                     VALID
                                                     VALID

                                                     VALID
                                                     VALID

        0
        1

       510
       511

512
ENTRIES

                                                              2

                                                           REGION
                                                           REGION

                                                           REGION
                                                           REGION

MIPS Technologies, Incorporated 8

Since the compiler is not r equir ed to begin instr uction execution on a 128 bit boundary , the two bit T ARGET32 field is encoded to indicate wher e in the quadwor d the instr uction execution began.Ther e is one TARGET32 field per branch cache entry . Figur e 5 shows a diagram of the branch cache organization.

for two cycles, afterwhich most of the bits ar e no longer needed. By the time the instr uctions r each the floating point queue they ar e 37 bits wide as five bits of the original 18 additional bits will be used by the R8010 FPU. Pr edecoding accomplishes thr ee things:

1) Consistent alignment of the 5-bit destination field. 2) Instr uction Category encoding. 3) Addition of timing critical bits.

Figur e 6 shows a block diagram of the instr uction and tag queues.

2.1.5 X-BAR

The X-BAR determines which of the four instr uctions to send depending on the r esour ces available fr om cycle to cycle. This pr ocess is called Resour ce Modeling. The idea behind r esour ce modeling is that instr uctions ar e not dispatched until ther e is suf ficient r esour ces available for them to complete. The X-bar monitors the status of each execution unit as well as determines inter dependencies between any of the four instr uctions in a given line.

2.1.4 INSTRUCTION QUEUE

Both the I-cache and the I-cache tag RAM have queues which act as temporary storage for instr uctions waiting to be executed. Each queue is six-deep. When instr uctions ar e fetched fr om the I-cache they under go pr edecoding befor e being placed in the queue. The purpose of pr edecoding is to reduce instr uction pr ocessing time in the decode stage of the pipeline. Eighteen additional characterization bits ar e added to each original 32 bit instr uction.These bits ar e used

Figure 5: Branch Cache

          P
          R
          E
          D
          I
          C
          T

            (1)

      D
      E
      L
      A
      Y

 T
 A
 R
 G
 E
 T
 3
 2

(2)

BRANCH TARGET ADDRESS

(10) (2)

                             0

                            1023

Figure 6: Instruction and Instruction T ag Queues

                            From
                            Instruction
                            Cache

From
Instruction
Cache Tag RAM

                                            1

                                            3

                                            4

                                            5

                                            2

                                            0

                 1

                 3

                 4

                 5

                 2

                 0

To Program
Counter Logic

                            To Dispatch
                            Unit

                          50 50 50 50

MIPS Technologies, Incorporated 9

2.1.6 GENERAL PURPOSE REGISTER FILE

The integer r egister file in figur e 1 consists of 9 r ead ports and 4 write ports. Four of the r ead ports ar e dedicated to ALU usage. Four others ar e used for addr ess generation on integer or floating point memory operations. The ninth read port is used for data cache stor es and to implement certain load alignment instr uctions. On D-cache stor es the existence of the ninth port r educes the amount of sharing that would normally be r equir ed by those port(s) normally dedicated to addr ess generation on memory operations.

2.1.7 ARITHMETIC LOGIC UNIT

The Arithmetic Logic Unit (ALU) consists of two 64 bit arithmetic units, one shifter , and one Multiply/Divide unit. The results of the operations ar e written back to the r egister file. All arithmetic operations occur in the execution stage (E-stage). Figur e 7 above shows a block diagram of the ALU.

2.1.8 TRANSLA TION LOOKASIDE BUFFER

The Translation Lookaside Buf fer (TLB) is dual ported and is physically split into two halves. Each half contains 128 entries and is 3-way set associative, yielding a total of 384 entries each. One half contains the virtual tags (VT AGS), the other the actual physical addr ess (PA) corr esponsing to each virtual tag .

TLB, Data Cache, and Data Cache T ag RAM lookups ar e performed in the execution stage (E-stage) of the pipeline. The VTAG portion of the TLB is used to determine whether a certain range of addr esses r esides in the P A portion. If it is determined that the translation for the virtual addr ess resides in the TLB, the contents of the P A portion is compar ed to that in the D-cache tag RAM, r esulting in either a hit or a miss to the D-cache. Either a TLB or a D-cache miss initiates an external memory cycle. Figur e 8 shows a block diagram of the T ranslation Lookaside Buf fer.

2.1.9 DA TA CACHE

The data cache is 16 KBytes or ganized as 2048 entries X 64 bits and is dual-ported. Line size is 32 bytes. T wo separate addr ess and data busses allow either two loads, or one store and one load to occur simultaneously . The D-cache is

Figure 7: Arithmetic Logic Units

          Offset

            General Purpose Register File

                                      Offset

ALU
Left

                                                 ALU
                                                Right

              SHIFTER MULTIPLY
                               DIVIDE

MIPS Technologies, Incorporated 10 virtually indexed and physically tagged and implements a write-thr ough pr otocol. All writes to the D-cache ar e also written out to second level cache. Since only one stor e cycle can occur at a time, the D-cache has one stor e aligner in the write path between the r egister file and the D-cache. Ther e are two load aligners in the r ead path. These aligners assur e that, if the r equested data is less than 64 bits, that data, r egardless of wher e it is in the 64 bit doublewor d, will be shifted to the pr oper place within the doublewor d before being written to the r egister file. The stor e aligner performs the opposite function by shifting the r equested data of the r egister to the desir ed location in the 64 bit doublewor d befor e writing it to the D-cache.

One Byte is the smallest writeable quantity to the D-cache, meaning that the R8000 CPU can write any or all bytes within a given 64 bit doublewor d. Read cycles have the same r esolution. Although the D-cache write size is variable, the str eaming cache is not and r equir es a minimum of 32 bits on every write cycle. Ther efore even though the R8000 CPU may write less than 64 bits to the D-cache, it must assur e that a minimum of 32 bits of the given doublewor d ar e placed on the bus when the write to the str eaming cache is initiated.

2.1.10 DA TA CACHE T AG RAM

The data cache tag RAM contains 512 entries, one entry per 32 byte D-cache line. Each tag entry is 28 bits wide.

When the RAM is indexed, the corr esponding physical tag is compar ed to the translated addr ess from the TLB. On loads the tag RAM is accessed at the same time as the Dcache. Ther e is no time lost waiting for the r esult of the TLB lookup. By the time the status of the TLB lookup is determined the D-cache has been indexed and the data r ead out. If it is determined that the r equested addr ess is in the cache, the data is written to the r egister file in the same clock and the cycle is completed. If the r equested addr ess is not in the cache, the buf fers which allow the data to write the r egister file ar e simply not enabled. A D-cache miss occurs and a memory cycle to second level cache is initiated. Simultaneous access of the D-cache and the tag RAM allows for single clock r eads when ther e is a D-cache hit.

D-cache stor es are done the same way as loads. The TLB lookup and the accompanying stor e to the D-cache occur in the same clock. If either the virtual or physical addr ess compar e did not match, r esulting in either a TLB or D- Cache miss, the stor e location in the D-cache is invalidated in the next clock by turning of f the valid bit in the D-cache Valid RAM location corr esponding to the stor e.

2.1.1 1 DA TA CACHE V ALID RAM

Figure 8: Translation Lookaside Buffer

     VTAG PORTION

Virtual Address (left)
Virtual Address (right)

    Left Right

 L

 R
  0 1 2 0 1 2

        EntryHi
        Register

                                            PA PORTION
                                           Left Right

                                        L

                                        R
                                         0 1 2 0 1 2

                                               EntryLo
                                               Register

Data Cache Tag (left)
Data Cache Tag (right)

MIPS Technologies, Incorporated 11

The data cache V alid RAM is 4 bits wide and contains 1024 entries. Each entry r epresents a 32 bit value, hence ther e are two valid bits per 64 bit doublewor d. Each index to the valid RAM corr esponds to the status of two 64 bit Data cache wor ds. Ther e are two r easons for a separate valid RAM with individual bits:

The first r eason is to alleviate invalidating entir e lines of the cache when floating point data is found. Sometimes integer and floating point data r eside in the same data cache (D-cache) line. Floating point loads and stor es interface dir ectly to the str eaming cache and do not usually affect the contents of the R8000 CPU data cache. However , the data cache of the R8000 CPU must be kept coher ent with the str eaming cache. Ther efore, if a FP stor e is done to a given location in the str eaming cache which also r esides in the D-cache, the D-cache entry must be invalidated. By having individual valid bits for each 32 bit wor d in the data cache, the mixing of floating point and integer data in a given D-cache line is better accomodated. This way if an integer load is done to that same location a D-cache miss occurs, for cing the R8000 CPU to fetch the data fr om the streaming cache.

The second r eason for having a separate valid RAM is to be able to easily invalidate the data for integer stor es which miss in the D-cache. In the R8000 CPU data is stor ed to the D-cache in the same cycle that the TLB and D-cache hit/ miss status is determined. This is done so that the stor e data does not have to wait for the r esult of the lookup

Figure 9: Data Cache, Data Cache Tag, Data Cache Valid RAM Organization

     64 bits

                 0

63 31

entry 0 entry 1 entry 2

entry 3

                                             entry 2047

                                               1 line
                                               32 bytes

                             DATA CACHE

                             16 KBYTE

                          2048 64 bit Entries
                           512 32 byte lines

    e0uv e0lv e1uv e1lv

    e2uv e2lv e3uv e3lv

  0

  1
  2

  3

1023

      D-CACHE
      VALID RAM

       1024 4 bit entries

      1 entry for every 2
      D-cache entries

e0uv = D-cache entry0 upper 32 bits valid e0lv = D-cache entry0 lower 32 bits valid e1uv = D-cache entry1 upper 32 bits valid e1lv = D-cache entry1 lower 32 bits valid

D-CACHE

512 Entries
1 entry per
D-cache line
(32 bytes)

TAG RAM

               0

               511

                           4 bits

VIRTUAL ADDRESS

9

                   (4K PAGE EXAMPLE)

                       10 11

  VA13:5 VA 13:4 VA 13:3*

Legend:

* VA bits 2:0 are used for byte determination within a given 64 bit D-cache doubleword.

MIPS Technologies, Incorporated 12 before it is written to the D-cache. If a stor e miss occurs the data is invalidated in the following cycle by turning the valid bit of f for that D-cache entry .

Valid bits ar e checked on both loads and stor es. Because the D-cache contains only data it does not know whether a given location contains integer or FP data, only whether the entry is valid or not valid.

Figur e 9 shows the or ganization of the data cache.

2.2 R8010 FLOATING POINT UNIT

The R8010 Floating Point Unit (FPU) is a 591 pin device which performs all floating point functions for the R8000 Microprocessor Chip Set. The R8010 FPU has two execution units, allowing two arithmetic and two Floating Point memory operations to be executed every clock. The Floating Point Register File contains 8 r ead ports and 4 write ports. Lar ge load and stor e data queues, each 32 entries deep, allow for a pipelined interface between the R8000 CPU and the R8010 FPU, str eamlining the flow of data and minimizing wait time. W ith a tar get frequency of 75 MHz, the Floating Point Unit of fers a peak performance of 300 MFLOPS.

The R8010 FPU has no on-chip cache and uses the str eaming cache, which is the second level cache of the R8000 CPU, as its memory . Dedicated load and stor e data busses to both the even and odd banks of str eaming cache allow a read or write operation to be performed every clock. An 80 bit TBus interface forms the contr ol bus for the R8010 FPU and allows the R8010 FPU to interface to both the R8000

CPU and the Cache Contr oller (CC). Normally the R8010 FPU is contr olled by the R8000 CPU. Dispatching of instr uctions, floating point loads and stor es to the str eaming cache, integer stor es to the str eaming cache, etc. ar e all under contr ol of the R8000 CPU. Cycles which miss in the streaming cache and r equir e interface to the main memory are handled by the Cache Contr oller. For these cycles the R8010 FPU is used only to transfer data fr om the load data bus to the stor e data bus.

Floating point instr uctions ar e received fr om the R8000 Microprocessor thr ough the TBus. The instr uctions ar e executed and the r esult written back to the FP r egister file. Floating Point data is r etrieved fr om the str eaming cache on the load data pins and then placed in the Load Data Queue. For stor e operations data fr om the r esult is placed in the stor e data queue. As soon as the corr esponding addr ess information fr om the T ag RAM is made available, the data is written out to the str eaming cache. In addition to floating point operations, the R8010 FPU is also used during integer stor es to the str eaming cache, handled by the R8000 CPU, as well as stor es to main memory , handled by the CC.

A set of compound multiply-add instr uctions has been added, taking advantage of the fact that the majority of floating point computations use the chained multiply-add paradigm. The operator for the multiply-add instr uctions is not defined by the IEEE and does not perform intermediate rounding. Eliminating the intermediate r ounding step allows for a lower inher ent latency and has higher pr ecision and higher performance than an operator which performs intermediate r ounding.

Figur e 10 shows a block diagram of the floating point unit.

MIPS Technologies, Incorporated 13

2.2.1 R8010 FPU OPERATIONS

The R8010 FPU performs thr ee basic types of arithmetic operations denoted as Short, Regular , and Long. Each operation has some number of clocks associated with its staging as well as latency . Staging defines how long the unit is busy. Latency defines the amount of delay clocks befor e the results ar e available. Each execution unit is fully pipelined and can begin a new operation on every clock.

Short operations have a one clock staging and one clock latency and include such move operations as MOV , MOVC, MOVZ, MOVN, NEG, ABS, and C. Except for Compar es (C), short operations can be issued while long operations are executing. Compar e instr uctions tar get the condition code field of the Contr olStatus Register .

Regular operations have one cycle staging and four cycle latency. These include add, subtract, and multiply operations such as ADD, SUB, MUL, MADD, MSUB, CONVER T. Regular operations can r equir e either 1, 2, or 3 sour ce operands fr om the FP r egister file. These operands ar e read from the FPR. Each of the operations takes four cycles to complete. On the next clock the r esult is written back to the FPR. On-chip bypass logic allows the r esults of r egular operations to be written to the FPR and at the same time back into the executions units. When the r esult of one operation is r equir ed for the operation immediately following, the bypass logic allows the r esult to be used in the next clock instead of having to write to the FPR and then r ead the information back out in the next clock.

Long opertaions have variable latency and staging times and include such operations as DIV , SQRT, RECIP, RSQRT. These times ar e shown in table 1 below .

Figure 10 R8010 FPU Block Diagram

Load Data Queue

FLOATING POINT REGISTER FILE 8 READ PORTS, 4 WRITE PORTS

Align Align 2 3

Store Data Queue

Floating Point Bypass

Short Ops Short Ops

MADD DIVIDE SQ. ROOT

MADD DIVIDE SQ. ROOT_E X C

Even Data Out

Odd Data Out

FP Interr upt

0 1

A B C

A B C

TBUS 80

0 1 2 3 4 5 6 7

Even Data In

Odd Data In

Operation Latency Staging DIV.S^{14 11} DIV.D^{20 17} SQRT.S^{14 11} SQRT.D^{23 20} RECIP.S^{8 5} RECIP.D^{14 11} RECIPSQRT.S^{8 5} RECIPSQRT.D^{17 14}

Table 1: Long Operation Latency

MIPS Technologies, Incorporated 14

2.2.2 TBUS INTERF ACE

Instr uctions ar e dispatched by the R8000 CPU to the R8010 FPU thr ough the TBus. Ther e are four basic types is transmissions which ar e differentiated by encoding the uppermost two bits of the TBus:

Normal - A normal dispatch contains two FP arithmetic operations, each 28 bits wide, and two FP memory operations, each 9 bits wide. Ther e are roughly 30 FP arithmetic operations which can be dispatched by the R8000 CPU. The 28 bit TBus format for arithmetic operations is dif ferent for each operation. For FP memory operations, the 9 bit value contains Floating Point Register destination as well as data alignment information. Each of the four potential instr uctions contains a valid bit associated with it. These four valid bits form the upper bits of the TBus. Setting this bit indicates to the R8010 FPU that a given instr uction is valid and should be executed.

Move Fr om - MoveFr om is similar in format to Normal mode except that the FP memory operation normally on TBus bits 73:64 is substituted with a move specifier . This operation moves data fr om a FP r egister to a general purpose r egister (GPR) in the R8000 CPU and is the only time which the R8010 FPU drives the TBus.

IntStor e - The IntStor e operation supports integer stor es to the str eaming cache. As shown in figur e 1, ther e is no dir ect path for integer stor es from the R8000 CPU to the str eaming cache. Instead they ar e transmitted acr oss the TBus and out onto the stor e data pins of the R8010 FPU. In IntStor e mode the TBus contains the 64 bit integer data along with some stor e alignment information.

MoveTo - This operations moves data fr om a General Purpose Register (GPR) in the R8000 CPU to a Floating Point Register . The MoveT o format is similar to the IntStor e format except that instead of stor e alignment information, TBus bits 73:65 contain the FPR destination. The 64 data is transmitted on TBus pins 63:0.

Table 2 shows the TBus format for each of the four basic transmissions.

TBus Bits 7978 77 76 75 74 73 65 64 63 56 55 28 27 0 Normal 1 0 Vma Vmb Vfa Vfb MSpecA MSpecB FpOP-A FpOP-B

MoveFrom 0 1 Vmf Vmb Vfa Vfb MfSpec MSpecB FpOP-A FpOP-B

IntStore 0 0 1 ---- --- --- IStSpec - Data

MoveTo 1 1 1 ---- --- --- MtSpec - Data

Table 2: TBUS Format

MIPS Technologies, Incorporated 15

2.3 T AG RAM

Two identical tag RAM’s ar e requir ed in the R8000 Micr oprocessor Chip Set in or der to support the interleaved architectur e of the second level str eaming cache. Both RAM’s contain the same information. One is used for the even bank, the other for the odd bank. The two banks ar e differentiated by the state of addr ess bit A3. If this bit is low the access is to the even bank. A high on this pin enables the odd bank. Figur e 11 shows a block diagram of the tag RAM.

2.3.1 T AG RAM ORGANIZA TION

The Tag RAM is 4-way set associative and is or ganized as 8192 entries X 128 bits. Each entry contains 32 bits of information for each of the four ways, hence the 128 bit width. The 32 bits of each way is further br oken down into a 20 bit tag addr ess, 4 virtual synonym bits, and 8 state bits. Figur e 12 shows the T ag RAM bit assignments.

Figure 11 Tag RAM Block Diagram

         ADDRESS WRITE

                               STATE AND
                               VIRTUAL SYNONYM
                               WRITE

              TAG

INDEX

           ADDRESS, STATE, AND VIRTUAL
           SYNONYM RAM

           8192 x 128 BITS

                                                  Address,
                                                  State,
                                                  Dirty Bit,
                                                  V.S. read
                                                  logic

                                CC Read

                     COMPARE LOGIC

                              COMPARE STATUS
                              TO R8000 CPU

            SET ADDRESS
            TO DATA RAMS

                                                     DIRTY
                                                     BIT
                                                     RAM
                                                   8192 X 16 bits

                                                          CONTROL

Tag Addr ess V.S. State

MIPS Technologies, Incorporated 16

2.3.2 T AG RAM CYCLE TYPES

There are thr ee basic cycles performed on the tag RAM:

1) Lookups 2) Reads 3) Writes

Lookups ar e performed by the R8000 CPU and ar e done when the R8000 CPU wants to either r ead or write second level cache. The R8000 CPU supplies dedicated tag, index, sector, and contr ol lines to each tag RAM. In a set associative cache implementation the R8000 CPU does not know which of the sets of a given addr ess the data is contained. The tag RAM compar e supplies this information in the form of a 2 bit encoded value. This value forms the two upper bits of the str eaming cache addr ess and determines which of the sets the data r esides. The R8000 CPU does not read or write the tag RAM dir ectly except for the dirty bit. If a write lookup gets a hit to the T ag RAM, indicating that the data exists in the str eaming cache, the data is written out to the cache and the dirty bit is set on the next clock. If the line is in the exclusive state and it is unmodified (clean), setting of the dirty bit changes the state of the line fr om exlusive clean to exclusive dirty . If the line is alr eady in the modified state (dirty) the dirty line must be written out to main memory befor e the write can be completed.

Read cycles ar e initiated by the Cache Contr oller (CC) and inform the CC of the status of a given entry . Information exchange is thr ough the TBus. The CC supplies the 2 bit set addr ess along with the pr oper contr ol signals. The information is r ead fr om the r ead logic block internal to the tag RAM in figur e 11.

Figure 12 Tag RAM Bit Assignments

          SET 0 SET 1 SET 2 SET 3

              32 32 32 32
     0

     1
     2

  8191

ENTRIES

         20 BIT ADDRESS TAG V.S. FIELD ST0 ST1 ST2 ST3

                                                                 2
                                                          2

                                                    2
                                              2

                                     4
              20

  ST0: Two bit state field for Data RAM sector 0
  ST1: Two bit state field for Data RAM sector 1
  ST2: Two bit state field for Data RAM sector 2
  ST3: Two bit state field for Data RAM sector 3

  V.S. Virtual synonym field

MIPS Technologies, Incorporated 17

Write cycles ar e also performed by the Cache Contr oller and ar e done when the CC wants to modify an entry . Refer to figur e 11. On write cycles the tag, index, and sector information ar e generated by the CC and transferr ed to the R8000 CPU on the TBus. The R8000 CPU plays no part in a write cycle other than to pass the information fr om the TBus onto the appr opriate dedicated busses of the even and odd T ag RAM’s.

Note that the 20 bit tag field connects to both the addr ess write and V .S. write blocks. Hence the tag pins contain different information based on whether the CC is writing the addr ess, or the state and V .S. bits. Only one of these writes can be executed at a time.

2.3.3 DIR TY BIT RAM

The Dirty Bit RAM in figur e 11 is organized as 8192 entries X 16 bits. The number of entries is the same as the tag RAM and is indexed in the clock after the T ag RAM access. The purpose of a separate Dirty Bit RAM is to allow the status of a given line to be changed during a T ag RAM access. Therefore if ther e is a write to the str eaming cache and the dirty bit status for that write must be updated, the dirty bit can be set on the next clock, even though the T ag RAM has already started an access for the next cycle. The 2 bit state field in the tag RAM identifies the status of the entry; either invalid, shar ed, or exclusive. The exclusive line can either be clean or dirty . The Dirty Bit RAM maintains this information. In a sector ed cache implementation ther e is one dirty bit for each sector . Therefore the dirty bits ar e not always the same for both the even and odd T ag RAM’s. The addr ess, state, and virtual synonym information is always the same for both T ag RAM’s, but the dirty bit information can be dif ferent.

2.4 STREAMING CACHE DA TA RAMS

The str eaming cache data RAM’s have separate load and store data busses. Although only one cycle can be performed by the data RAM’s at a time, both r ead and write data can be on their r espective busses at the same time. Having separate busses eliminates any bus turnar ound time, which occurrs on back to back r ead followed by write cycles, and allows r ead and write data to be pipelined to the RAM, ef fectively allowing the RAM to perform a r ead or write operation every clock.

The total memory size is split between the even and odd banks. Each bank contains 2 MBytes and has a dedicated Tag RAM, allowing accesses to the banks to operate simultaneously and independently of one another . The RAM is buffered by input and output data r egisters. If the RAM is performing a r ead and write data appears on the input bus, the data is placed in the r egister . Self-timed write logic allows the RAM to write the data as soon as the RAM finishes the pr evious r ead cycle.

2.4.1 DA TA RAM ARCHITECTURE

The 4 MByte str eaming cache is implemented using 256 K X 4 Data RAM’s. Each individual data RAM is be 256K x 4 bits wide and has separate r ead and write busses. Figur e 13 shows a block diagram of the 256K X 4 Data RAM.

The Data RAM’s must support four types of cycles which are decoded by the CS# and WE# bits:

1) /CS * /W = W rite and Pass thr ough 2) /CS * W = Read 3) CS * /W = Pass thr ough 4) CS * W = Don’t care

The Pass thr ough mode allows data on the input (write) bus to be passed onto the output (r ead) data pins thr ough a multiplexor . All write cycles can also be pass-thr ough. Data which is written to the RAM is also sent to the output mux. The mux is contr olled by the CS# and W# pins. Read cycles are standar d in that the RAM is accessed and data placed on the outputs. Maximum clock to out time is 7 nS. The RAM can also be operated in pass thr ough mode wher e data is passed fr om the inputs to the outputs without being written to the RAM. The Don’t car e mode causes the output buf fers to tri-state. Parity is handled in sixteen bit quantities. Parity timing is identical to data timing.

2.4.2 CACHE MEMOR Y SYSTEM ARCHITEC- TURE

The cache memory system ar chitectur e consists of sets, lines, and sectors. In or der to help the r eader understand the cache memory ar chitectur e, the following example discusses a 4 MByte SIM module implementation in a 4-way set associative configuration with 128 bytes per sector and four sectors per line.

MIPS Technologies, Incorporated 18

There are nine devices per SIM module, 8 data RAM’s and 1 parity RAM, which yield 1 MByte. A minimum of two SIM modules ar e requir ed to interface to the 64 bit external bus of the R8000 Micr oprocessor.

The 4-way set associative cache consists of 2048 lines. Each line consists of four sectors. Each sector contains sixteen 64- bit wor ds divided as 8 wor ds per bank. So each line contains 512 bytes, 256 bytes per bank. Since ther e are four sectors per line each sector contains 128 bytes. Refer to figur e 14.

The Data Set Addr ess (DATSA) pins form the upper two bits of addr ess for the cache and ar e used to dif ferentiate between the four banks. Addr essing the entir e 4 MByte cache r equir es 22 addr ess bits. The 256K RAM uses 18 of these bits. Accesses to the second level cache can either be

Figure 13 Data Ram Architecture Block Diagram

     CS# W# A<17:0> D<3:0> OE#

                 Self Timed
                 Write Logic

                 Pass-Thru
                 Enable

CLK

                                     2:1 MUX

                                      Q<3:0>

                                       RAM

                                    Data In

                                 Address

                                  Write Pulse

                                  Data
                                  Out

in 32 or 64 bits quantities. Each 32 bit SIM module in the 4 MByte example has a dedicated write enable, allowing only 32 bits of the wor d to be written by the R8000 CPU. The addr ess br eakdown is as follows:

DATSA<1:0> 2 bits - Decodes one of four sets in the cache.

A<19:9> 11 bits - Decodes one of 2048 lines per set. A<8:7> 2 bits - Decodes one of four sectors per line.

A<6:4> 3 bits - Decodes one of eight 64 bit wor ds per sector .

A<3> 1 bit - Determines which bank is accessed. A<2:0> 3 bits - Decodes a given byte within a 64 bit doublewor d. ------- 22 addr ess bits total = 4 MByte cache.

MIPS Technologies, Incorporated 19

3.0 RESPONSIBILITIES OF THE CACHE CON- TROLLER

This section is intended to be an overview of the r esponsibilities of the cache contr oller and is not intended to be used as a design guide. The pr ocessor to cache interface is far more complex than what is described her e. A mor e indepth discussion of the pr ocessor/cache interface is available in the R8000 User ’s Manual.

3.1 CACHE CONTROLLER OVER VIEW

The R8000 Micr oprocessor Chip Set has lar ge first and second level caches which minimize the need for interfacing to external main memory . Main memory is typically slow and when accessed fr equently can degrade the overall performance of the pr ocessor. To maximize performance, the R8000 Micr oprocessor interfaces only to the 16 KByte on-chip cache and the streaming cache. The Floating Point Unit interfaces only to the streaming cache. Neither device inititates cycles or interfaces directly to the main memory . However , ther e are times when interfacing to the external main memory is necessary .

Figur e 14 Four MByte Str eaming Cache Or ganization

          SET 0

         LINE 0

         SET 1

         LINE 0

          SET 2

         LINE 0

         SET 3

         LINE 0

2047

 0

2047

 0

2047

 0

2047

 0

4MBYTES

                                 0

                                 7
                                 0

                                 7
                                 0

                                 7
                                 0

                                 7

16 64 bit words = 128 bytes/sector
128 bytes x 4 sectors = 512 bytes/line
512 bytes x 2048 lines = 1 MByte/set
1 MByte/set x 4 sets = 4 Mbytes

                Sector
                  0

                        Sector
                          0

                Sector
                  1

                        Sector
                          1

               Sector
                  2

                       Sector
                          2

                Sector
                  3

                        Sector
                          3

               EVEN
               BANK

                         ODD
                         BANK
                 64 64

MIPS Technologies, Incorporated 20

The interface to external main memory is the r esponsibility of the Cache Contr oller. The Cache Contr oller (CC) performs the following duties:

1) Fetching data fr om main memory on a str eaming cache miss. 2) The write-back of dirty data fr om the str eaming cache to main memory . 3) Modification of str eaming cache tags, state, and virtual synonym information in the T ag RAM. 4) Invalidation of the Data cache when the str eaming cache is modified. 5) All coher ence issues between str eaming caches in a multipr ocessor envir onment. 6) Filtering of coher ence activity so that the R8000 Micr oprocessor is pr otected fr om unnecessary interr uptions. 7) Checking of the stor e addr ess queue so that it appears to the system as an extension of the str eaming cache. 8) Local registers for interr upt prioritizing and management.

The Cache Contr oller is also r equir ed to handle booting from a ROM device and transferr ence of ROM data into the streaming cache, contr ol signal generation for the data buffers which interface to external main memory , and maintaining a bus copy in a thir d Tag RAM. The thir d Tag RAM is r ecommended and is used to monitor snooping activity on the bus. The two T ag RAM’s which interface to the two banks of the str eaming cache r equir e all of their bandwidth to maintain a single cycle access rate. Use of the third Tag RAM eliminates these two T ag RAM’s from having to monitor bus activity . This enhances performance and reduces T ag RAM over head.

On a str eaming cache miss, the R8000 CPU transfers control of the bus to the CC. When contr ol of the bus is transferred is determined by the CC state machine which has 5 full states and 4 transition states. While the CC is in contr ol of the bus it must:

1) Update the str eaming cache data. 2) Update the T ag RAM’s. 3) Update the Stor e Addr ess Queue. 4) Update the Data Cache V alid bits. 5) Update the Interr upt pending flag. 6) Update the Sequential Update flag.

It is only after these duties ar e completed that contr ol of the bus is r eturned to the R8000 CPU.

3..1.1 STREAMING CACHE DA TA MANAGE-

MENT

On R8000 CPU misses to the str eaming cache the R8000 CPU informs the CC that the r equested data was not available. Contr ol of the bus is then transferr ed to the CC. Since neither the R8000 CPU or the R8010 FPU communicate directly with external main memory , it is the r esponsiblilty of the CC to fetch the r equested data fr om main memory and place it in the str eaming cache. Once the cycle is completed the CC r elinquishes contr ol of the bus back to the R8000 CPU. The R8000 CPU then fetches the r equested data fr om the str eaming cache and execution r esumes.

In addition to str eaming cache misses, the CC is r esponsible for monitoring the cache coher ency attributes of each line in the cache. This is done via the 16 bit Dirty Bit RAM portion of the T ag RAM as well as the T ag RAM itself. If the state of the line in the cache changes, the state information in the Tag RAM must also be updated to r eflect the change. If the state of the line r emains the same and only the modified status changes, only the dirty bit is accessed. State information r emains the same. Changing the state information is the r esponsibility of the CC. Updating of the dirty bit RAM is done by the R8000 CPU.

Since the first level cache is write-thr ough, all writes by the R8000 CPU to the first level Data cache ar e also written out to the str eaming cache. If a write is executed to a line which has alr eady been modified, the CC will tell the R8000 CPU to halt the cycle and take contr ol of the bus. The modified data is then written out to main memory and contr ol of the bus given back to the R8000 CPU.

3.1.2 T AG RAM MANAGEMENT

The Cache Contr oller is r esponsible for monitoring and updating of the T ag RAM. The R8000 CPU performs only Look-up cycles to the T ag RAM. These ar e done when the R8000 CPU wishes to r ead or write the str eaming cache and desir es to know which set of the str eaming cache the data resides in. Read and write cycles to the T ag RAM ar e performed by the CC.

The CC can write either T ag information, or state and virtual synonym information to the T ag RAM in a given cycle. Refer to figur e 11. The Tag addr ess is multiplexed with either tag or state and virtual synonym information. When the tag addr ess is updated, the 20 bit tag bus contains all addr ess bits. When the state and virtual synonym information is updated, the tag bus conforms to a specific bit orientation. The bit orientation changes for state and virtual synonym r ead cycles. Whenever ther e is a str eaming cache miss, or when a line of the str eaming cache is to be written out to main memory , the Tag RAM information must be updated to r eflect this change. The CC must supply all necessary contr ol signals to the T ag RAM.

MIPS Technologies, Incorporated 21

3.1.3 TBUS INTERF ACE

During normal operation the TBus is used for transferring information between the R8000 CPU and the R8010 FPU. During this time the CC interfaces to the main memory backplane interface bus, as well as monitors the thir d Tag RAM and the hit/miss status of R8000 CPU to str eaming cache cycles. When a str eaming cache miss or a coher ence operation on the bus occurs, the TBus is used to transfer information between the R8000 CPU and the CC. The bit orientation and definition of the Tbus changes depending on whether the R8000 CPU or the CC is driving the TBus. The TBus for the system is 80 bits wide. However , the uppermost 8 bits ar e dedicated between the R8000 CPU and the R8010 FPU. The R8000 CPU to CC TBus is 72 bits.

3.1.3.1 R8000 CPU T O CC TBUS PROT OCOL

When the R8000 CPU is in contr ol of the TBus, the orientation and definition of the TBus is as follows:

FIELD WIDTH TBUS BITS -------- ---------- --------------- Reserved 12 71:60 Command 4 59:56 Size 3 55:53 Coher ence Pr otocol 3 52:50 No Match 2 49:48 Set Addr ess 2 47:46 State 2 45:44 Virtual Synonym 4 43:40 Physical Addr ess 40 39:0

The Command field is a four bit field which encodes the type of memory access the R8000 CPU was doing which caused the transfer . Also included in the command field ar e the Cacheable and Non-cacheable coher ence attributes of each access type.

The Size field is an encoded thr ee bit value which indicates the size of the operation, one thr ough eight bytes, for non-cacheable operations.

The Coherence Protocol field is a thr ee bit field used to indicate the coher ence atributes in the page table entry for the access. It is used to determine whether the access is cacheable, and what type of pr otocol to follow in filling the streaming cache.

The No Match field is a two bit field which r eflects the status of the MA TCH pin which was r eturned to the R8000 CPU by the T ag RAM. The R8000 CPU samples the various contr ol signals fr om the T ag RAM and encodes the status of the Tag RAM lookup in the No-Match field of the TBus. The No Match field also contains the status of whether the virtual synonym r eturned fr om the T ag RAM matched the virtual addr ess bits fr om the original addr ess. The number of virtual synonym bits actually checked depends on the size of the Data Cache. If the No-Match field indicates both a Tag addr ess match and a virtual synonym match, the CC simply fetches and adds a sector to the existing line. If the field indicates a T ag addr ess match and a virtual synonym mis-match, the CC r emoves the entir e line, invalidates the corresponding entry in the Data Cache, fetches the needed sector and places it in the str eaming cache (in the same set). If ther e is no Tag addr ess match, indicating a miss, the CC removes the entir e line at a set which the CC chooses, invalidates the Data Cache entry for athat line, fetches the needed sector and places it in the str eaming cache at that set.

The Set Address field is a two bit field which r eflects the status of the T ag RAM lookup and distinguishes which of the four sets in the T ag RAM the addr ess compar ed.

The State field is a two bit field which indicates the coherency status for the given access; Invalid, Shar ed, or Exclusive.

The Virtual Synonym field is a four bit field which r epresents the status of virtual addr ess bits 15:12 of the access which caused the operation.

The Physical Address is a 40 bit field and is used dir ectly in pr ocessing the operation.

3.1.3.2 CC T O R8000 CPU TBUS PROT OCOL

When the CC is in contr ol of the Tbus, the orientation and definition of the Tbus bits is as follows:

FIELD WIDTH TBUS BITS --------- ----------- ---------------

Reserved 4 71:68 Function 4 67:64 Data RAM W rite En. 4 63:60 Data Ram Ext. Set Adr . 2 59:58 Data RAM Addr<21:4> 18 57:40 Tag RAM Addr<39:5> 35 39:5 Reserved 1 4 Virtual Synonym 4 3:0

MIPS Technologies, Incorporated 22

The Function Field is a four bit field and is the only field by which the CC changes the internal state of the R8000 CPU instead of just the T ag RAM’s or the str eaming cache RAM’s. There are a number of dif ferent operations which can be performed based on the state of the function field. The function field contr ols such operations as invalidation of the first level Data Cache, instr ucting the R8000 CPU to empty the floating point stor e addr ess and stor e data queues by briefly r eturning the TBus to the R8000 CPU for this operation, interr upt status, and signal generation for reading the T ag RAM.

The Data RAM W rite Enable field is a four bit field which contains the write enables for the str eaming cache. Assertion of each write enable contr ols the write of a wor d (4 bytes).

The Data RAM External Set Address field is a two bit field which encodes which of the four sets of the str eaming cache the data is to be written.

The Data RAM Address field is an 18 bit field containing addr ess bit 21:4 and forms the addr ess for the str eaming cache RAM’s. Addr ess bits 3 and 2 determine which write enables ar e asserted on the TBus. Addr ess bits <1:0> ar e not generated by the CC as 32 bits is the smallest writeable quantity .

The Tag RAM Address field is a 35 bit field used to r ead and write the even and odd T ag RAM’s addr ess. The state and virtual synonym information is also written using these bits. The size of the field is lar ge enough to support a 16 MByte str eaming cache configuration.

The Virtual Synonym field is used to assur e that the correct location is invalidated during a data cache invalidation cycle. The indesx to the data cache T ag RAM internal to the R8000 CPU is formed by TBus bits <15:5>. The four bit virtual synonym field, TBus <3:0> is concatenated with tag addr ess bits <39:16> to form the data cache addr ess. The addr ess is used for the data cache tag comparison to determine whether the location to be invalidated r esides in the data cache.