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INTRODUCTION TO THE R8000 MICROPROCESSOR CHIP SET

The MIPS R8000 Microprocessor Chip Set from MIPS Technologies implements a
superscalar architecture, providing low-end vector supercomputer performance at a
fraction of the cost. The 64 bit architecture of the MIPS R8000 Microprocessor Chip Set is
implemented using separate integer and floating point devices. The impressive 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 throughput is achieved through complete separation of the
integer and floating point functions, the use of wide, dedicated data paths, and large on-
and off- chip caches.

The R8000 Microprocessor Chip Set implements the MIPS IV instruction set. MIPSIV is a
superset of the MIPS HI instruction set and is backward compatible. Implementing a 3.3
volt technology with a target frequency of 75 MHz, the R8000 Microprocessor Chip Set
delivers peak performance of 300 MIPS and 300 MFLOPS. The R8000 CPU 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 Toshiba
VHMOSIII 0.7-micron silicon technology. Two Tag RAM’s and 4 MBytes of Static RAM
comprise the second level streaming cache.
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1.1 R8000 MICROPROCESSOR CHIP SET FEATURES

0 Advanced Superscalar Architecture
- Supports Four Instructions per Cycle
- Two Load/Store Instructions per Cycle
- Two Integer and Two Floating Point Execute Instructions per Cycle

o High Performance Design
- 75 MHz Clock Rate
- 3.3 Volt Technology
- Separate Integer and Floating Point Chips
- 300 Double Precision MFLOPS Peak
- On-Chip Floating Point Instruction Queue
- Separate 64 bit Load and Store Data Busses
- Implements MIPS IV Instruction Set

High Integration Chip-Set
- R8000 CPU Contains:
- 16 KByte Dual Ported Data Cache
- 16 KByte Single Ported Instruction Cache
- 384 Entry Dual Ported Translation Lookaside Buffer
- 1K Entry Branch Prediction 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 Two Floating Point Memory Operations per
Clock

- Large Load/Store Data Queues

o Second Level Cache Support
- Two 4-Way Set Associative Tag RAM Chips
- Supports 4 MBytes of Second Level Cache
- Delivers Two 64-bit Operands to the Floating Point Unit Every Clock.
- Each Tag RAM has a Dedicated Bus Interface to the R8000 CPU.

o Compatible with Industry Standards
- ANSI/IEEE Standard 754-1985 for Binary Floating Point Arithmetic
- MIPS III Instruction Set Compatible
- Conforms to MESI Cache Consistency Protocol
- IEEE Standard 1149.1/D6 Boundary Scan Architecture
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1.2 ARCHITECTURAL INNOVATIONS

The design of the R8000 Microprocessor Chip Set incorporates many architectural
innovations which enhance performance. Many of these innovations are unique in the
industry. Each of the items listed below is explained further in the following sections.

1) A five-stage pipeline which swaps the execution and address generation stages.

2) Super-scalar dispatch unit which allows execution of 4 instructions per clock and is
NOT boundary dependent.

3) Large Set associative TLB.

4) Data Cache invalidation down to the word (32 bit) level.

5) Split Level Cache resulting in the separation of Integer and Floating Point Data.

6) Address Bellow Register which resolves bank conflicts and helps maintain a uniform
flow of even and odd references to the interleaved streaming cache.

7) Very fast 4 cycle integer multiply mechanism.

8) Use of instruction and data queues to streamline the movement of instructions
between the Integer and Floating Point Units.

9) Prefetch instruction allows for the early fetching of data which can be placed as close
as possible to the processor until it is required.

10) Addition of conditional move instructions helps avoid unnecessary branches.

1.2.1 Five Stage Pipeline

The R8000 Microprocessor contains a five stage pipeline which differs from the typical
five stage RISC pipeline in that the execution stage and the address stage have been
switched. The typical RISC pipeline contains the five stages configured in the following
sequence: (F) Fetch, (D) Decode, (E) Execute, (A) Address cache, (W) Write result to
register.

In this typical pipeline configuration, any instruction which follows a load and is
dependent on the load incurs a cycle delay in execution. This delay can impact
performance in a superscalar implementation because when it occurs the compiler must
locate four instructions to put in the delay slot in order to maintain full utilization of the
instruction bandwidth.

The R8000 Microprocessor Chip Set incorporates the following pipeline sequence:

(F) - Fetch and partial decode of the instruction. Branch prediction.

(D) - Decode instruction, read register file, perform scoreboarding and dependency
checks.

(A) - Generate the required address

(E) - ALU execution, Data Cache access, TLB lookup, exception detection.

(W) - Write the result to the register file.
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In the FDAEW pipeline the delay slot is placed before the load instruction and allows the
processor to dispatch multiple instructions immediately following the load, including
- the instruction usually scheduled in the load delay slot.

Branch resolution occurs one cycle later, thereby increasing the branch penalty by one
cycle. To overcome this problem the R8000 Microprocessor actually predicts the branch
in the Fetch stage. Branch and delay instructions are fetched in F-stage and if the predict
bit is on the program counter is modified and on the next clock the instruction cache
starts fetching from the new target address.

Refer to Figure 1-1. Quad 1 is fetched (PC= x) and then enters D-stage in (PC = x+1). At
the same time quad 2 is fetched which contains a branch and corresponding delay. Since
the predict bit in the branch cache is on, the new branch target address ‘t’ is loaded into
the program counter. Quad 3 is fetched with the new target address. In the next clock
(PC = t+1) the branch and delay in quad 2 enter the A-stage. In t+2 Quad 2 enters the E-
stage. It is here that the instruction is executed and a determination is made as to
whether the branch prediction was correct. The first instruction from the target address,
Quad 3, is now in A-stage, one stage behind the branch and delay instructions. Once the
branch has been executed and the target address is determined, the value is then
compared with the target for the instruction in A-stage. If where the instruction wanted
to branch is the same as where the pipeline had branched to 3 cycles earlier (E-stage and
A-stage target compare is valid), then the pipeline continues without interruption. A
branch mis-prediction causes a three cycle delay as the instructions in stages D, A, and E
must be flushed.

Figure 1-1 below shows the pipeline flow of the R8000 Microprocessor. A Quad is
defined as four 32 bit instructions. PC = program counter.
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Fetched from (target
new target address compared)
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QUAD 4
Fetched F-STAGE D-STAGE
PC = t+1

Figure 1-1 Integer Pipeline

As shown in Figure 1-1, on a branch mis-prediction, the execution of each branch
instruction and the corresponding change of control flow takes 3 clocks.

1.2.2 Superscalar Dispatch Unit

The R8000 Microprocessor can dispatch four instructions each cycle regardless of how
many instructions were issued in the previous cycle. There are no boundary alignment
restrictions. Instructions are fetched and placed in a six-quad deep instruction queue

which acts as temporary storage for instructions waiting to be executed. When

instructions are fetched from the I-cache they undergo predecoding before being placed
in the queue. The purpose of predecoding is to reduce instruction processing time in the
decode stage of the pipeline. Eighteen additional characterization bits are added to each
original 32 bit instruction. Addition of the predecode bits expands each instruction to 50

bits, hence the width of the instruction queue is 200 bits. These bits are used for two

cycles, after which for integer operations they are no longer needed. Instructions which
reach the floating point queue are 37 bits wide as five bits of the original 18 additional

bits are used by the R8010 FPU. Predecoding accomplishes three things:
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1) Consistent alignment of the 5-bit destination field.
2) Instruction Category encoding.
3) Addition of timing critical bits.

A crossbar mechanism determines which of the four instructions to send depending on
the resources available from cycle to cycle. This process is called Resource Modeling. The
idea behind resource modeling is that instructions are not dispatched until there is
sufficient resources available for them to complete. The crossbar monitors the status of
each execution unit as well as determines interdependencies between any of the four
instructions in the dispatch unit at any given line.

Figure 1-2 shows a diagram comprised of four cycles and the flow of instructions
through the supersclar dispatch mechanism.
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Figure 1-2 R8000 Instruction Dispatch Mechanism

The shaded areas in Figure 1-2 indicate those instructions which were dispatched. In the
first clock instructions A, B, C, and D are presented to the dispatch logic. In the above
example only instructions A and B are dispatched and sent to the execution stage of the
pipeline. Instructions C and D remain. Instructions E and F are then read from the first
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stage of the queue and passed through the multiplexor logic and placed in the dispatch
unit in the next clock. Instructions G and H remain in the first stage of the queue. The
dispatch unit is again loaded with four instructions (E, F, C, D).

In the second dispatch in Figure 1-2 instructions E, C, and D are dispatched to the
execution stage but instruction F remains. The execution of C and D allows instructions
G and H to pass through to the dispatch unit. The first stage of the queue is now empty
and new information can be clocked into it. Instruction I is also read from the second
stage of the queue and placed in the dispatch unit. The dispatch unit now contains the
four instructions I, EG,H.

The third cycle dispatches instructions F and G. I and H remain.The execution of F and G
allows instruction J and K from the second stage of the queue to be moved to the
dispatch unit. The instruction queue is then clocked, causing the four instructions in
each stage to shift one stage down the queue as shown. The first stage of the queue now
contains only instruction L because instructions I, ] and K have already been shifted out.

The first stage of the queue must be completely empty before any other instructions can
be shifted into it. All stages of the queue are clocked simultaneously. Should a situation
arise where the queue is full, meaning that all stages contain one or more instructions, a
stall is issued and the instruction cache will cease fetching instructions until the stall
condition is removed.

1.2.3 Large Set Associative TLB

The Translation Lookaside Buffer (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 (VTAGS), the other the actual physical
address (PA) corresponding to each virtual tag.

TLB, Data Cache, and Data Cache Tag RAM lookups are 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 addresses resides in the PA portion. If it is determined that the
translation for the virtual address resides in the TLB, the contents of the PA portion is
compared to that in the Data cache tag RAM, resulting in either a hit or a miss to the
Data cache. Either a TLB or a Data cache miss initiates an external memory cycle.

Figure 1-3 shows a block diagram of the TLB.
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Figure 1-3 Translation Lookaside Buffer

Table 1-1 shows the page sizes supported and the corresponding virtual address bits
used to index the TLB.

Page Size Vlrtua;;:xsddress
4K VA<18:12>
8K VA<19:13>
16K VA<20:14>
64K VA<22:16>
IM VA<26:20>
4M VA<28:22>
16M VA<30:24>

Table 1-1 TLB Page Sizes

The number of entries in the TLB is large enough to minimize the miss rate but at the
same time is not so large as to create speed problems.
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1.2.4 Data Cache Invalidation

Data cache invalidation in the R8000 CPU is performed by accessing the Data Cache
Valid RAM which is 4 bits wide and contains 1024 entries. Each entry represents a 32 bit
value, hence there are two valid bits per 64 bit doubleword. Each index to the valid RAM
corresponds to the status of two 64 bit Data cache doublewords. There are two reasons
for a separate valid RAM with individual invalidation bits down to the word level.

The first reason is to alleviate invalidating entire lines of the cache when floating point
data is found. Sometimes integer and floating point data reside in the same data cache
(D-cache) line. Floating point loads and stores interface directly to the streaming cache
and do not usually affect the contents of the R8000 data cache. However, the data cache
of the R8000 must be kept coherent with the streaming cache. Therefore, if a FP store is
done to a given location in the streaming cache which also resides in the D-cache, the D-
cache entry must be invalidated. By having individual valid bits for each 32 bit word in
the data cache, the mixing of floating point and integer data in a given D-cache line is
better accommodated. This way if an integer load is done to that same location a D-cache
miss occurs, forcing the R8000 to fetch the data from the streaming cache.

The second reason for having a separate valid RAM is to be able to easily invalidate the
data for integer stores which miss in the D-cache. In the R8000 data is stored 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 store data does not have to wait for the result of the lookup before it is
written to the D-cache. If the TLB detects a store hit the cycle is already completed as the
data has already been written. If a store miss occurs the data is invalidated in the
following cycle by turning off the valid bit for that D-cache entry.

Allowing invalidation down to the word level also helps to reduce ‘false sharing’, which
occurs when data is unintentionally forced to bounce back and forth between caches.

1.2.5 Split Level Cache

The caching scheme of the R8000 microprocessor consists of a 16 KByte integer only first
level data cache housed on the R8000, and a 4 MByte second level streaming cache. The 4
MByte streaming cache acts as the second level cache for the R8000 and the first level
cache for the R8010 FPU. Since integer data is stored on-chip in the R8000 access
latencies are very short. Due to the large data sets that are normally required for floating
point operations, the R8010 FPU interfaces only to the streaming cache. Separation of
integer and floating point data helps to alleviate ‘thrashing’, which can occur when large
vectors are moved in and out of the smaller on-chip data cache. For example, if large
floating point vectors were handled in the data cache, all of the contents of the data cache
would need to be moved out to make room for the vector, the vector then moved in and
executed, then moved out, and the integer data moved back in. Also since the data cache
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is normally not big enough to hold an entire floating point vector, a portion of the vector
would be moved in and executed, then another, then another. Each of these results in a
cache miss.

In addition, the R8000 microprocessor allows either two loads or one load and one store
in the same cycle. If a load follows a store, the store can write to the same address as the
load is reading from. Bypass circuitry exists inside the R8000 which allows the store and
the load to occur simultaneously. This is helpful when the compiler cannot differentiate
between whether the store address for pointer A and the load address for pointer B are
the same. This is why the store is done before the load. When the address is the same a
clock is saved because the store to the cache does not have to complete before the load
can be executed.

1.2.6 Address Bellow Register

The R8000 Microprocessor contains two Tag RAM’s which support the two way
interleaved streaming cache and can perform two Tag RAM accesses per cycle. One bank
contains even addresses and the other odd. In order to facilitate two accesses per cycle
one address must be even and the other odd. However, the compiler cannot always
guarantee that one access will be even and the other odd and a situation can arise where
there are either two odd or two even accesses in the same clock. When this occurs only
one of the two accesses can execute as they are both to the same bank. Multiple mis-
alignments by the compiler can degrade system performance. The address bellow
register assures uniform distribution of even and odd references. Hardware manages
and resolves the alignment problems.

Figure 1-4 shows how the address bellow resolves bank conflicts when both accesses
alternate between odd and even. Each access has been numbered for clarity. Note that
either of the even or odd accesses could be delayed. Those accesses shown in figure 1-4
as delayed are arbitrary. The numerical values have been added for clarity to show the
movement through the bellow register.
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Figure 1-4 Effect of address bellow on bank conflicts

Figure 1-4 shows four separate accesses in an alternating even/odd sequence. Because
only one of the two even accesses can be dispatched to the Tag RAM at a time, the second
access is delayed in the bellow register, hence a single access is performed in the first
clock of the sequence. Since accesses to the Tag RAM'’s are single cycle, the EZ2 access
previously delayed in the bellow register is released on the next clock along with one of
the odd accesses. The bank conflict has been resolved in that both an even and an odd
access are now allowed to occur simultaneously, even though they were not dispatched
at the same time by the compiler.

In the next clock O? is released from the bellow and dispatched along with E2 while E* is
held in the bellow. Again two Tag RAM accesses are allowed to execute. In the next clock
E4 is released from the bellow along with O while access O* is held in the bellow. On the
final clock of the sequence access O is released from the bellow. Since there are no
subsequent accesses shown, the last clock in the sequence is also a single access.

In Figure 1-4 the first and last accesses in the sequence shown are single accesses.
However, the effect of the bellow register is such that all of the cycles in between allow
for two Tag RAM accesses at the same time. Note that the compiler plays a major role in
the efficient scheduling of accesses. Poor scheduling techniques by the compiler can
effectively cut the cache access bandwidth in half and effectively render the streaming
cache as one-way interleaved.
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1.2.7 Integer Multiply

The integer multiply function is performed in the R8000 CPU and is several times faster
than most other implementations currently on the market. Only four clocks are required
for a 32 bit multiply and six clocks for a 64 bit multiply. Integer multiplies are frequently
used in array index calculations. The superscalar nature of the R8000 microprocessor
allows the computing portion of the operation to execute in less time. Addressing time is
also reduced by lowering the integer multiply time.

1.2.8 Floating Point Multiply-Add

The addition of the four floating point multiply-add /subtract instructions allows two
floating point computations to be performed with one instruction. The four instructions
are multiply-add, multiply-subtract, negative multiply-add, and negative multiply-
subtract.

The product of two operands is either added to or subtracted from a third operand to
produce one result. The intermediate result is calculated to infinite precision and is not
rounded prior to the addition. The result is then added to or subtracted from the
contents of a floating point register specified in the instruction. The result is then
rounded according to the rounding mode specified by the instruction. The final result is
then placed in another floating point register whose location is also defined in the
instruction.

1.2.9 Floating Point Queues

The Floating Point Queue mechanism consists of a floating point instruction queue and a
load data queue which together allow the R8000 to run ahead of the R8010 FPU. Because
FP operations are decoupled from the R8000, long FP operations can be executed in
parallel with other integer operations. The R8000 is not held up, allowing vector start-up
time to be reduced. For example, in transitioning from one loop to another, while the
R8010 FPU is completing the first loop, the R8000 can begin processing the overhead
code and get started on the second loop, even though the R8010 FPU is not yet finished
with the first loop.

When instructions are fetched from the instruction cache of the R8000 CPU, predecoding
is performed to determine the nature of the instruction and where it is to be executed.
Floating point instructions are placed in the FP queue and an access to the streaming
cache is initiated to retrieve the corresponding FP vector. The FP queue is located in the
R8000. Once the data is available it is placed in the load data queue. The R8000 then
releases the instructions from the FP queue and sends them to the R8010 FPU where they
can begin execution.

TEP User’s Manual , 1-13



- 1.2.10 Prefetch Support

The R8000 Microprocessor supports a prefetch instruction which allows the compiler to
issue instructions early so the corresponding data can be fetched and placed as close as
possible to the CPU. For example, if data for a given operation resides in main memory,
the prefetch instruction can be used to retrieve the data before it is required by the CPU.
Once the CPU requests the data, the main memory access time has already elapsed and
the data resides close to the CPU in a cache or data buffer where it can be accessed by the
CPU quickly.

Normally the prefetch instruction is used in loops and in most cases the prefetched data
will be used by the CPU. The prefetch instruction is most helpful in large multi-
processor systems where a cache miss can take many cycles.

1.2.11 Conditional Moves

The R8000 Microprocessor has defined a set of four conditional move operators which
allow IF statements to be represented without branches. The bodies of the THEN and
ELSE statements are computed unconditionally and their results placed in temporary
registers. Conditional move operators then transfer the temporary results to a
permanent register file. Both legs of the IF statement are computed and one of them
discarded.

Conditional moves must be able to test both integer and floating point conditions in
order to support the full range of IF statements. Integer tests are done by comparing a
general register against a zero value. This is similar to the way integer branches are
performed.

Floating point tests are done by examining the floating point condition code. This is
similar to the way Coprocessor 1 branches are handled. The conditional move operators
in the R8000 microprocessor support both integer and floating point data for the THEN
and ELSE clauses, hence there are four conditional move operators.

Since floating point conditional moves test the floating point condition code, multiple
condition codes have been added to give the compiler some flexibility in scheduling the
comparison and the conditional moves. The R8000 microprocessor contains eight
condition code bits.

1.3 ARCHITECTURAL OVERVIEW

This section discusses briefly the architecture of each component in the R8000
microprocessor chip set. Each of the components, the R8000 CPU, R8010 FPU, Tag
RAM’s, and Streaming Cache Data RAM’s have dedicated chapters which cover the
respective components in more detail. Refer to the table of contents for more information
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on a specific component. There are 7 basic parts to the system.

1) R8000 Microprocessor

2) R8010 Floating Point Unit

3) Tag RAM (even addresses)

4) Tag RAM (odd addresses)

5) Streaming Cache SRAM (Even data)
6) Streaming Cache SRAM (Odd data)
7) Cache Controller

Both the R8000 CPU and R8010 FPU have multiple execution units, allowing execution
of 4 instructions per clock; two load/store instructions and two register to register or
floating point execute instructions. Separate integer and floating point units maximize
floating point throughput and allow for simultaneous execution of integer and floating
point instructions. The R8010 FPU contains two pipelines, each of which can perform a
double precision multiply-add every cycle. Two identical tag RAM’s store address
information for the even and odd data banks of the interleaved streaming cache. The
R8000 CPU and R8010 FPU interface only to the streaming cache. Updates to the tag
RAM'’s as well as all transactions requiring interface to main system memory are
handled by the cache controller. Separate load and store data busses on the R8010 FPU
eliminate bus turnaround time and allow both loads and stores to second level cache to
execute simultaneously. Multiple tag RAM's provide an interleaved caching scheme,
allowing access times to the cache to be hidden and providing two 64 bit operands to the
R8010 FPU every clock. A separate dirty bit RAM within each Tag RAM allows for
updating of the dirty bit status for one cycle at the same time as a Tag RAM access for
another cycle. Figure 1-5 shows a block diagram of the R8000 microprocessor chip set.
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1.3.1 R8000 Microprocessor.

. The R8000 Microprocessor is a 591 pin device which handles all integer operations and is
the main computing component of the system. The high pin count is a result of the
numerous dedicated busses provided by the R8000. This dedicated bussing scheme
helps to take full advantage of the multiple execution units within the R8000, allowing
each unit to run independently of the other, alleviating not only the need for
multiplexing data and address, but also allowing loads and stores to the streaming cache
to occur simultaneously.

The R8000 contains four caches and has dedicated interfaces to all components in the
system. The R8000 performs address generation and provides address information for
interfacing to the streaming cache via separate and dedicated address busses for the
even and odd banks. Instruction and data interface to the R8010 Floating Point Unit is
via a dedicated 80 bit TBus, and addresses 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 contains two arithmetic logic units (ALU) as well as two address generation
units, yielding a maximum of 4 instructions per cycle. The on-chip 16 KByte Data cache
is dual ported and contains separate address and 64 bit data busses for each port. This
allows multiple accesses to the cache to occur simultaneously. The 16 KByte instruction
cache is 128 bits wide and single ported. Both caches are virtually indexed. The
instruction cache is virtually tagged, alleviating the need for address translation on I-
cache accesses. The data cache is physically tagged to maintain coherency with second
level cache. Each 32 byte line in the I-cache contains a specific address space identifier
(ASID). This value is assigned by the operating system and is process specific. There are
at least two specific ASID values per process, one for the instruction cache, one for the
TLB. The ASID helps to differentiate between multiple processes within the same cache
and helps to reduce I-cache flushing by allowing the operating system to invalidate only
those lines whose process 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 instruction caches, the R8000 also contains Branch and
Translation Lookaside Buffer (TLB) caches. The Branch cache is accessed along with the
instruction cache and is used to predict and modify the program counter on branch or
jump instructions. The Branch Cache is a 15 bit field concatenated to each aligned 128 bit
quadword of the I-cache. The Branch Cache implements a simple branch prediction
mechanism which branches depending on the state of the predict bit associated with
each Branch Cache entry.

The TLB cache is used to convert virtual addresses to physical addresses. A single TLB
services both the data and instruction caches. The instruction cache only requires
address translation on a miss. Similar to the instruction cache, each entry of the TLB also
contains an ASID. However, this value is different from that contained in the I-cache.
Having separate ASID values for each cache allows separate flushing of the Instruction
and TLB caches. Below is a list of features of the four caches.
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- Instruction cache;

- 16 KBytes

- Virtually indexed

- Virtually tagged

- Direct mapped, no hashing

- Single ported, 128 bit path

- Fetches 4 instructions (128 bits) per cycle
-32 Byte line size

- No parity

- 11 cycle miss penalty to streaming cache
- No coherency maintained with streaming cache
- Alignment on 128-bit boundaries

- 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 store per cycle
- 32 Byte line size

- No parity

- 8 cycle miss penalty to streaming cache

- Coherency maintained with the streaming cache
- Write through with allocate protocol

- Separate ASID for D-cache tags

- Branch Cache;

- 1K Entries, one entry per 4 instr.

- Virtually indexed in parallel with Instruction cache
- Direct mapped, no hashing

- 3 cycle miss penalty

- TLB Cache;

- Dual ported, 2 translations/clock

- 3-way set associative,

- 384 entries total (128 X 3 way)

- Implements random replacement algorithm

- Supports 4K,8K,16K,64K,1M,4M,16M page sizes

- Maps one virtual to one physical page

- Indexed by low-order 7 bits of virtual address

- Index is hashed by Exclusive-OR of low order 7 bits of TLB cache ASID.
- Software Refilled
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Figure 1-6 shows a block diagram of the R8000 Microprocessor.
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Figure'1-6 R8000 Microprocessor Block Diagram
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1.3.2 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 read ports and 4 write ports.
Large load and store data queues, each 32 entries deep, allow for a pipelined interface
between the R8000 CPU and the R8010 FPU, streamlining the flow of data and
minimizing wait time. With a target frequency of 75 MHz, the R8010 FPU offers a peak
performance of 300 MFLOPS.

The R8010 FPU has no on-chip cache and uses the streaming cache, which is the second
level cache of the R8000, as its memory. Dedicated load and store data busses to both the
even and odd banks of streaming cache allow either a read or write operation to each
bank to be performed every clock. An 80 bit TBus interface forms the control bus for the
R8010 FPU and allows the R8010 FPU to interface to both the R8000 CPU and the Cache
Controller (CC). Normally the R8010 FPU is controlled by the R8000. Dispatching of
instructions, floating point loads and stores to the streaming cache, integer stores to the
streaming cache, etc. are all under control of the R8000 CPU. Cycles which miss in the
streaming cache and require interface to the main memory are handled by the Cache
Controller. For these cycles the R8010 FPU is used only to transfer data from the load
data bus to the store data bus.

Floating point instructions are received from the R8000 microprocessor through the
TBus. The instructions are executed and the result written back to the FP register file.
Floating Point data is retrieved from the streaming cache on the load data pins and then
placed in the Load Data Queue. For store operations data from the result is placed in the
store data queue. As soon as the corresponding address information from the Tag RAM
is made available, the data is written out to the streaming cache. In addition to floating
point operations, the R8010 FPU is also used during integer stores to the streaming
cache, handled by the R8000, as well as stores to main memory, handled by the CC.

A set of fused multiply-add instructions have 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 instructions is not defined by the IEEE and does not
perform intermediate rounding. Eliminating the intermediate rounding step allows for a
lower inherent latency and has higher precision and higher performance than an
operator which performs intermediate rounding.

Figure 1-7 shows a block diagram of the R8010 FPU.
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Figure 1-7 R8010 Floating Point Unit Block Diagram
1.3.3 Tag RAM

Two identical tag RAM’s are required in the R8000 Microprocessor Chip Set in order to
support the interleaved architecture of the second level streaming cache. Both RAM’s
contain the same information. One is used for the even bank, the other for the odd bank.
The two banks are differentiated by the state of address bit A3. If this bit is low the access
is to the even bank. A3 high enables the odd bank.

Both Tag RAM'’s are always written simultaneously and contain the exact same address,
state, and virtual synonym information. The dirty bit information can be different
between the even and odd bank devices. If either the even or odd double-words of a
cache line are dirty the CC will write back the entire line. The Tag RAM is 4-way set
associative. Each indexed entry of the Tag RAM contains 128 bits divided as four 32 bit
values. Each 32 bit value contains a 20 bit tag address, a four bit virtual synonym field,
and 8 state bits which define the coherency attributes. Either the tag address or the state
and virtual synonym information can be written at any given time. A single 20 bit
external tag bus handles the flow of both through the device. In addition the tag bus is
bi-directional and used for both reading and writing of the device. The Cache controller
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is responsible for both reading and writing the Tag RAM and must control whether the
address or state information is allowed to be written.

A separate 16 bit dirty bit RAM is the only portion of the Tag RAM where the
information is different between the two Tag RAM’s. Figure 1-8 shows a block diagram
of the tag RAM.
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. 1.3.4 Streaming Cache Data RAM's

The streaming 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 read and write data
can be on their respective busses at the same time. Having separate busses eliminates
any bus turnaround time, which occurs on back to back read followed by write cycles,
and allows read and write data to be pipelined to the RAM, effectively allowing the
RAM to perform a read 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 registers. If the RAM is performing a read and write data appears on the
input bus, the data is placed in the register. Self-timed write logic allows the RAM to
write the data as soon it finishes the previous read cycle. Figure 1-9 shows a block
diagram of a streaming cache data RAM.
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Figure 1-9 Streaming Cache Data RAM Block Diagram

1.3.5 Streaming Cache Memory Architecture

The cache memory system architecture consists of sets, lines, and sectors. In order to
help the reader understand the cache memory architecture, 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.

There are nine devices per SIM module, 8 data RAM’s and 1 parity RAM, which yield 1
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MByte. A minimum of two SIM modules per bank are required to interface to each of the
64 bit external busses of the R8000 Microprocessor. Connection to the mother board is via
two parallel 75 pin SIP connectors. The modules are soldered directly to the board.

The 4-way set associative cache has 4 sets. Each set consists of 2048 lines. Each line
consists of four sectors. Each sector contains sixteen 64-bit words divided as 8 words per
bank. Figure 1-10 shows a block diagram of how the cache memory is organized.
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0 LINE 128 bytes x 4 sectors = 512 bytes/line
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Figure 1-10 Streaming Cache Memory Architecture
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REGISTERS

The R8000 Microprocessor Chip Set provides four sets of architecturally visible registers:

1) Thirty-two general purpose registers (GPR) located on the R8000, thirty-one of which
are usable. Register (r0) always contains a value of zero. Each register is 64 bits wide.
These registers are numbered r31..r0 and are used for virtual address generation as well
as general movement and temporary storage of load and store data throughout the
device.

2) Thirty-two Floating-Point Registers (FPR) located on the R8010 FPU. Each register is
64 bits wide.These registers are numbered £31..f0 and are used for general movement
and temporary storage of load and store data throughout the device.

3) Thirty-two system control registers located on the R8000. Each register is 64 bits wide.
These registers are accessible through the double Move To-From Coprocessor-0 instruc-
tions such as DMTCO and DMFCO. The 32 bit versions of these instructions, MTCO and
MFCO, are not defined. The R8000 system control registers are defined as Coprocessor-0
(Cop0) registers.

4) Two floating point control registers located on the R8000 CPU. Each register is 32 bits
wide. Although the architecture provides for thrity-two control registers, only two, regis-
ters 31 and 0 are visible. These registers are accessible through the Move To-From Copro-
cessor-0 instructions such as MTCO and MFCO. The 64 bit versions of these instructions,
DMTCO and DMFCO, are not defined. The R8010 FPU system control registers are
defined as Coprocessor-1 (Cop1) registers.
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Table 2-1 below shows a listing of Coprocessor-0 and Coprocessor-1 registers.

Cop# | Reg# | Mnemonic | Description
0 0 TLBSet Select set in set-associative TLB
0 1 ———— Register not used
0 2 EntryLo | Low half of TLB entry
0 3 e Register not used
0 4 UBase Pointer to User PTE table
0 5 ShiftAmt | Shift amount to align Virtual page number
0 6 TrapBase | Base address of trap vectors
0 7 BadPAddr | Bad Physical Address
0 8 VAddr Virtual Address Register
0 9 Counts Cycle and operation counters
0 10 EntryHi | High half of TLB entry
0 11 ————— Register not used
0 12 SR Status Register
0 13 Cause Reason for last exception
0 14 EPC Exception Program Counter
0 15 PRId Processor Revision Identifier
0 16 Config Configuration register
0 17 ——— Register not used
0 18 Work0 Uninterpreted temporary register
0 19 Work1 Uninterpreted temporary register
0 20 PBase Pointer to Kernel Private PTE table
0 21 GBase Pointer to Kermnel Global PTE table
0 22-23 — Register not used
0 24 Wired Indicies of wired entries in the TLB
0 25-27 — Reserved for additional Wired registers
0 28 DCache | Data Cache control register
0 29 ICache Instruction Cache control register
0 30-31 ————— Register not used
1 0 FConfig | Floating-point Configuration register
1 1-30 ——— Register not used
1 31 FSR Floating-point Status Register

Table 2-1 Control Registers
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21 COPROCESSOR 0 REGISTER SET

This section lists the 32 system control registers referred to as Coprocessor 0. The regis-
ters are listed in numerical order with their corresponding register number in parenthe-
ses. The following registers are reserved by MIPS technologies and should not be used:
r1, r3, r11,r17, r22, 123, 125, 126, 127, r30, and r31. These registers do not appear in the fol-
lowing section.

2.1.1 TLBSet (r0)

Set address
6362 210
P ] SET
T 61 2
! Last TLBP

P if set, the last TLBP operation was unsuccessful.
SET specifies the set select address within a TLB entry.

The TLBSet Register is a read-write register used to index a TLB entry’s set
and to provide access status as the result of a TLBP operation.

The SET field is used to select a TLB entry’s set for a TLBW or a TLBR
instruction. When a TLB Refill (User, Kernel Private, and Kernel Global)
exception occurs, TLBSet is loaded with a random set to be replaced. When
a TLB Invalid or TLB Modified exception occurs, TLBSet is loaded with the
set which contains the virtual tag match. This value may be overwritten
under program control to write to a specific set number.

The TLBSet register also contains status regarding the TLB Probe (TLBP)
instruction execution. The P bit is set if the last TLBP instruction did not
find a TLB entry which matched VADDR and the ASID value in the
EntryHi register. If the last TLBP was successful, P=0 and SET holds the set
number which matched. The format of the SET field is shown below.

00 Set 0
01 Set 1
10 Set 2

11 Reserved

The TLBSet register is undefined on reset.
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2.1.2 EntryLo (r2)

zero read

63 40 39

valid

dirty
coherence

Physical Frame Number —3

3l l

1211 9876 0

PFN

C

DiV! Zz

28

7

Z are fields that may be written with anything but always read as

PFN Physical Frame Number

C specifies the page cache coherence algorithm

D if set, page is dirty and writable
V if set, entry is valid

The EntryLo register is a read-write register used to access the lower half of
the TLB. EntryLo contains the Physical Page Number (PFN) and its
associated Cache Algorithm (C), Write Permission (D), and Valid (V) state

bits.

The C field encoding is as follows:

C Field

Cycle Type

000

Processor—o__;dered Uncachable

001

Reserved

010

Sequential-ordered Uncachable

011

Cachable Non-Coherent

100

Cachable Coherent Exclusive

101

Cachable Coherent Exclusive on Write

110

Reserved

111

Reserved (Cachable Write-through)

Table 2-2 Cache Coherency Field Encoding

The EntryLo register is undefined on reset.
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2.1.3 UBase (r4)

63 0
' PTEBase I
64

PTEBase Base address of Page Table Entries

The UBase register is a read-write register which holds the base address of
the PTE table for the associated User region. The UBase, PBase, and GBase
registers have identical formats.

The UBase register is undefined on reset.
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2.1.4 ShiftAmt (r5)

Shift Amount

63 54 l 0
0 SA
59 5

The ShiftAmt register is a read-only register that assists software in
aligning pointers into page tables. In the User Region, right-shifting the VA
register by the amount in the SA field correctly aligns the Virtual Page
Number (VPN) field based on page size for the most recently failed
translation.
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2.1.5 TrapBase (r6)

63 6159 58 49 47 1211 0
R| C 0 Base 0
2 3 1" 36 12

Base Base address of trap vectors
R Region bits of trap vectors
C Cache algorithm bits of trap vectors

The TrapBase is a read-write register which contains the base address of all
exception vectors except Reset, Soft Reset, and NMI. When an exception
occurs, the 12-bit exception vector offset is concatenated with the 36-bit
Base and the R and C bits to form the new program counter.

This register is undefined on reset.
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2.1.6 BadPAddr (17)

63 6059 40 39 0

Syn 0 PAddr

BadPaddr Bad Physical Address
Syn Bits [15:12] of the virtual address

The BadPAddr register is a read-only register that contains the physical
address which caused the virtual coherence error (floating) exception.
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2.1.7 VAddr (8)

63 0
‘ VAddr I
64

VAddr Virtual Address

The VAddr register is a read-write register that holds a 64-bit virtual
address. VAddr is loaded both under software and hardware control.
VAddr is loaded by hardware with the virtual address which causes a TLB
fault, TLB Refill, TLB Invalid, TLB Modified, or Address Error Exception.
VAddr is also writable by software, and is used to address the Cop0
instructions TLBW, TLBR, TLBP, DCTR, DCTW.

For TLB faults resulting from trying to fetch instructions for an instruction
cache miss, VAddr is loaded with the virtual address of the begining of the
instruction cache block, not with the address of the instruction which
caused the instruction cache miss.

TFP User’s Manual 2-9




2.1.8 Counts (19)

32 31

Cycles

32

Cycles  Count the number of processor clock cycles

32

The Counts register is a read-write register consisting of a 32-bit counter.
The Cycles counter is incremented once per clock cycle. IP1 is wired to bit

[31] of the Counts Register.

The Counts register is undefined on reset.
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2.1.9 EntryHi (r10)

63 61 48 47 19 18 12 11 430
R z VPN z ASID z
2 14 29 7 8 4
P Two-bit Region (00 = user, 01 =KV0, 11 =KV1).
z Fields that may be written with anything but always read as 0.
VPN Virtual Page Number field.

ASID Address Space Identifier.

The EntryHi register is a read-write register used to access the upper half of
the TLB. In addition, EntryHi contains the Address Space Identifier (ASID)
used to match the virtual address with a TLB entry when virtual addresses
are presented for translation.

When a TLB-related exception occurs, EntryHi is loaded with the Virtual
Page Number (VPN) and the Region (R) of the virtual address that failed
translation. The VPN field contains bits [47:19] of the faulting virtual
address. It is not right justified according to page size. VPN[23:19] is
conditionally set to zero by hardware on a per-bit basis based on page size.
The ASID field already contains the Address Space Identifier for the virtual
address which caused the exception, and so is not loaded when a exception
occurs.

The VPN field does not contain bits [18:12] of the virtual address, for these
are not stored in the TLB.

The EntryHi register is undefined on reset.

TFP User’s Manual 2-11



2.1.10 Status (r12)

63 41 39 3635 32 30 28 26 24 18 8 65432%0

0 o KPS | UPS | 0 cuoﬁlg 0 M o%‘ﬂlﬁ o X
23 4 4 2 2 6 1 2

IE is the Interrupt Enable (0 = disabled, 1 = enabled).

EXL is the Execution Level (0 = normal, 1 = exception).

KU is the Execution Mode (0 = kernel, 1 = user).

UX If set enables MIPS-III opcodes in user mode.

XX If set enables SGI-extended opcodes in user mode.

M Interrupt Mask (0 = disabled, 1 = enabled).

RE Reverse endian in user mode.

FR enables additional floating-point registers

(0 = 16 registers, 1 = 32 registers).
cu controls the usability of coprocessors zero and one

(0 = unusable, 1 = usable). Coprocessor zero is always usuable
when in kernel mode, regardless of the setting of the CUj bit.
UPS User Page Size.

KPS Kernel Page Size.
DM Floating-point precise exception Mode.
0is Reserved for future use: 0 on read, must be 0 on write.

The SR register is a read-write register that contains the kernel/user mode,
interrupt enable, and various other information.

Interrupts are enabled when IE=1 and EXL=0.

The base execution mode is set by the kernel/user bit (KU). The actual
execution mode is modified by the execution level (EXL). The processor is
in user mode when KU=1 and EXL=0, otherwise it is in kernel mode.

The user instruction-set architecture is specified by the UX and XX field.
Clearing XX inhibits SGI-extension opcodes. Clearing UX inhibits MIPS-IIT
opcodes. All opcodes are permanently available in kernel mode.

The interrupt mask field (IM) is a 11-bit field that controls the enabling of
the 11 maskable interrupt conditions. A maskable interrupt is taken if
interrupts are enabled, and the corresponding bits are set in both the
interrupt mask field of the SR and the interrupt pending field of the Cause
register. Note that there are unmaskable interrupts as defined in the Cause
Register.

The endian of the processor in kernel mode is set by BE bit in the Config
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register. The Reverse Endian (RE) bit in the SR is used to modify the endian
of the processor in user mode.

The FR bit enables additional registers in the floating-point coprocessor.

The Coprocessor Usuable (CU) field is a 2-bit field that controls whether
coprocessor instructions will cause an exception. Regardless of the setting
of the CU field, coprocessor zero is always usable when in kernel mode.
The User Page Size (UPS) field specifies the page size of the User Virtual
(UV) region of the address space. The Kernel Page Size (KPS) field specifies
the page size of the Kernel Virtual (KV0 and KV1) regions of the address
space. The encodings are as follows.

Page Size Encoding
4K 0000
8K 0001
16K 0010
64K 0011
M 0100
iM 0101
16M 0110
reserved all others combinations

Table 2-3 UPS/KPS Field Encoding

The DM bit controls whether the floating-point unit is in performance or
precise exception mode. DM=0 is performance mode, DM=1 is precise
exception mode.

The Status register is initialized during reset.

TFP User’s Manual 2-13



2.1.11 Cause (r13)

6362

29 27 25 23 1918 7 8 32 0
F

CINIgV
0 EhIAE?T 0 P ExcCode| 0

34 5 1 5 3

BD Last exception was taken while executing in a branch delay slot
(0 normal,1 delay slot).
CE Coprocessor unit number is referenced when a
Coprocessor Unusable exception is taken.
NMI Non-maskable interrupt has occured. -
BE Bus Error pending
VCI Coprocessor virtual coherence interrupt or TLBX pending.
FPI Floating point exception has occurred.
P Interrupt pending.
ExcCode Exception Code field (described below).

The Cause register is a read-write register that describes the nature of the
last exception. A 5-bit exception code indicates the cause of the exception
and the remaining fields contain detailed information relevant to the
handling of certain types of exceptions.

The Interrupt Pending (IP) field indicates which maskable external,
internal, coprocessor, and software interrupts are pending. These
interrupts are maskable by the IM field in the Status reg.

IP,.1 are software interrupts, and may be written into to set or reset
software interrupts.

IP,_7 are external interrupts which are set and cleared by transactions
through the T-bus. Software cannot set or clear these bits.

IPg is the even bank G-cache parity error flag. This bit is set by hardware
when a parity error is detected in the even bank and must be cleared by
software.

IPg is the odd bank G-cache parity error flag. This bit is set by hardware
when a parity error is detected in the odd bank and must be cleared by
software.

IP4 is the cycle counter overflow flag. This flag is wired to the most
significant bit of the Cycle counter.
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The FPI is the floating-point exception flag. This flag is the logical and of the
Enable and Flag fields of the FSR in the floating-point unit.

The VCI flag indicates a coprocessor virtual-coherence interrupt.
Coprocessor loads and stores cause imprecise virtual-coherence exceptions
which are reported as interrupts by setting this flag. The VCI flag is cleared
by software.

The BE flag indicates a Bus Error is pending from the system interface. This
flag is set or reset by transactions through the TBus. Software cannot set or
clear this bit.

The NMI flag indicates a non-maskable interrupt. The NMI interrupt is not
enabled or disabled by the EXL or IE fields of the Status Register. The NMI
flag is set by transactions through the TBus. Software setting of this bit
does not cause an interrupt.

The Cause register is undefined on reset.

Table 2-4 shows a listing of the exception code fields

Number | Mnemonic Description
0 Int Interrupt
1 Mod TLB Modification exception
2 TLBL TLB exception (Load or instruction fetch)
3 TLBS TLB exception (Store)
4 AdEL Address Error exception (Load or instruction fetch)
5 AdES Address Error exception (Store)
67 | - Not used
8 Sys Syscall exception
9 Bp Breakpoint exception
10 RI Reserved Instruction exception
11 CpU Coprocessor Unusable exception
12 Ov Arithmetic Overflow exception
13 Tr Trap exception (i.e. the instruction “trap”)
14-31 | - Not used

Table 2-4 Exception Codes
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2.1.12 Exception Program Counter (r14)

EPC

EPC Exception Program Counter

The EPC is a read-write register which contains the address at which
instruction processing may resume after servicing an exception. For
synchronous exceptions, the EPC register contains either the virtual
address of the instruction which was the direct dause of the exception, or
when that instruction is in a branch delay slot, the EPC contains the virtual
address of the immediately preceeding branch or jump instruction and the
Branch Delay (BD) bit in the Cause register is set.

For asynchronous exceptions the EPC points to where execution should
resume.

The EPC register is undefined on reset.
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2.1.13 Process Revision Identifier (r15)

63 16 156 87 0

0 mplementationy  Revision

48 8 8

The PRId register is a read-only register containing the Process Revision
Identifier for the R8000 Microprocessor.
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2.1.14 Config (r16)

3% 31 16 14121198 6 3 0
0 S::_,f,] 0 Bl o [1c|ociyll o
29 16 3 3 3 2

DB Data cache block size = 208+ bytes (o) [1]

1B Instruction cache block size = 28+ bytes (ro) [1]

DC Data cache size = 20¢+12 bgtes (ro) [2]

IC Instruction cache size = 2+11 bytes (ro) [3]

BE Big endian memory (rw) [1]

PM Parity mode: 0 = even parity, 1 = odd parity (rw) [0]

ICE Inhibit Count during Exception (rw) [1]

SMM Sequential Memory Model (rw) [1]

The Config register is a read-write register that specifies the various
configuration options. Power-up values are shown in brackets [ ].

The instruction and data cache parameters are fixed by hardware and are
displayed in the IC, IB, DC, and DB fields.

The endian of the memory system is set by the BE field.

The Parity Mode (PM) bit specifies the mode of the parity error detection
and generation. Even parity (PM=0) means all zeros including the parity bit
is good parity; odd parity (PM=1) means all zeros including the parity bit is
bad parity. Parity errors are reported via interrupt IPs. Whether or not the
error causes an exception is controlled by the interrupt masking
mechanism of the Status Register.

The ICE flag disables the Count register when the processor is executing in
exception level.

The SMM selects between the Sequential Memory Model and a Coprocessor
Ordered Stores Model. Setting SMM causes integer and floating-point loads
and stores to execute in order. Clearing SMM causes the processor to
execute in “Coprocessor Order”.

The configuration register is initialized during reset.
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2.1.15 WorkO (r18), Work1 (r19)

The Worko and Work1 registers are read-write registers for software use. The
hardware does not interpret the contents of these registers.

Both registers are undefined on reset.
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2.1.16 PBase (r20)

63

0

PTEBase I

64

PTEBase Base address of Page Table Entries

The PBase register is a read-write register which holds the base address of
the PTE table for the associated Kernel Private region. The UBase, PBase,
and GBase registers have identical formats.

The PBase register is undefined on reset.

2-20

TFP User’s Manual



2.1.17 GBase (r21)

63 0
l PTEBase I
64

PTEBase Base address of Page Table Entries

The GBase register is a read-write register which holds the base address of
the PTE table for the associated Kernel Global region. The UBase, PBase,
and GBase registers have identical formats.

The UBase register is undefined on reset.
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2.1.18 Wired (r24)

63 32_ 3130 24 23 22 16 15 14 8 76 0

v3| Index3 |v2| Index2 |v1] iIndex1 |vO Index0

32 7 7 7 7

Index  The seven bit TLB entry to be ‘wired’
\4 Valid Bit set if corresponding Index is valid

The Wired register is a read-write register used to control the TLB
replacement algorithm. Up to four entries may be wired down under
program control. The four entries must be in different congruence classes.

The TLB is three-way set associative. Only set 0 may be ‘wired’. When a
TLB Refill exception occurs, the congruence class of the missing virtual
address is compared to each of the four indices in the wired register. If a
match is found for a valid entry in the wired register, a random value in the
range 0..2 is loaded into the TLBSet register. If a valid match is not found, a
random value in the range 1..2 is loaded into the TLBSet register.

The Wired register is undefined on reset.
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2.1.19 DCache (r28)

63 28 25 39 1211 0

H o | v 0 TAG E 0
4 4 15 28 11
H Interrogate Cache operation resulted in a hit
TAG Physical tag field
\' Valid bits, one per 32-bit word
E set if cache line is exclusively owned

The Data Cache register is a read-write register used to read and write the
data cache tag in conjuction with the DCTR and DCTW instructions.

The DCache register is undefined on reset.
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2.1.20 ICache (r29)

63 48 47 40 39 0

0 ASID 0

16 8 40

IASID Instruction cache Address Space Identifier

The Instruction Cache register is a read-write register used to store the
Instruction Address Space Identifier.

The ICache register is undefined on reset.
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2.2 COPROCESSOR 1 REGISTER SET

The CoProcessor 1 register and dedicated floating point registers located on the R8010
FPU. Although 32 register locations have been allocated for floating point operations,
currently only two registers, fO and {31, are used. Registers f1..£30 are reserved.

2.2.1 FConfig (0)

31 16 15 87 0

0 Implementation Revision

16 8 8

The FConfig register is a 32 bit read-only register accessible by instructions
running in kernel or user mode.The Implementation field is an 8-bit number
that defines this particular implementation of the floating-point
coprocessor. The Revision field is an 8-bit number that defines this particular
revision of this implementation of the floating-point coprocessor.
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2.2.2 Floating Point Status (£31)

3 24 22 181716 12 11 76 21 0
FCC g § 0 E| Cause Enables Flags RM
7 7 5 5 5 2

31 23 16 2111 716 2

7{6|5j4|312(1] |0 VIZ[OfUl|V|Z[OjUl1|V|Z]O|U]I

FCC Floating-point Condition Code

FS Flush denormalized results to zero
RM Rounding Mode

\ Invalid operation

z Division by zero

| Inexact exception

o Overflow exception

U Underflow exception

E Emulation exception

The Floating Point Status Register (FSR) register contains status and control
information and is accessible by instructions running in either kernel or
user mode. The FSR controls the arithmetic rounding mode and the
enabling of user-mode traps, as well as indicating when exceptions have
occurred.

A read and subsequent use of the FSR causes all previous instructions that
have not been completed in the floating-point coprocessor’s pipeline to be
completed. Refer to chapter 5, section 5.3.2 for more information on
synchronizing the floating-point coprocessor.

The contents of the FSR are unpredictable and undefined after a processor
reset or a power-up event. Software should initialize this register.

The bit descriptions are as follows:
The RM field controls the rounding mode of all floating-point operations.

The Flags bits are cumulative and indicate that an exception was raised on
some operation since the time which they were explicitly reset. Flag bits are
set to 1 if an IEEE 754 exception is raised, and unchanged otherwise. The
flag bits are never cleared as a side effect of floating-point operations, but

2-26

TFP User’s Manual



may be set or cleared by writing a new value into the status register using a
“move to coprocessor control” instruction.

The Cause bits specify the exceptions raised by the last floating-point
operation and cause an interrupt if the corresponding Enable bit is set. The
Cause bits are written by each floating-point operation in performance mode
only. Load, store, and move operations do not change the state of the Cause
bits. The Cause bits are set to 0 or 1 to indicate the occurrence or non-
occurrence of an IEEE 754 exception. Setting a Cause bit via a “move to
coprocessor control” instruction causes an interrupt if the corresponding
Enable bit is set, and always sets the corresponding flag bit. The precision of
the interrupt is the same as that of a floating-point operation exception.

Unimplemented floating-point coprocessor opcodes cause a reserved
instruction exception in the R8000 Microprocessor. All other FPU
exceptions are reported via IPyo in the Cause register.

The Enable bits control whether a floating-point exception should cause an
interrupt. The precision of the interrupt is dependent on which mode the
floating-point unit is running in.

Setting the FS bit to 0 in precise exception mode causes operations
involving denormalized numbers to be handled by the kernel. Setting the
FS bit to 1 in precise exception mode causes denormalized operands and
results that would be denormalized to be flushed to zero instead of causing
an unimplemented operation exception. The state of the FS bit in
performance mode is irrelevant. The machine acts as if the bit is set to 1.

The FCC bits are the floating-point condition codes. FCC[0] is the same as
the “¢” bit in the MIPS-TI architecture. FCC[1]..FCC[7] are new condition
code bits. Any one of bits FCC[0]..FCC[7] can be written by the “floating-
point compare” instruction.

The E bit of the FSR indicates unimplemented operand exceptions. Like the
Flag bits, the E bit is cumulative and indicates that an exception was raised
on some operation since the time it was explicitly reset.
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MIPS IV INSTRUCTION SET SUMMARY

The R8000 Microprocessor Chip Set runs the MIPS IV instruction set, which is a superset
of the MIPS III instruction set and backward compatible. The additions of these new
instructions enables the MIPS architecture to compete in the high-end numeric
processing market which has traditionally been dominated by vector architectures.

A set of compound multiply-add instructions 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 instructions is not defined by the IEEE and
does not perform intermediate rounding. Eliminating the intermediate rounding step
allows for a lower inherent latency and has higher precision and higher performance
than an operator which performs intermediate rounding.

A register + register addressing mode for floating point loads and stores has been added
which eliminates the extra integer add required in many array accesses. Register +
register addressing for integer memory operations is not supported.

A set of four conditional move operators allows floating point arithmetic ‘IF’ statements
to be represented without branches. “THEN’ and ‘ELSE’ clauses are computed
unconditionally and the results placed in a temporary register. Conditional move
operators then transfer the temporary results to their true register. Table 3-1 lists in
alphabetical order the new instructions which comprise the MIPS IV instruction set.
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Instruction Definition
BCI1F Branch on FP Condition Code False
BC1T Branch on FP Condition Code True
BC1FL Branch on FP Condition Code False Likely
BCITL Branch on FP Condition Code True Likely
C.cond.fmt (cc) Floating Point Compare
LDXC1 Load Double Word indexed to COP1
LWXC1 Load Word indexed to COP1
MADD.sd Floating PointMultiply-Add
MOVEF Move conditional on FP Condition Code False
MOVN Move on Register Not Equal to Zero
MOVT Move conditional on FP Condition Code True
MOVZ Move on Register Equal to Zero
MOVE.fmt FP Move conditional on Condition Code False
MOVN.fmt FP Move on Register Not Equal to Zero
MOVT.fmt FP Move conditional on Condition Code True
MOVZ.fmt FP Move conditional on Register Equal to Zero
MSUB.sd Floating Point Multiply-Subtract
NMADD.sd Floating Point Negative Multipy-Add
NMSUB.sd Floating Point Negative Multiply-Subtract
PFETCH Prefetch Indexed --- Register + Register
PREF Prefetch --- Register + Offset
RECIP.fmt Reciprocal Approximation
RSQRT.fmt Reciprocal Square Root Approximation
SDXC1 Store Double Word indexed to COP1
SWXC1 Store Word indexed to COP1

Table 3-1 MIPS IV Instruction Set Additions and Extensions
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Table 3-2 lists the COPO instructions for the R8000 microprocessor. COPO0 instructions are
those which are not architecturally visible and are used by the kernel.

COPO Instruction Definition
ERET Return from Exception
TLBP Probe for TLB Entry
TLBR Read TLB Entry
TLBW Write TLB Entry
DCTR Data Cache Tag Read
DCTW Data Cache Tag Write

Table 3-2 R8000 COPO Instructions

3.1 INSTRUCTION FORMATS

Each CPU instruction consists of a single 32-bit word, aligned on a word boundary.
There are three instruction formats—immediate (I-type), jump (J-type), and register (R-
type)—as shown in Figure 3-1. The use of a small number of instruction formats
simplifies instruction decoding, allowing the compiler to synthesize more complicated
(and less frequently used) operations and addressing modes from these three formats as
needed.
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I-type (Immediate)

31 26 25 2120 16 15 0
. op rs / sub rt/ft/br offset
6 5 5 16
Cl-type (Floating-point condition-code I-type)
31 26 25 2120 1817 16 15 11
COP1 BC cc (nd|tf offset
6 5 3 16
R-type (Register)_
31 26 25 2120 16 15 11 10 65 0
op  |rs/fufmysub| r/ft rd /fs sa/fd | function |
6 5 5 5 5 6 i
RC-type (Register to floating-point condition code)
31 26 25 2120 16 15 1110 87 65 0
op fmt ft fs cc (o] function I
6 5 5 5 3 2 6 i
CR-type (Floating-point condition-code R-type)
31 26 25 2120 1817 16 15 1110 65 0
SPECIAL s cc o[t rd 0 function j
6 5 3 5 5 6
J-type (Jump)
31 26 25 0
op target
6 26
Figure 3-1 Instruction Formats
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3.2 LOAD AND STORE INSTRUCTIONS

Load and store are immediate (I-type) instructions that move data between memory and
the general registers. The only addressing mode that load and store instructions directly
support is base register plus 16-bit signed immediate offset.

3.2.1 Scheduling a Load Delay Slot

A load instruction that does not allow its result to be used by the instruction
immediately following is called a delayed load instruction. The instruction slot
immediately following this delayed load instruction is referred to as the load delay slot.
In the R8000 Microprocessor the instruction immediately following a load instruction
can use the contents of the loaded register, however in such cases hardware interlocks
insert additional real cycles. Consequently, scheduling load delay slots can be desirable,
both for performance and maintaining R4x00-Series microprocessor compatibility.
However, the scheduling of load delay slots is not absolutely required.

The data from a load instruction is available for use by an instruction issued in the cycle
after the load instruction. Because the R8000 is a super-scalar microprocessor instruction
scheduling to improve performance may cause instructions to be inserted between the
load and the use.

3.2.2 Defining Access Types

Access type indicates the size of a R8000 Microprocessor data item to be loaded or stored,
set by the load or store instruction opcode. Regardless of access type or byte ordering
(endianness), the address given specifies the low-order byte in the addressed field. For a
big-endian configuration, the low-order byte is the most-significant byte; for a little-
endian configuration, the low-order byte is the least-significant byte.

The access type, together with the three low-order bits of the address, define the bytes
accessed within the addressed doubleword. Only the combinations shown in Figure 3-2
are permissible; other combinations cause address error exceptions.
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Low Order Bytes Accessed
Access Type Address
Mnemaonic Bits Big endian Little endian
(Value) (63 31 0) | (63 31 0)
211/(0 Byte Byte
Doubleword (7) [ 0 |0 | 0 |O[1]2)|3(4|5|6|7|7|6|5]|4]|3[2]|1]0
; = 010]10]0]1]2]|3|4]|5 6(5|4|3|2]|1|0
Septibyte (6)
g|10]1 112|345 7|17|6|5(4|3|2]1
O|0|0]0]1]2|3|4]|5 1 2|1
Sextibyte (5) 2 ¢ 9
: o|1]0 2|13|4|5|6|7|7|6|5/4]3]|2
o o|jo|0j0Of1]|2]|3|4 413|2]|1|0
Quintibyte (4)
1 5 O | 314|15|6|7|7|6]5|4]3
o|jo0o|0]0|1]|2]|3 jj2|1]0
Word (3)
11010 415|6|7|7|6|5|4
0j0|OfOf1]2 1|0
Tiilsbte (2 0]0]1 112]3 31211
riplebyte (2
e Tilole 4[5]6 6]5|4
110 5|6|717|6]|5
ofofofo]1 1{0
: [} 0 213 3|2
Halfword (1)
10| 0 4|5 54
il e 9 2 6|7|7]6
o|o|0]|0 0
oj0]1 1 1
01110 2 2
01111 3 3
Byte (0)
1100 4 4
1101 5 5
11110 b 6
2. & vl s

Figure 3-2 Byte Access within a DoubleWord
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3.3 COMPUTATIONAL INSTRUCTIONS

. Computational instructions can be either in register (R-type) format, in which both
operands are registers, or in immediate (I-type) format, in which one operand is a 16-bit
immediate.

Computational instructions perform the following operations on register values:

. arithmetic

logical

shift

multiply

divide

These operations fit in the following four categories of computational instructions:
ALU Immediate instructions

three-Operand Register-Type instructions

shift instructions

multiply and divide instructions

For word-oriented ALU operations all operands must be 32-bit sign extended. The result
of operations that use incorrect sign-extended-bit values is unpredictable.

34 JUMP AND BRANCH INSTRUCTIONS

Jump and branch instructions change the control flow of a program. All jump and branch
instructions occur with a delay of one instruction: that is, the instruction immediately
following the jump or branch (this is known as the instruction in the delay slot) always
executes while the target instruction is being fetched from storage. Branches are predicted
when the instruction quad is fetched and have no penalty. A branch mis-prediction incurs
a 3 cycle penalty.

3.4.1 Overview of Jump Instructions

Subroutine calls in high-level languages are usually implemented with Jump or Jump and
Link instructions, both of which are J-type instructions. InJ-type format, the 26-bit target
address shifts left 2 bits and combines with the high-order 4 bits of the current program
counter to form an absolute address.

Returns, dispatches, and large cross-page jumps are usually implemented with the Jump
Register or Jump and Link Register instructions. Both are R-type instructions that take
the 32-bit or 64-bit bit address contained in one of the general purpose registers.
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3.4.2 Overview of Branch Instructions

All branch instruction target addresses are computed by adding the address of the
instruction in the delay slot to the 16-bit offset (shifts left 2 bits and is sign-extended to 32
bits). All branches occur with a delay of one instruction. If a conditional “branch likely”
is not taken, the instruction in the delay slot is nullified.

3.5 COPROCESSOR INSTRUCTIONS

Coprocessor instructions perform operations in their respective coprocessors.
Coprocessor loads and stores are I-type, and coprocessor computational instructions
have coprocessor-dependent formats. CP0 instructions perform operations specifically
on the System Control Coprocessor registers to manipulate the memory management and
exception handling facilities of the processor.

3.6 SUMMARY OF INSTRUCTION SET ADDITIONS

The following is a brief description of the additions to the MIPS III instruction set. These
additions comprise the MIPS IV instruction set.

3.6.1 Indexed Floating Point Load

LWXC1 - Load word indexed to Coprocessor 1.
LDXC1 - Load doubleword indexed to Coprocessor 1.

The two Index Floating Point Load instructions are exclusive to the MIPS IV instruction
set and transfer floating-point data types from memory to the floating point registers
using register + addressing mode. There are no indexed loads to general registers. The
contents of the general register specified by the base is added to the contents of the
general register specified by the index to form a virtual address. The contents of the
word or doubleword specified by the effective address are loaded into the floating point
register specified in the instruction.

The region bits (63:62) of the effective address must be supplied by the base. If the
addition alters these bits an address exception occurs. Also, if the address is not aligned,
an address exception occurs.
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3.6.2 Indexed Floating Point Store

SWXC1 - Store word indexed to Coprocessor 1.
SDXC1 - Store doubleword indexed to Coprocessor 1.

The two Index Floating Point Store instructions are exclusive to the MIPS IV instruction
set and transfer floating-point data types from the floating point registers to memory
using register + addressing mode. There are no indexed loads to general registers. The
contents of the general register specified by the base is added to the contents of the
general register specified by the index to form a virtual address. The contents of the
floating point register specified in the instruction is stored to the memory location
specified by the effective address.

The region bits (63:62) of the effective address must be supplied by the base. If the
addition alters these bits an address exception occurs. Also, if the address is not aligned,
an address exception occurs.

3.6.3 Prefetch

PREF - Register + offset format
PFETCH Indexed - Register + register format

The two prefetch instructions are exclusive to the MIPS IV instruction set and allow the
compiler to issue instructions early so the corresponding data can be fetched and placed
as close as possible to the CPU. Each instruction contains a 5-bit ‘hint’ field which gives
the coherency status of the line being prefetched. The line can be either shared, exclusive
clean, or exclusive dirty. The contents of the general register specified by the base is
added either to the 16 bit sign-extended offset or to the contents of the general register
specified by the index to form a virtual address. This address together with the ‘hint’
field is sent to the cache controller and a memory access is initiated.

The region bits (63:62) of the effective address must be supplied by the base. If the
addition alters these bits an address exception occurs. The prefetch instruction never
generates TLB-related exceptions. The PREF instruction is considered a standard
processor instruction while the PFETCH instruction is considered a standard
Coprocessor 1 instruction. Refer to section 1.2.10 for more information on the prefetch
instruction. ‘
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3.6.4 Branch on Floating Point Coprocessor

BC1T - Branch on FP condition True
BC1F - Branch on FP condition False
BC1TL - Branch on FP condition True Likely
BC1FL - Branch on FP condition False Likely

The four branch instructions are upward compatible extensions of the Branch on
Floating point Coprocessor instructions of the MIPS instruction set. The BC1T and BC1F
instructions are extensions of MIPS I. BC1TL and BC1FL are extensions of MIPS III.
These instructions test the floating point condition codes. If no condition code is
specified then condition code bit zero is selected. This encoding is downward compatible
with previous MIPS architectures.

The branch target address is computed from the sum of the address of the instruction in
the delay slot and the 16-bit offset, shifted left two bits and sign-extended to 64 bits. If the
contents of the floating point condition code specified in the instruction are equal to the
test value, the target address is branched to with a delay of one instruction. If the
conditional branch is not taken and the nullify delay bit in the instruction is set, the
instruction in the branch delay slot is nullified.

3.6.5 Integer Conditional Moves

MOVT - Move conditional on condition code true
MOVF - Move conditional on condition code false
MOVN - Move conditional on register not equal to zero
MOVZ - Move conditional on register equal to zero

The four integer move instructions are exclusive to the MIPS IV instruction set and are
used to test a condition code or a general register and then conditionally perform an
integer move. The three bit floating point condition code specified in the instruction, or
the 5 bit general register specifier, is compared to zero. If the result indicates that the
move should be performed, the contents of the specified source register is copied into the
specified destination register.

3.6.6 Floating Point Multiply-Add

MADD - Floating Point Multiply-Add

MSUB- Floating Point Multiply-Subtract

NMADD - Floating Point Negative Multiply-Add
NMSUB - Floating Point Negative Multiply-Subtract
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These four instructions are exclusive to the MIPS IV instruction set and accomplish two
floating point operations with one instruction. Refer to section 1.2.8 for more
information.

3.6.7 Floating Point Compare

C.cond - Compare
C.cond - Implies cc=0

The two compare instructions are upward compatible extensions of the floating point
compare instructions of the MIPS I instruction set and produce a boolean result which is
stored in one of the condition codes.

The contents of the two FP source registers specified in the instruction are interpreted
and arithmetically compared. A result is determined based on the comparison and the
conditions specified in the instruction. If one of the values is not a number and the high
order bit of the condition field is set, an invalid operations trap occurs. Comparisons are
exact and neither overflow or underflow.

Timing restrictions exist for these instructions. The contents of the destinations condition
code specified in the instruction is immediately available only within the R8010 FPU. A
one-instruction delay is provided to propogate the condition code to the R8000
Microprocessor. The value of the condition code is undefined during this one instruction
and no hardware interlock detection mechanism is provided.

The implications for compiler code scheduling is that a compare instruction may be
immediately followed by a dependent floating point conditional move instruction, but
may not be immediately followed by a dependent branch on floating point coprocessor
condition instruction or a dependent integer conditional move instruction. Note that this
restriction applies only to the condition code specified in the 3-bit condition code
specifier of the instruction. All other condition codes are unaffected

3.6.8 Floating Point Conditional Moves

MOVT.fmt - Floating Point Conditional Move on condition code true
MOVEF.fmt - Floating Point Conditional Move on condition code false
MOVN.fmt - Floating Point Conditional Move on register not equal to zero
MOVZ.fmt - Floating Point Conditional Move on register equal to zero

The four floating point conditional move instructions are exclusive to the MIPS IV
instruction set and are used to test a condition code or a general register and then
conditionally perform a floating point move. The three bit floating point condition code

TFP User’s Manual 3-11



specified in the instruction, or the 5 bit general register specifier, is compared to zero. If
the result indicates that the move should be performed, the contents of the specified

- source register is copied into the specified destination register. All of these conditional
floating point move operations are non-arithmetic. Consequently, no IEEE 754
exceptions occur as a result of these instructions.

3.6.9 Reciprocal’s

RECIP.fmt - Reciprocal Approximation
RSQRT.fmt - Reciprocal Square Root Approximation

The reciprocal instruction performs a reciprocal approximation on a floating point value.
The reciprocal of the value in the floating point source register is approximated and
placed in a destination register. The numerical accuracy of this operation is
implementation dependent based on the rounding mode used.

The reciprocal square root instruction performs a reciprocal square root approximation
on a floating point value. The reciprocal of the positive square root of a value in the
floating point source register is approximated and placed in a destination register. The
numerical accuracy of this operation is implementation dependent based on the
rounding mode used.

The approximation is due to the fact that neither of these instruction meets IEEE
accuracy requirements. In both cases a small amount of precision has been sacrificed,
thereby significantly reducing execution time. For example, in the case of a RECIP
instruction, X/Y is computed by taking the reciprocal of Y and multiplying that result by
X. The reduced execution time of the reciprocal operation allows a RECIP followed by a
MUL (multiply) instruction to be executed faster than a single DIV (divide) instruction.
The performance difference between a RSQRT instruction and a SQRT followed by a DIV
instruction is implementation dependent.

Refer to appendix A for more information on the RECIP and RSQRT instructions.
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Table 3-3 shows the integer instruction latencies in the R8000 Microprocessor.

Table 3-4 shows the floating point instruction latencies of the R8000 CPU.

Instruction Group Latency Dispatch

Arithmetic and 1 2/cycle
Logical

Shift 1 1/cycle
Load 1 2/cycle
Store N/A 1/cycle
Multiply (32-bit) 4 1/cycle
Multiply (64-bit) 6 l/cycle

Table 3-3 R8000 Integer Instruction Latencies

Instruction Group Latency Dispatch
Load 0 2/cycle
Store N/A 2/cycle
Compare 1 2/cycle
Absolute 1 2/cycle
Negative 1 2/cycle
Move 1 2/cycle
Conditional Moves 1 2/cycle
Add 4 2/cycle
Subtract 4 2/cycle
MADD 4 2/cycle
DIV.s 14 1*
DIV.d 20 1*
SQRT:.s 14 1*
SQRT.d 23 1*

Table 3-4 R8000 Floating Point Instruction Latencies
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Instruction Group Latency Dispatch
RECIP:s 8 1*
RECIPd 14 1*
RSQRT.s 8 1*
RSQRT.d 17 1*

mtcl, dmtcl honk 1/cycle
mfcl, dmfcl N/A 2%

delay

* Functional unit is busy for Latency-3 cycles.
** Holds up FP Dispatch unit for the next 3 cycles.
*** May incur a floating point resynchronization

Table 3-4 R8000 Floating Point Instruction Latencies
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MEMORY MANAGEMENT

The R8000 Microprocessor provides a full-featured memory management unit (MMU)
which uses an on-chip translation lookaside buffer (TLB) to translate virtual addresses to
physical addresses. This chapter describes the processor virtual and physical address
spaces, virtual to physical address translation, operation of the TLB, and system control
registers which provide the software interface to the TLB.

The R8000 Microprocesor supports a 48 bit paged virtual address space. The physical
address is 40 bits. The R8000 Microprocessor Chip Set implements the 64 bit MIPS IV
instruction set which supports 32-bit user-mode applications as a proper subset. The
R8000 Microprocessor does not support 32-bit kernels.

Both forward-mapped and reverse-mapped virtual memory management schemes are
supported. Multiple page sizes are supported on a per process basis.
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4.1 ADDRESS SPACE

The R8000 Microprocessor prowdes a 48 bit v1rtua1 address and a 40 bit phys1cal address.
The maximum user process size is 128 terabytes (2 ). The virtual address is encoded
into 64 bits as shown in Table 4-1.

63 62|61 48 | 47 0

Virtual Page Number (VPN) and Offset
Table 4-1 Virtual Address

Filler

Region

The virtual address shown in Table 4-1 consists of a 2 bit region field, a 14 bit filler, and a
48 bit virtual page number concatenated with a page offset. The virtual address space is
divided into four regions as defined by the region bits VA[63:62]. Table 4-8 shows how
the virtual address space is divided.

Virtual Address Region | Beginning Address Ending Address

Space [63:62]

Kernel Virtual (KV1) 11 Ox_ffff_0000_0000_0000 | Ox_ffff_ffff ffff ffff
KV1 synonyms 11 0x_c000_0000_0000_0000 | Ox_cO00_ffff_ffff ffff
Kernel Physical (KP) 10 0x_8000_0000_0000_0000 | Ox_b0O0O_ffff_ ffff ffff
Kernel Virtual (KV0) 01 0x_4000_0000_0000_0000 | 0x_4000_ffff_ ffff ffff
User Virtual (UV) 00 0x_0000_0000_0000_0000 | 0x_0000_ffff_ffff ffff

Table 4-2 Virtual Address Divisions

The R8000 Microprocessor supports only kernel and user mode address spaces. No
supervisor modes exists. The KV1, KV0, and KP address spaces shown in Table 4-8 are
accessible only in kernel mode. User space is defined with the region bits = 00 as shown.

The address map is defined such that, with the exception of the KV1 and KP address
spaces, all of the 14 filler bits (VA[61:48]) must be zero. KP is the only address space

where the filler bits can be a combination of ones and zeros. Non-zero filler bits in either

the UV or KV0 address spaces shown in Table 4-2 constitutes an illegal access and
generates an address error exception. Figure 4-1 shows where the illegal access areas
reside in the address map.

4-2
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Figure 4-1 Virtual Address Map
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4.1.1 User Virtual (UV) Space -

The region bits VA[63:62] determine which of the four regions of virtual address space is

being accessed. The User Virtual space is accessed when both regions bits are zero. When
the operating system starts a user process in UV space the process can only generate

addresses where the region bits are both zero. Any other combination of region bits

causes an address exception error indicating that the program is attempting to access

memory outside the designated range. In this way the region bits act as a protection

scheme. User Virtual addresses are extended with an 8-bit Address Space Identifier

(ASID) and are mapped by the TLB. Refer to section 4.2 for more information on the

ASID.

4.1.2 Kernel Virtual 0 (KV0) Space

The KVO0 space is defined as ‘kernel private’ virtual address space. Virtual addresses in

KVO0 space are extended by the 8-bit ASID value contained in the EntryHi register. KVO ~
space is used by the kernel for accesing virtual address space on behalf of a specific

process. Both the TLB and the eight bit ASID are used in KVO space.

4.1.3 Kernel Virtual 1 (KV1) Space

The KV1 space is defined as ‘kernel global’ virtual address space. In contrast to KV0
space, virtual addresses in KV1 space are not extended with an 8-bit ASID. In KV1 space
the kernel can access global virtual address space independent of any specific process.
KV1 space is accessible with the filler bits set to all zero’s (see section 4.1.4 below) or all
ones to facilitate the use of negative-offset addressing from register r0. Both forms of the
address are treated as the same virtual address. The region bits, the virtual page number
(VPN), and the offset are exactly the same.

4.1.4 Kernel Virtual 1 (KV1) Synonyms
As stated in section 4.1.3, KV1 and KV1 synonyms are treated as the same virtual

address. KV1 synonyms are provided to allow negative addressing using register r0. In
KV1 space the TLB is used but not the ASID.

4.1.5 Kernel Physical Space

In the kernel physical (KP) address space the virtual and physical addresses are
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considered the same. No address translation is performed in KP space. The processor
simply takes the lower 40 bits of virtual address and places them on physical address
bits 39:0. The physical address comes directly from the virtual address generation units
in the R8000 Microprocessor. KP space allows physical addresses to be generated
without TLB intervention.

Note in Figure 4-1 that KP is the only space where the filler bits may be a combination of
ones and zeros. The uppermost three filler bits (VA[61:59]) are used to divide the KP
address space into subspaces, each having a different cachability attribute. Attempting to
access memory with virtual address outside of these sub-ranges results in an address
error exception . Table 4-3 shows how the KP address space is divided.

Coherence Filler Beginning Address Ending Address
[61:59]

Cachable Coherent 101 0x_a800_0000_0000_0000 | Ox_a800_00ff_ffff_ ffff
Exclusive on Write

Cachable Coherent 100 0x_a000_0000_0000_0000 | Ox_a000_00ff_ffff ffff
Exclusive :

Cachable Non- 011 0x_9800_0000_0000_0000 | 0x_9800_00ff_ffff ffff
Coherent

Uncached 010 0x_9000_0000_0000_0000 | 0x_9000_00ff_ffff_ ffff
Sequential Ordered

Uncached Co- 000 0x_8000_0000_0000_0000 | 0x_8000_00ff_ffff_ ffff
Processor Ordered

Table 4-3 Division of the KP address space

The fields in Table 4-3 define the coherency attributes and are necessary because in KP
space no address translation is performed. In each of the other three address spaces
(KV1, KV0, and UV) the coherency field is stored in the TLB. Since address translation is
not performed when generating KP addresses, virtual address bits 61:59 are used for this
purpose. This is why KP address space is the only portion of the address map in which
the filler bits (61:59) can be a combination of ones and zeros. Table 4-4 gives a summary
of the various address spaces.
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Virtual Address | Region | Uses TLB | Uses ASID
Space [63:62]

Kernel Virtual 11 Yes No
(KV1)

Kernel Physical 10 No No
(KP)

Kernel Virtual 01 Yes Yes
(KV0)

User Virtual (UV) 00 Yes Yes

Table 4-4 Address Spaces and TLB Usage

4.2 ADDRESS SPACE IDENTIFIERS

Kernel Private (KV0) and User Virtual (UV) virtual address spaces are extended with an
8-bit ASID value to reduce the frequency of TLB and instruction cache flushing on a
context switch. The existence of the ASID allows multiple processes to exist
simultaneously in both the TLB and the instruction caches. There are actually two
distinct ASID values for a given process. The instruction cache ASID (IASID) is stored in
the ICache register and is compared to the ASID value in the instruction cache tag
during an instruction cache access. The TLB ASID (TASID) is stored in the EntryHi
register and is compared to the ASID value in the Virtual tag (VTAG) portion of the TLB
on a TLB access. The IASID and TASID values are independent of one another. Having
different ASID values for a given process allows the kernel to independently flush and
control the instruction and TLB caches. '

4.3 REGISTER ADDRESSING MODES

The R8000 Microprocessor provides two addressing modes: Register + Register and
Register + Immediate. Addresses are derived by adding an offset to a base register. The
offset value can either come from a register or the immediate field of the instruction. This
section discusses how these modes are used and how the actual address is generated.
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4.3.1 Register + Register Addressing

When register + register addressing mode is used both portions of the address come
from the General Purpose Register (GPR). The values are read from the two registers in
the D-stage of the pipeline and are added together in A-stage to form a 64 bit virtual
address. Since the R8000 Microprocessor can perform two address generations per cycle,
a total of four registers are read from the GPR at the same time and used to construct the
two 64-bit virtual addresses.

4.3.2 Register + Immediate Addressing

In register + immediate mode a portion of the address comes from the GPR with the
remaining portion coming from the immediate field of the instruction. The base register
is read in the D-stage of the pipeline and is added to the immediate value in the A-stage
to form a 64 bit virtual address. The values are not concatenated. Since the R8000
Microprocessor can perform two address generations per cycle, two registers are read
from the GPR at the same time. Each register value is added to the corresponding
immediate field from the instruction to construct the two 64-bit virtual addresses.

4.3.3 Region Bits, the Base Register, and Legal Addresses

There is one restriction on the generation of legal virtual addresses. For both register +
register and register + immediate addressing, it is required that the region of the
generated virtual address be the same as the region of the base register. The base region
cannot change as a result of the addition of the offset. If the region of the generated
virtual address does not equal the region of the base address, an address error exception
occurs. However, there is one exception to this rule. If the processor is operating in
kernel mode it is legal to use a negative offset with register r0 as the base register to
generate an address into KV1 space. If register r0 is the base portion of the address and
the offset is negative then the region bits are both forced to ones which places the
machine in KV1 space. If for some reason a user process (UV space) tries to generate an
address using this technique, the region bits will mis-compare and an address exception
error will occur. This address generation technique is used by the kernel to allow address
generation without having to use any of the registers allocated to that process.
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Figure 4-2 Address Generation Block Diagram

44 DATA FORMATS

The R8000 microprocessor supports four data formats: a 64-bit doubleword, a 32-bit
word, a 16-bit half-word, and an 8-bit byte. Byte ordering within the larger data formats
-- half-word, word, and doubleword-- can be configured in either big endian or little
endian format.

The default mode of operation for the R8000 microprocessor is big endian. All code
accesses are done in big endian and multi-byte data values are stored in memory in big
endian format. In big endian format byte 0 is the most-significant byte and byte 7 is the
least-significant byte. When operating in kernel mode the endian of the processor is set
by the BE bit in the Config register. The Reverse Endian (RE) bit in the Status register can
be used to dynamically switch the endian in user mode. Figure 4-3 and Figure 4-4 show
little endian and big endian byte ordering within a 64-bit doubleword.
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Figure 4-3 Little Endian Byte Ordering

Bit #
Byte #

Least-Significant Byte Most-Significant Byte

Figure 4-4 Big Endian Byte Ordering

Data alignment requirements are as follows. Any violation results in an address error
exception.

* 64 bit values are aligned on 8-byte boundaries when referenced in
memory. The three least significant address bits must be zero.

* 32 bit values are aligned on 4-byte boundaries when referenced in
memory. The two least significant address bits must be zero.

* 16 bit values are aligned on 2-byte boundaries when referenced in
memory. The least significant address bit must be zero.

The following eight special instructions can be used to load and store words or
doublewords that are not aligned on 4- or 8-byte boundaries. The instructions are used in
four pairs as shown to provide addressing of misaligned words. Addressing misaligned
data incurs one additional instruction cycle over that required for addressing aligned
data due to the required execution of two instructions.

LWL - Load Word Left SWL - Store Word Left
LWR - Load Word R.ight SWR - Store Word Right

LDL - Load Doubleword Left SDL - Store Doubleword Left
LDR - Load Doubleword Right SDR - Store Doubleword Right

The Load Word Left (LWL) Instruction is used in combination with the LWR instruction
to load the lower 32 bits of a register with four consecutive bytes from memory when the
bytes cross a word boundary. The LWL instruction loads the left portion of the register
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with the appropriate part of the high-order word. The LWR instruction loads the right
portion of the register with the appropriate part of the low-order word. Similarly, the
Load Doubleword Left (LDL) and Load Doubleword Right (LDR) instructions are used
to load mis-aligned double-words.

The Store Word Left (SWL) instruction is used in combination with the SWR instruction
to store the lower 32 bits of a register to memory when the bytes cross a word boundary.
The SWL instruction stores the left portion of the register with the appropriate part of the
high-order word. The SWR instruction stores the right portion to the register to the
appropriate part of the low-order word. The same rules apply for the Store Doubleword
Left (SDL) and Store Doubleword Right (SDR) instructions.

4.5 ADDRESS TRANSLATION

The R8000 Microprocessor uses a Translation Lookaside Buffer (TLB) to perform virtual
to physical address translation. The TLB is internal to the R8000 CPU and is used to
determine if a given address exists in the physically indexed data cache. Since the
instruction cache is virtually indexed address translation is necessary only on a miss.
Hence the R8000 Microprocessor has a single TLB to service both the instruction and
data caches.

The TLB is dual-ported and can perform two virtual address to physical address
translations per cycle. The TLB is 128 entries deep and 3-way set associative for a total of
384 entries. The large number of entries helps to minimize the TLB miss rate but still
maintain a single cycle access rate. The TLB supports multiple page sizes on a per
process basis. The TLB may contain multiple page sizes at any given time, but each process,
defined by a specific ASID value, can have only one page size associated with it.

TLB, Data Cache, and Data Cache Tag RAM lookups are 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 addresses resides in the physical address (PA) portion. If it is
determined that the translation for the virtual address resides in the TLB, the contents of
the PA portion is compared to that in the Data cache tag RAM, resulting in either a hit or
a miss to the Data cache. Either a TLB or a Data cache miss initiates an external memory
cycle. Figure 4-5 shows the organization of the Translation Lookaside Buffer.
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Figure 4-5 TLB Organization

The physical address portion of Figure 4-5 is comprised of 28 bits. The organization of
the physical address portion of the TLB is identical to that of the EntryLo register. The
EntryLo register serves as the data register for the physical addres portion of the TLB
RAM.

4.5.1 Indexing the TLB

The TLB is indexed by the lower seven bits of the virtual page number. Which of the
seven bits are used varies depending on the page size. The index is hashed by logically
XOR'ing the lower 7-bits of the virtual page number with the lower 7-bits of the TLB
ASID.

Figure 4-6 shows how the TLB is indexed. The region bits control a multiplexor which
passes either the 4-bit Kernel Page Size (KPS) field or the 4-bit User Page Size (UPS) field
to select the seven virtual address bits which form the index to the TLB. If the region
bits are zeros, the UPS field is passed through the multiplexor. A non-zero value causes
the KPS field to be passed. However, there is one exception to this rule. When base
register r0 is used with a negative offset to generate an address, the Kernel Page Size
(KPS) field is selected. The KPS field is defined by bits 39:36 of the Status register. Bits
35:32 define the UPS field.
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Figure 4-6 Indexing the TLB

As shown in Figure 4-6, the TLB supports seven different page sizes. The 128 entries of
the TLB mean that seven virtual address bits are necessary to index the TLB. Which
virtual address bits are used depends on the page size. Figure 4-7 through Figure 4-13
show the organization of the virtual address and which bits are used to index the TLB
for the various page sizes.
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64 bit virtual address

71 64 636261 4847 1918 1211 0
ASID R Filler Virtual Page Number (VPN) [ Index Offset
Figure 4-7 4 KByte Page Size
64 bit virtual address
[ ]
71 64 636261 48 47 2019 1312
ASID R Filler  [Virtual Page Number (VPN) Index Offset
Figure 4-8 8 KByte Page Size
64 bit virtual address
l
71 63 6261 4847 2120 1413 0
ASID R Filler irtual Page Number (VPN){ Index Offset
Figure 4-9 16 KByte Page Size
64 bit virtual address
| . |
71 63 6261 4847 2322 16 15
ASID R Filler VPN Index Offset
Figure 4-10 64 KByte Page Size
64 bit virtual address
I I
71 63 6261 48 47 27 26 2019 0
ASID R Filler VPN Index Offset
Figure 4-11 1 MByte Page Size
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64 bit virtual address

71 64 636261 48 47 29 28 2221 0
ASID R Filler VPN Index Offset

Figure 4-12 4 MByte Page Size

64 bit virtual address
[ !
71 64 636261 4847 3130 24 23 0]
ASID R Filler VPN Index Offset

Figure 4-13 16 MByte Page Size

4.,5.2 TLB Writes

The TLB Read and TLB Write operations make use of several COPO registers: EntryHi,
EntryLo, VAddr, TLBSet. EntryHi and EntryLo serve as the data registers for the TLB.
Information to be written to the VTAG portion of the TLB is placed in the EntryHi
register. Information to be written to the PA portion of the TLB is placed in the EntryLo
register. The VAddr register serves as the address register for the TLB providing a 64-bit
virtual address. The TLBSet register selects which of the 3 sets is to be written or read.

The TLB implements a random replacement algorithm, hence under most cases the 2 bit
value in the TLBSet register has been randomly generated. However, this value can be
overwritten under program control in order to write a specific number. The contents of
both the EntryHi and the TLBSet registers are undefined at reset. The format of the set
bits of the TLBSet register is shown in Table 4-5.

TLBSET [1:0] Set
00 Set 0
01 Set 1
10 Set 2
11 Reserved

Table 4-5 TLB Set Replacement Field
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4.5.2.1 Wiring Down TLB Entries

The Wired register is provided to assist the operating system in preventing certain TLB
entries from being replaced during a TLB refill exception. Such entries are said to be
“wired down”. The operating system (OS) has the ability to “wire” certain TLB locations.
Normally TLB locations are wired down either to enhance performance or maintain
correctness. To enhance performance the OS can “wire down” pages containing
frequently accessed data structures. To maintain correctness the OS can wire down pages
on which it cannot take a TLB refill exception.

When a TLB refill exception is detected, the TLBSet register is loaded with a random
number which indicates the set to replace. The random number chosen is normally a
value between 0 and 2. However, if the index of the congruence class for a given TLB
exception is marked as “wired” in the Wired register, then a random value of 1 or 2 is
loaded into the TLBSet register, indicating that set 0 is not available. The Wired register
can hold four TLB indeces. Only set 0 of each index can be wired.

Each index in the Wired register has a valid bit associated with it. The valid bit must be
set in order for the TLB location to be wired by the OS. If a TLB miss occurrs and the
location is wired, but the valid bit in the register is not set, that location is overwritten.
The valid bit provides a mechanism to determine whether the contents of the Wired
register mave meaning. Figure 4-14 shows an example of the Wired register containing
entries for indexed locations 1, 2, 3, and 127.

WIRED Register

30 242322 161514 876 0 setD setl set2
index index index index

it Y oooootr M 0000010 0000001

TLB

o XmgzZz—

i

Note: Register bits 63:32 not shown

Figure 4-14 Wired TLB Locations
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4.6 FORWARD AND REVERSE MAPPING

The R8000 Microprocessor provides support for both forward and reverse mapped
memory management schemes. A forward mapping table contains the virtual-to-
physical address translation for a given virtual address. Figure 4-15 shows a forward-
mapped table entry which is identical to the format of the EntryLo register. The address
contains the Physical Frame Number (PFN) and the associated Cache algorithm (C), the
write permission (D), and the Valid state bits (V).

63 40 39 1211 9 8 7 6 0
Software Bits Physical Frame Number C | D | V |Software Bits

24 28 3 !

Figure 4-15 Forward Mapped Page Table Entry

For each virtual page in a forward mapped scheme there is an entry in the page table.
The more virtual pages the larger the page table. In a reverse mapped memory there is
an entry in the page table for each physical page. Multiple virtual pages are aliased to the
same entry. The entry contains a virtual tag which is read and compared to the virtual
page being accessed. A valid compare indicates that the entry contains the translation for
the given virtual page. The aliased locations form a linked list which contain pointers to
one another. Hence if the virtual tag mis-compared with the virtual page, the entry
would contain a pointer to the next entry in the linked list. The new entry is then
accessed and again compared. This process is continued until the correct page table
entry is located. A reverse mapped memory scheme can be useful when the page table
size is a concern. Since physical address space is much smaller than virtual address
space, a reverse-mapping scheme can provide for a much smaller page table.

A reverse mapped entry contains three doublewords. Doubleword 0 is the same format
as the forward mapped address shown in Figure 4-15. Doubleword 1 contains the Virtual
Page Number (VPN) and ASID of the entry. Doubleword 1 is identical in format to the
EntryHi register. Doubleword 2 contains a virtual pointer to the next entry in the linked
list. Figure 4-16 shows a page table entry for a reverse-mapped memory scheme.
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DOUBLEWORD 2

Link Pointer
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Figure 4-16 Reverse Mapped Page Table Entry

4.7 TLB EXCEPTIONS

The following section discusses the various types of TLB exceptions. Specific exception
vectors are provided for each of the four main virtual address spaces. The TLB specific

exceptions and their corresponding vector locations are listed inTable 4-6.
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Name Vector Cause | Description
Code
TLB Refill, TrapBase + 0x_000 | TLBL | The referenced address was to the
User, (EXL=0) TLBS | User Region (UV) and did not
match any TLB entry.
TLB Refill, TrapBase + 0x_400 | TLBL | The referenced address was to the
Kernel Private TLBS | Kernel Private Region (KV1) and
(EXL=0) did not match any TLB entry.
TLB Refill, TrapBase + 0x_800 | TLBL | The referenced address was to the
Kernel Global TLBS | Kernel Global Region (KV0) and
(EXL=0) did not match any TLB entry.
TLB Refill TrapBase + 0x_c00 | TLBL | The referenced address (to any
(EXL=1) TLBS | Region) did not match any TLB
entry.
TLB Invalid TrapBase + Ox_c00 | TLBL | Virtual-address that matches an
TLBS | invalid TLB entry.
TLB Modified | TrapBase + 0x_c00 | Mod | An attempt to write to a virtual
address that did not have D bit in
the corresponding TLB entry set.

Table 4-6 TLB Exception Vectors

Each of the vectors shown in figure 4-6 can occur on either a load or a store with the
exception of the TLB Modified exception, which occurs only on a store. The TLBL and
TLBS exception codes, indicated by bits [7:3] of the Cause register, indicate whether the
instruction, defined by the contents of the Exception Program Counter (EPC) register,
and the BD bit [63] of the Cause register, was a load or a store. Table 4-7 shows the cause
register codes for TLB specific exceptions. A complete list of exception cause codes can
be found in chapter 5, table 5-2.
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ExcCode Mnemonic | Description

Number

1 Mod TLB Exception Modification

2 TLBL TLB Exception (Load or Instruction Fetch)

3 TLBS TLB Exception (Store)

30 TLBX %’LB Exception (Multiple Hits due to a Duplicate
ntry

Table 4-7 TLB Exception Codes

4.7.1 TLB Refill

A TLB Refill exception occurs when no TLB entry matches a reference to a mapped
address space. TLB refill exceptions are precise and are not maskable. Four exception vector
locations are provided for TLB refill exceptions. Which vector is used depends on the
state of the region bits (VA[63:62]) of the faulting address and the execution level (EXL)
of the faulting process, indicated by bit [1] in the Cause register. A complete list of
exception vectors can be found in chapter 5, table 5-1.

When a TLB refill exception occurs, the VAddr and EntryHi registers contain the virtual
address that failed address translation. The EntryHi register also contains the Address
Space Identifier (ASID) from which the translation failed. A random set number is
generated and then qualified by the contents of the Wired register to assure that the set
chosen does not correspond to any of those in the Wired register. The random value is
then placed in the TLBSet register. The contents of EntryLo is undefined.

The 64-bit Exception Program Counter (EPC) register points at the instruction which
caused the exception, unless the instruction is in a branch delay slot. If the instruction
resides in a branch delay slot, the EPC register points at the branch instruction which
preceedes it, and the BD bit of the Cause register is set.

Three Base registers are provided by hardware, one per mapped region: UBase, PBase,
and GBase.

The UBase register specifies the base address of the page table for a per-process user
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virtual address space miss. The User space (UV) is defined by the region bits VA[63:62]
of the virtual address (R = 00) .

The PBase register specifies the table address for a per-process kernel private address
space miss. Kernel Private space (KV0) is defined by the region bits VA[63:62] of the
virtual address (R = 01).

The GBase register specifies the table address for a per-process kernel global address
space miss. Kernel global space (KV1) is defined by the Region bits VA[63:62] of the
virtual address (R = 11). No register is defined for the Kernel Physical address space as
address translation is not performed when operating in this space.

In a forward mapping scheme, multiple Base registers allows different regions to have
different page sizes. In a reverse mapping scheme, multiple base registers allow different
regions to have different page and reverse table sizes or share tables with a common
page size. Base addresses are specified by software.

On a TLB-miss, hardware loads the VAddr register with the virtual address of the
missing reference. The actions taken by hardware during a TLB-miss is mapping scheme
independent. The ShiftAmt register is loaded with a shift amount based on page size. For
instance, a 4k-byte page size has a shift-amount of 12, a 16k-byte page size a shift-
amount of 14, etc. Hardware provides a unique exception entry point for User space
(UV), Kernel Private space (KV0) and Kernel Global space (KV1) TLB Refill exceptions.
TLB Refill exception action depends on the Memory Management Unit (MMU) scheme.
Which scheme is chosen is under software control and is transparent to hardware.

4.7.1.1 TLB Refill: Forward Mapping Table

The forward mapping table TLB-miss handler is required to justify VAddr register
relative to page and page table entry size, reload the EntryLo register and load a new
TLB entry via the TLBW instruction . Miss handler code is independent of page size.

Example code for a forward-mapped translation tables is discussed below. The example
assumes that the highest page of virtual memory, which is reachable by a negative offset
from register r0, is wired down and some small number of words are available to the
handlers for holding various constants.

Multiple page sizes are supported by shifting the VAddr register to the right. Since
software knows the page sizes of each region, each PTEBase can be pre-shifted to the left
by the appropriate number of bits to compensate. It is most convenient to always set the
high-order bit of PTEBase and use an arithmetic right shift to add a series of logical
one’s. The unwanted values can be logically AND’ed away.
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The following code contains explicit NOP’s to show where interlocks would occur.

#

# Fetch VAddr and adjust according to page size and PTE entry size.
#

dmfc0 k1, VAddr# get VA

dmfc0 kO, ShiftAmt# get page size shift amount value

srav k1, k1, kO# page size adjustment

nop

sll k1, k1, $entrysize# PTE entry size adjustment

#
# Fetch appropriate PTEBase for address space where fault occurred
# This can issue with sll above.

#ifdef UTLB_user

dmfc0 kO, UBase# region 00 handler
#else ifdef UTLB_kernal_private
dmfc0 kO, PBase# region 01 handler
#else ifdef UTLB_kernel_global
dmfc0 kO, GBase# region 11 handler

#endif

or k1,k1, kO# combine PTEBase with vpn offset
nop

#

# Finish refilling the TLB

#

1d kO, O(k1)# fetch translation
nop

dmtc0 kO, EntryLo

tlbw# write new entry in random set
eret

A cycle could be saved in the handler by keeping the contents of the ShiftAmt register as
a constant in the wired-down page of virtual memory. In this way, ShiftAmt would be
obtained with a 1d instead of a dmfc0, and the 1d is capable of issuing with the dmfc0
VAddr.
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4.7.1.2 TLB Refill: Reverse Mapping Table

The reverse mapping table TLB-miss handler is responsible for generating the reverse
table hash index and traversing the list of entries per table index in search of a
translation. Once a translation is found, the EntryLo register is loaded and the TLB
refilled via the TLBW instruction. Miss handler code is independent of page size and reverse-
mapping page table size.

The idea behind a fast reverse-mapped TLB Refill handler is that the hash table should
typically have very few “collisions”. Therefore it is possible to search the first few nodes
quickly using unrolled and hand-optimized code, reverting to a more general handler
for the uncommon case (or if no translation is found).

Four constants are required in the following example code. The constant HASHVAL
typically contains some function of the current ASID to “randomize” probes into the
hash table. Only bits [47:12] should be non-zero. The constant TBLMASK is used to
define the hash table size. Distinct TBLMASK’s are needed to support differing User and
Kernel page sizes.

A temporary variable, LINKPTR, located in the same “negatively-addressed” area is
used to save away a node pointer. This optimization is optional and it is possible to
retrace the linked list from the VAddr register.

Another detail is that the virtual address field in the page table entry must be identical to
the format of the EntryHi register including the zero fields.

Example code for a reverse-mapped translation table is discussed below. The example
assumes that the highest page of virtual memory, which is reachable by a negative offset
from register 10, is wired down and some small number of words are available to the
handlers for holding various constants.

Multiple page sizes are supported by shifting the VAddr register to the right. Since
software knows the page sizes of each region, each PTEBase can be pre-shifted to the left
by the appropriate number of bits to compensate. It is most convenient to always set the
high-order bit of PTEBase and use an arithmetic right shift to add a series of logical
one’s. The unwanted values can be logically AND’ed away.

The following code contains explicit NOP’s to show where interlocks would occur. The
code should run very close to one instruction per cycle. The following code does not
check for end-of-list. There is an implicit assumption that lists are terminated into a
“terminal” node which does not ever match and whose link points to itself.
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Look_in_first_node:

. dmfcOk1, VAddr# fetch vpn

1dk0, HASHVAL(r0) # fetch hash value;

# 1d can issue with previous dmfc0.

xork1, k1, kO# hash VPN[47:12]

#

# Adjust vpn relative to page size and PTE entry size

dmfc0k0, ShiftAmt# fetch page size shift amount value;
# dmfcO can issue with xor.

sravkl, k1, kO# page size adjustment

nop ,

sllk1, k1, $entrysize# PTE entry size adjustmen

# Fetch appropriate PTEBase for address space where fault occurred.
# This can issue with sll above.

#ifdef UTLB_user

dmfc0 k0, UBase# region 00 handler

#else ifdef UTLB_kernal_private

dmfc0 kO, PBase# region 01 handler

#else ifdef UTLB_kernel_global

dmfc0 k0, GBase# region 11 handler

#endif

ork1, k1, kO# combine PTEBase with vpn offset

#

# Mask according to table size (and to zero high-order bits).
#

1dk0, TBLMASK(r0)# fetch reverse table size mask

# can issue with previous OR..

andko, k1, kO# table size hash index

# adjustment

nop

sdk0, LINKPTR(r0)# save away entry index

nop

#

# Compare EntryHi against virtual address in table entry
#

1dk0, 8(k0)# fetch entry containing VPN /ASID

dmfc0 k1, EntryHi# if no match look at next

# node can issue with

# previous Id.

#

#ifdef UTLB_kernel_global
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srik1, 12# global reference must clear out
nop

sllk1, 12# ASID field in EntryHi

nop

#endif

bneqgk0, k1, Look_In_Second_Node

1d kO, LINKPTR(r0)

#

# Translation found. Write new TLB entry.

#

1dk1, O(k0)# fetch translation; we won’t fault
nop

dmtcOk1, EntryLo

tlbw# tlb allocation

eret

Look_In_Second_Node:

1dk0,16(k0)# fetch next node pointer

nop

sdkO, LINKPTR(r0)# save away entry index

#

# Compare EntryHi against virtual address in table entry
#

1dk0, 8(k0)# fetch entry containing VPN /ASID
# k1 still has EntryHi

bneqk0, k1, Look_In_Third_Node

1d kO, LINKPTR(x0)

# Translation found. Write new TLB entry.

#

1dk1, 0(kO)# fetch translation; we won:t fault
dmtcOk1, EntryLo

nop

tlbw# tlb allocation

eret
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4,7.2 TLB Invalid

The TLB Invalid entry in Table 4-6 occurs when a virtual address reference matches a
TLB entry marked invalid. This exception is precise and not maskable.

The TLB Invalid exception uses the common exception vector located at offset 0x_c00 in
Table 4-6. The TLBL and TLBS exception codes, indicated by bits [7:3] of the Cause
register, indicate whether the instruction, defined by the contents of the EPC register,
and the BD bit [63] of the Cause register, was a load or a store.

When a TLB Invalid exception occurs, the VAddr and EntryHi registers contain the
virtual address that failed address translation. The EntryHi register also contains the
Address Space Identifier (ASID) from which the translation failed. The set which
matches the virtual address reference is placed in the TLBSet register.

The 64-bit EPC register points at the instruction which caused the exception, unless the
instruction is in a branch delay slot. If the instruction resides in a branch delay slot, the
EPC register points at the branch instruction which preceedes it, and the BD bit of the
Cause register is set.

The valid bit of a TLB entry is typically cleared when a virtual address does not exist,
when it exists but is not in memory (a page fault), or when a trap is desired on any
reference to the page (for example, to maintain a reference bit). After servicing the
particular cause of this exception, the TLB entry can, if appropriate (i.e. no subsequent
exception was possible), be validated by reading the invalid TLB entry into the EntryLo
register with a TLBR operation, moving EntryLo to a general register, setting the V bit,
moving it back to EntryLo, and doing a TLBW operation.

4.7.3 TLB Modified

A TLB Modified exception occurs when the virtual address of a store instruction matches
a TLB entry marked valid but not dirty /writable. The TLB Modified exception is precise and
not maskable.

The TLB Modified exception uses the common exception vector located at offset 0x_c00
in Table 4-6. The Mod exception code, indicated by bits [7:3] of the Cause register, is set.

When a TLB Modified exception occors, the VAddr and EntryHi registers contain the
virtual address that failed address translation. The EntryHi register also contains the
Address Space Identifier (ASID) from which the translation failed. The set which
matches the virtual address reference is placed in the TLBSet register.
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The 64-bit EPC register points at the instruction which caused the exception, unless the
instruction is in a branch delay slot. If the instruction resides in a branch delay slot, the
EPC register points at the branch instruction which preceedes it, and the BD bit [63] of

the Cause register is set.

The kernel uses the failing virtual address to identify the corresponding access control
information. The page identified may or may not permit write accesses, and if not
permitted, a “Write Protection Violation” occurs. Otherwise, if write accesses are
permitted, the page frame is marked dirty /writable by the kernel in its own data
structures and the TLB entry is updated

4.8 DATA AND CONTROL REGISTERS

The R8000 microprocessor supports two groups of registers defined as CoProcessor 0
(COPO) and CoProcessor 1 (COP1). CoProcessor 0 contains control, status, data, and
configuration registers for the Integer Unit. CoProcessor 1 contains status and
congifuration registers for the R8010 floating point unit.

There are thirty-two 64 bit system control registers which are accessible via the double
Move To/From CoProcessor 0 instructions (DMTC0, DMFCO). Thirty-two bit versions of
these instructions are not supported.

There are two 32 bit floating point control registers which are accessible via the double
Move To/From CoProcessor 1 instructions (DMTC1, DMFC1). Thirty-two bit versions of

these instructions are not supported.
This section focuses on those registers used to support and manage TLB functions. Not

all of the 32 system control registers are defined here. Refer to the Registers chapter for a
complete listing of all registers. '

The following pages list the TLB specific registers and their functions.
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4.8.1 TLBSet

COPO Register —
Register #| Mnemonic Description
0 TLBSet Select TLB set

P if set, the last TLBP operation was unsuccessful.
SET specifies the set select address within a TLB entry.
W Fields that may be written with anything but are
always read as 0
Description

The TLBSet Register is a read-write register used to index a
TLB entry’s set and to provide access status as the result of a
TLBP operation.

The SET field is used to select a TLB entry’s set fora TLBW or a
TLBR instruction. When a TLB Refill (User, Kernel Private, and
Kernel Global) exception occurs, TLBSet is loaded with a
random set to be replaced. When a TLB Invalid or TLB
Modified exception occurs, TLBSet is loaded with the set
which contains the virtual tag match. The Set field may be
overwritten under program control to write to a specific set
number.

The TLBSet register also contains status regarding the TLB
Probe (TLBP) instruction execution. The P bit is set if the last
TLBP instruction did not find a TLB entry which matched
EntryHi. If the last TLBP was successful, P=0 and SET holds
the set number which matched.

Format for SET field:

00 Set 0

01 Set1

10 Set 2

11 Reserved

The TLBSet register is undefined on reset.
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4.8.2 EntryLo

COPO Register I
Register #| Mnemonic Description
2 EntryLo Physical Address portion of TLB entry
63 4039 1211 9876 0
w Physical Frame Number (PFN) Cc [pv w
- 28 3 7
PFN Physical Frame Number
C Specifies the page cache coherence algorithm
D When set the page is dirty and writable
A% When set the entry is valid
\ Fields that may be written with anything but are

always read as 0
Description:

The EntryLo register is a read-write register used to access the
physical portion of the TLB. EntryLo contains the Physical
Page Number (PFN) and its associated Cache Algorithm (C),
Write Permission (D), and Valid (V) state bits.

The C field encoding is as follows:

000 uncacheable processor-ordered

001 reserved

010 uncacheable sequential-ordered

011 cacheable non-coherent

100 cacheable coherent, exclusive

101 cacheable coherent, exclusive on write
110 reserved

111 reserved (cacheable, write-through)

The EntryLo register is undefined on reset.
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4.8.3 EntryHi

"COP0 Register Descripti
Register #| Mnemonic escription
10 EntryHi Virtual Tag portion of TLB entry
63 61 48 47 19 18 121 43 0
R w Vitrtual Page Number (VPN) w ASID | W
2 14 29 7 8 4
R Two bit Region field (00=user, 01 =KV0, 1=KV1)
VPN Virtual Page Number field
ASID Address Space Identifier.
w Fields that may be written with anything but
always read as 0
Description:

The EntryHi register is a read-write register used to access the
virtual tag portion of the TLB. In addition, EntryHi contains
the Address Space Identifier (ASID) used to match the virtual
address with a TLB entry when virtual addresses are presented
for translation.

When a TLB-related exception occurs, EntryHi is loaded with
the Virtual Page Number (VPN) and the Region (R) of the
virtual address that failed translation. The VPN field contains
bits [47:19] of the faulting virtual address. It is not right
justified according to page size. VPN[23:19] is conditionally set
to zero by hardware on a per-bit basis based on page size.

The ASID field already contains the Address Space Identifier
for the virtual address which caused the exception, and so is
not loaded when an exception occurs.

The VPN field does not contain bits [18:12] of the virtual
address. These are not stored in the TLB.

The EntryHi register is undefined on reset.
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4.8.4 UBase

[COPO Register .
Register #| Mnemonic Description
4 UBase User Page Table Entry Base Address
& 0
l PTEBase I

64

PTEBase Base address of Page Table Entries

Description

The UBase register is a read-write register which holds the base
address of the PTE table for the associated User region. The
UBase, PBase, and GBase registers have identical formats.

The UBase register is undefined on reset.
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4.8.5 PBase

COPO Register .
Register #| Mnemonic Description
20 PBase KVO0 space Page Table Entry Base Address
® 0

PTEBase I

PTEBase Base address of Page Table Entries

Description

The PBase register is a read-write register which holds the base
address of the PTE table for the associated Kernel Virtual 0
region, also referred to as Kernel Private. The UBase, PBase,
and GBase registers have identical formats.

The PBase register is undefined on reset.
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4.8.6 GBase

63

COPO Register .
Register #| Mnemonic Description
21 GBase KV1 space Page Table Entry Base Address

0

‘ PTEBase I

64

PTEBase Base address of Page Table Entries

Description

The GBase register is a read-write register which holds the base
address of the PTE table for the associated Kernel Virtual 1
region, also referred to as Kernel Global. The UBase, PBase,
and GBase registers have identical formats.

The GBase register is undefined on reset.

4-32

TFP User’s Manual



4.8.7 ShiftAmt

COPO Register .
Register # | Mnemonic Description
5 ShiftAmt | Shift amount to align virtual page number

59

SA Shift Amount

Description:

The ShiftAmt register is a read-only register that assists
software in aligning pointers into page tables. In the User
Region, right-shifting the VA register by the amount in the SA
field correctly aligns the Virtual Page Number (VPN) field
based on page size for the most recently failed translation. The
SA value for each page size is as follows:

Page Size Sh\jlztlﬁ:n
4K 01100
8K 01101
16K 01110
64K 10000
IM 10100
4M 10110
16M 11000

Table 4-8 Page Size ShiftAmt Values
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4.8.8 Wired

COPO Register -

Register #| Mnemonic Description
24 Wired Indices of wired locations in the TLB

63 32 3130 2423 22 161514 8 76 0
v3| Index3 jv2| Index2 (vi| Indext |vO| Index0
7 7 7 7
Index, TLB entry to be ‘wired’ down
Vy Valid Bit set if corresponding Index is valid
w Fields that may be written with anything but
always read as 0
Description:

The Wired register is a read-write register used to control TLB

replacement algorithm. Up to four entries may be wired down
under program control. The four entries must be in different
congruence classes.

The TLB is three-way set associative. Only set 0 may be ‘wired’.
When a TLB Refill exception occurs, the congruence class of
the missing virtual address is compared to each of the four
indices in the Wired register. If a match is found for a valid
entry in the Wired register, a random value in the range 1..2 is
loaded into the TLBSet register. If a valid match is not found, a
random value in the range 0..2 is loaded into the TLBSet
register.

The Wired register is undefined on reset.
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4.8.9 VAddr

COPO Register L
Register # | Mnemonic Description
8 VAddr Virtual Address Register
63 0
I VAddr I
64
VAddr Virtual Address
Description:

The VAddr register is a read-write register that holds a 64-bit
virtual address. VAddr is loaded both under software and
hardware control.

VAddr is loaded by hardware with the virtual address which
causes a TLB Refill, TLB Invalid, TLB Modified, or Address
Error Exception. VAddr is also writable by software, and is
used to address the TLB for TLBW, TLBR, TLBP, DCTR and
DCTW Cop0 instructions.
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4.8.10 BadPAddr

COP0 Register —
Register #] Mnemonic Description
7 BadPAddr Bad Physical Address
636059 40 39 o
Syn 0 PAddr
4 20 40

BadPaddr Bad Physical Address
Syn Bits [15:12] of the virtual address

Description:

The BadPAddr register is a read-only register that contains the
physical address which caused the virtual coherence error
(floating) exception. ’
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INTERRUPTS AND EXCEPTIONS

The exception processing system of the R8000 Microprocessor is responsible for
efficiently handling relatively infrequent events such as address translation misses,
arithmetic overflows, I/O interrupts, and system calls. These events cause the
interruption of normal flow of control. Dedicated locations contain vectors which service
the various exceptions. Once the exception has been serviced the program contents,
which were saved in temporary strorage prior to servicing of the exception, are re-
loaded and normal execution resumes.

The R8000 Microprocessor treats all events which interrupt the normal flow of execution
as exceptions. Interrupts are a type of exception, and exceptions can be both precise and
imprecise.
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51 EXCEPTIONS

. When an exception is taken and the contents of the Exception Program Counter (EPC)
register contains the exact address of the instruction which caused the exception, the
exception is precise. When the Exception Program Counter register contains a value
which is near the offending address but not exact, the exception is imprecise. External
interrupts, which have no relationship to any instructions, are also classified as imprecise
exceptions. The type of exception taken indicates whether it is precise or imprecise.

The R8000 Microprocessor can generate interrupts internally as well as accept interrupts
from external sources. There are no dedicated interrupt pins on the R8000
Microprocessor. External interrupts are handled by the Cache Controller and the status
of the Cache Controller’s interrupt register is transferred to the R8000 via the TBus. The
register contents are decoded within the R8000 and the appropriate service routine is
executed. Figure 5-1 shows the different types of exceptions.

EXCEPTIONS

Precise

TLB Refill, (UV), (KV0), (KV1),
TLB Invalid, TLB Modified,
Integer Overﬂow, Trap, System Call,
Breakpoint, Coprocessor Unusable,
Reserved, Address Error

Imprecise

N

Virtual Coherence Interrupt
Bus Error
Floating Point Interrupt
{ Interrupts |

NMI and all General

Interru ts defined

}éy field of the
ause re

gister.

Figure 5-1 Exception Types
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To handle an exception, the processor vectors to a fixed address in kernel mode with
interrupts disabled. Once the exception has been serviced, the program counter,
operating mode, and interrupt enable must be restored. Hence it is these values which
must be saved when an exception occurs.

When an exception occurs, the Exception Program Counter (EPC) register is loaded with
the appropriate restart location at which execution may resume after servicing the
exception. The counter can also be thought of as containing the address of the instruction
that caused the exception. If the instruction was executing in a delay slot the counter
contains the address of the previous instruction and the DB bit is set.

The base operating mode is defined by the KU (Kernel/User) and the IE (Interrupt
Enable) bits of the Status register. The execution level is set by the EXL bit, also from the
Status register. Interrupts are enabled when IE=1 and EXL=0. The operating mode is
specified by the base mode when the execution level is normal, and is in kernel mode
when the execution level is exception. Returning from an exception consists of resetting
the execution level (bit [1] of the Status register) to normal. From a register standpoint
there are three basic types of exceptions;

1) Hard reset

2) Non-Maskable Interrupt (NMI)
3) All others.

5.1.1 Hard Reset

When returning from hard reset exception the state of the Config (configuration) and
Status registers are as shown in Figure 5-2.

Config Register

63 3534333231 161514 1211 98 6543 0
AR iC DC | IB|DB]

‘ 0 “iio 0 Il‘OOOIOlliOlOlll 0

Status Register
5 0282624 9 18 876 54 o
| [ofOF o | & oo il

Figure 5-2 Register Contents Following a Hard Reset
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The program counter is loaded with the following 64-bit hexidecimal value.

0x_9000_0000_1£c0_0000

5.1.2 Non-Maskable Interrupt

When a non-maskable interrupt exception is taken the contents of the main program

counter are loaded into the Exception Program Counter (EPC) register and indicate the

address at which the exception occurred. Note that the existing EPC counter value is lost

when the EPC is loaded. The main program counter can then be loaded with the vector

address so that servicing can begin. The main program counter is loaded with the -
following 64-bit hexidecimal address.

0x_9000_0000_1£c0_0000

The contents of the Config register does not change. Bit [1] of the Status Register is set to
a high value (1), indicating that the execution level is for an exception. In addition, Cause
register bit [27] is also set to a high value, indicating that the exception was a NML The
hardware modification to the Status register is shown in Figure 5-3.

Status Register
543 21 0

Execution Level
bit setto 1 _

Figure 5-3 Status Register Contents Following an MNI

5.1.3 General Exceptions

Hard Reset and NMI exceptions each vector to a fixed entry point as discussed in
sections 5.1.1 and 5.1.2. All other exceptions vector to an offset relative to the contents of
the TrapBase register . When a general exception is taken the Status register is read and
the main program counter (PC) is loaded with the contents of the TrapBase register.
Loading of the main program counter occurs regardless of the exception level. Note that
the current value is lost when the PC is loaded.

The EXL bit [1] of the Status register determines the execution level. If EXL=0 when the
status register is read, the contents of the PC are transferred to the exception program
counter (EPC) so that the address which caused the exception can be saved.
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If EXL=1 when the status register is read, indicating that another exception is currently
begin serviced, the EPC already contains the address of the exception currently being
serviced. The contents of the PC are not transferred to the EPC so as not to overwrite the
current EPC value. Figure 5-4 shows how general exceptions are handled.

Status Register

62524 201918 876 543 21 0

/ \
TrapBase Register I TrapVector | EXL

3 61 59 58 48 47 12 11
R| C 0 Trap Vector Base Address | Vector Offset

Any Exception causes

Main PC to be loaded

Main Program Counter
64

PC Transferred to EXL=0"
! EPCifEXL=0 —

Exception Program Counter register

* If EXL=1, contents of the main PC are not transferred to EPC.

Figure 5-4 Handling a General Exception

The Config register contents do not change when a general exception is taken. The
Cause register is modified depending on which general exception was taken. For
example, a Coprocessor Unusable exception sets the CE bit, a Virtual Coherence
exception sets the VCI bit, a floating point exception sets the FPI bit, etc. Figure 5-5
shows the Cause register.
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63 62

29

25

23 19 18 87 32 0

- N
ZZ P

C
E

v|F
B
ef$|1F| O Ip

ExcCode 0

Figure 5-5 Cause Register

Multiple trap vector entry points are provided by hardware based on the exception
taken. Table 5-1 below lists the various types of exception vectors and their Trap Vector

offsets.
Name Vector Cause Description
Code

Hard Reset ResetVector -— Resets everything.

0x_9000_0000_1£c0_0000
NMI NMIVector e Requested by external logic

0x_9000_0000_1£c0_0000

TLB Refill, TrapBase + 0x_000 | TLBL | The referenced address was to the

User, (EXL=0) TLBS User Region (UV) and did not
match any TLB entry.

TLB Refill, TrapBase + 0x_400 | TLBL | The referenced address was to the

Kernel Private TLBS | Kernel Private Region (KV1) and

(EXL=0) did not match any TLB entry.
TLB Refill, TrapBase + 0x_800 | TLBL | The referenced address was to the
Kernel Global TLBS | Kernel Global Region (KV0) and
(EXL=0) did not match any TLB entry.
TLB Refill TrapBase + 0x_c00 | TLBL | The referenced address (to any
(EXL=1) TLBS | Region) did not match any TLB
entry.
TLB Invalid TrapBase + Ox_c00 | TLBL | Virtual-address that matches an
TLBS invalid TLB entry.

TLB Modified | TrapBase + Ox_c00 | Mod | An attempt to write to a virtual
address that did not have D bit in
the corresponding TLB entry set.

Common TrapBase + 0x_c00 | See General exception vector for all
Exceptions Cause other exceptions.

Table 5-1 Exception Vectors
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Exceptions are always generated by a particular instruction, and are reported precisely
with respect to that instruction. All other events are termed interrupts. This section lists
_ the types of General exceptions and how they are handled and serviced. These
exceptions are indicated by loading a specific value into the ‘Exception Code’ field of the
Cause register, located at bits [7:3]. Below is a listing of each general exception and the
corresponding 5 bit hexidecimal value. Those Exception codes specific to the TLB are
discussed in chapter 4, sections 4.7.1 through 4.7.3.

I;:\?lfriggre Mnemonic Description

0 Int Interrupt
1 Mod TLB Exception Modification
2 TLBL TLB Exception (Load or Instruction Fetch)
3 TLBS TLB Exception (Store)
4 AdEL Address Error Exception (Load or Instruction Fetch)
5 AdES Address Error Exception (Store)

67 | - Reserved by MIPS Technologies
8 Sys SysCall Exception
9 Bp Breakpoint Exception
10 RI Reserved Instruction Exception
11 CpU Coprocessor Unusable Exception
12 Ov Arithmetic Overflow Exception
13 Tr Trap Exception

14-31 | - Reserved by MIPS Technologies

Table 5-2 Exception Codes
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5.1.3.1 Address Error Exception

An address error exception occurs when an attempt is made to load, fetch, or store a
quantity which is not properly aligned, to reference kernel address space from user
mode, or when the region bits of the effective address do not match the region bits in the
base register. The address error exception is precise and not maskable.

The AdEL and AdES exception codes are defined by ExcCodes 4 and 5 in Table 5-2 and
indicate whether the instruction, defined by the contents of the EPC register, and the BD
bit [63] of the Cause register, was a load or a store.

5.1.3.2 System Call Exception

The System Call exception occurs when an attempt is made to execute the corresponding
instruction. The SysCall exception is precise and is not maskable. The common exception
vector in Table 5-1 is used for this exception. The SysCall exception is defined by
ExcCode 8 in Table 5-2. The Sys code in the Cause register is set.

The EPC points at the instruction which caused the exception, unless the instruction is in
a branch delay slot. If the instruction is in a branch delay slot, the EPC points at the
branch instruction which preceedes it, and the BD bit of the Cause register is set.

Control is transfered to the applicable system routine. To resume execution, the EPC
must be altered so that the offending instruction is not re-executed.

5.1.3.3 Breakpoint Exception

The Breakpoint exception occurs when an attempt is made to execute the corresponding
instruction. The Breakpoint exception is precise and is not maskable. The common
exception vector in Table 5-1 is used for this exception. The Breakpoint exception is
defined by ExcCode 9 in Table 5-2. The Bp code in the Cause register is set.

The EPC points at the instruction which caused the exception, unless the instruction is in
a branch delay slot. If the instruction is in a branch delay slot, the EPC points at the
branch instruction which preceedes it, and the BD bit of the Cause register is set.

Control is transfered to the applicable system routine. To resume execution, the EPC
must be altered so that the offending instruction is not re-executed.
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5.1.3.4 Reserved Instruction Exception

The Reserved Instruction exception occurs when an attempt is made to execute the
corresponding instruction. The Reserved Instruction exception is precise and is not
maskable. The common exception vector in Table 5-1 is used for this exception. The
reserved Instruction exception is defined by ExcCode 10 in Table 5-2. The RI code in the
Cause register is set.

The EPC points at the instruction which caused the exception, unless the instruction is in
a branch delay slot. If the instruction is in a branch delay slot, the EPC points at the
branch instruction which preceedes it, and the BD bit of the Cause register is set.

Control is transfered to the applicable system routine. To resume execution, the EPC
must be altered so that the offending instruction is not re-executed.

5.1.3.5 Coprocessor Unusable Exception

The Coprocessor Unusable exception occurs when an attempt is made to execute the
corresponding instruction. The Coprocessor Unusable exception is precise and is not
maskable. The common exception vector in Table 5-1 is used for this exception. The
CoProcessor Unusable exception is defined by ExcCode 11 in Table 5-2. The CpU code in
the Cause register is set.

The EPC points at the instruction which caused the exception, unless the instruction is in
a branch delay slot. If the instruction is in a branch delay slot, the EPC points at the
branch instruction which preceedes it, and the BD bit of the Cause register is set.

Control is transfered to the applicable system routine. To resume execution, the EPC
must be altered so that the offending instruction is not re-executed

5.1.3.6 Integer Overflow Exception

An Integer Overflow exception occurs when an ADD, ADDI, SUB, DADD, DADD], or
DSUB instruction results in a two’s complement overflow. This exception is precise and
not maskable. The common exception vector in Table 5-1 is used for the Integer
Overflow exception. The Integer Overflow exception is defined by ExcCode 12 in Table
5-2. The Ov code in the Cause register is set.

The EPC points at the instruction which caused the exception, unless the instruction is in
a branch delay slot. If the instruction is in a branch delay slot, the EPC points at the
branch instruction which precedes it, and the BD bit of the Cause register is set. The
process executing at the time is handed a UNIX SIGFPE/FPE_INTOVF_TRAP signal.
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5.1.3.7 Trap Exception

A Trap exception occurs when a TGE, TGEU, TLT, TLTU, TEQ, TGEI, TGEUI, TLTI,
TLTUI, TLEQ], or TNEI instruction results in a true condition. The trap exception is
precise and not maskable. The common exception vector in Table 5-1 is used for this
exception. The Trap exception is defined by ExcCode 13 in Table 5-2. The Tr code in the
Cause register is set. The EPC points at the instruction which caused the exception,
unless the instruction is in a branch delay slot. If the instruction is in a branch delay slot,
the EPC points at the branch instruction which preceedes it, and the BD bit of the Cause
register is set. The process executing at the time is handed a UNIX SIGFPE/
FPE_INTOVEF_TRAP signal.

5.1.3.8 Reserved Instruction Exception

There are two classes of reserved instruction exceptions relating to opcodes and values.
An illegal coprocessor-1 opcode is reported via this exception. Value related exceptions
cause a floating-point interrupt which is explained in section 5.3. The reserved
instruction exception is precise and is not maskable.

The common exception vector is used for this exception. The FPE code in the Cause
register is set. The EPC points at the instruction which caused the exception, unless it is
in a branch delay slot. If the instruction is in a branch delay slot, the EPC points at the
branch instruction which preceedes it, and the BD bit of the Cause register is set.

Control is transfered to the applicable system routine. To resume execution, the EPC
must be altered so that the offending instruction is not re-executed. ‘

5.2 INTERRUPTS

The Interrupt exception occurs when one of the interrupt conditions are asserted.
Interrupts are a type of exception and are imprecise and maskable. The general exception
vector is used for servicing Interrupt exceptions. The Int code in the Cause register is set.

The Cause register in Figure 5-5 contains an 11 bit Interrupt Pending (IP) field which
indicates the current interrupt requests. It is possible that more than one of the bits will
be set at once, or even that no bits are set (if an interrupt is asserted and then deasserted
before the Cause register is read). If the interrupt is caused by software, the condition is
cleared by setting the corresponding Cause register bit to zero. Table 5-3 describes the IP
field.
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Cause

IP# | Register In,tlf’ rrupt Description
Bits ype
0..1 8.9 Software | Used to set or clear software interrupts

2.7 10..15 External | Set and cleared through the TBus. External
interrupts cannot be cleared by software

8 16 Parity Streaming cache even bank parity flag
9 17 Parity Streaming cache odd bank parity flag
10 18 Overflow | Cycle counter overflow flag. Wired to the

most significant bit of the cycle counter
Table 5-3 Interrupt Pending Fields

5.3 INTERRUPT TYPES

The R8000 Microprocessor supports 11 asynchronous interrupts. Two are managed by
software, three are generated internally by hardware, and six are generated externally
via the Tbus. Interrupts are posted in the IP field of the Cause register.

5.3.1 Virtual Coherence (Coprocessor) Interrupt

A Virtual Coherence (Coprocessor) interrupt (VCI) occurs when each of the following
three conditions are true.

1) A coprocessor load or store hits in the streaming cache.

2) Virtual address bits [15:12] of the reference are different than the Virtual synonym (VS)
bits stored in the streaming cache.

3) The SMM bit of the Status register is reset.

The VS bits in the streaming cache are set to bits [15:12] of the virtual address when a
reference causes a streaming cache miss. The Virtual coherence interrupt is not maskable.
When a VCI interrupt occurs the VCI bit in the Cause register is set, and the BadPAddr
register contains the offending physical address along with bits [15:12] of the virtual
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address. The offending instruction as well as an unbounded number of subsequent. =
instructions will have already completed by the time the interrupt is posted. If additional ™
- virtual coherence (coprocessor) violations occur before the interrupt is serviced, no
additional addresses are captured into BadPAddr.

Coprocessor memory references directly address the physically-addressed streaming
cache and are not susceptible to virtual coherence violations. Therefore, there is no harm
in allowing coprocessor memory references to complete even when they cause virtual
coherence exceptions. However, these coprocessor memory references may fail to
invalidate the on-chip integer data cache and thus not maintain coherency between the
caches. If the processor is operating in Sequential Memory Model mode, the hardware
interlocks subsequent integer memory references to avoid the possibility of reading stale
data, at the expense of some performance loss. The virtual coherence interrupt is non-
recoverable.

5.3.2 Floating Point Interrupt

The R8000 Microprocessor implements imprecise IEEE-compliant floating-point
exceptions which are reported via the Floating-Point Interrupt.

In performance mode a floating-point operation that raises an exception will write the
appropriate substitution value (e.g. NaN) into the register file, regardless of whether the
exception is enabled or not, and continue execution. If the exception is enabled, bit IP10
in the Cause register is set and an imprecise floating-point interrupt occurs some time
later.

In precise exception mode a floating-point operation that raises an enabled exception
does not write the result into the register file, and bit IP10 in the Cause register is set to
cause a precise floating-point interrupt with the EPC register pointing to the offending
instruction. A disabled exception will write the appropriate substitution value (e.g.
NaN) into the register file and continue execution.

Imprecise floating-point exceptions in normal mode can only be observed after the fact.
Therefore trap handlers that count exceptions or abort the process are possible, but trap
handlers that alter the result value based on an exception are not possible. Software
should service this interrupt by clearing bit IP,( in the Cause register. Precise exception
mode is specified by setting the DM bit in the Status Register. After a mode change an
implementation-dependent number of instructions may not be floating-point
instructions. Note that the Cause field in the R8010 Floating Point Status (FSR) register
cannot be used to determine the cause of the interrupt in normal mode, and the Flags
field must be used instead. However, the Cause field can be used in any mode to
determine the status of the last floating-point operation.
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5.3.3 Counter Overflow Interrupt

The Count register increments once per clock cycle. A counter-overflow interrupt is
posted when the high-order bit becomes set. Bit IP10 in the Cause register is set and an
imprecise counter-overflow interrupt occurs some time later.

Software must reset the Count register and clear bit IP10 in the Cause register.

5.3.4 Parity Error Interrupt

The R8000 Microprocessor has a very large off-chip streaming cache which is protected
by parity bits. Parity errors are imprecise and nonrecoverable. Separate parity flags exist
for both the even and odd banks of the streaming cache. Cause register bit IP8 pertains to
the even bank of streaming cache. Cause register bit IP9 pertains to the odd bank of
streaming cache.

If a parity error is detected on a floating-point load operation or an instruction or data
cache refill, bit IP8 or IP9 in the Cause register is set and an imprecise parity-error
interrupt occurs some time later. Parity errors should be logged and the process aborted.
Software should clear bits IP8 and IP9 in the Cause register.

5.3.5 Bus Error Interrupt

A Bus Error interrupt exception is generated by board-level circuitry and indicates
events such as bus time-out, backplane bus parity error, and invalid physical memory
addresses or access types. The Bus Error interrupt is imprecise and not maskable.

The common exception vector is used for this interrupt and the process executing at the
time is handed a UNIX SIGBUS signal. Since the TFP Microprocessor implementation of
this exception is imprecise, the kernel should “clean up” any outstanding references (e.g.
writes buffered in the I/0O systems) by reading from uncacheable device registers to
avoid accidentally killing the wrong process.
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INITIALIZATION INTERFACE

This chapter describes the initialization and testing requirements for the R8000
Microprocessor Chip Set. The initialization sequence is discussed and code examples are
provided for both the R8000 microprocessor and the Tag RAM. General testing
requirements are also discussed including some specific testing characteristics which
must be addressed. ,
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In general the _oot-up procedure consists of four steps:

1) Invalidate Instruction and Data Caches.

2) Flush Store Address Queue.

3) Set all Tag RAM states to invalid and assure that each of the four sets of any given Tag
RAM index have different tags.

4) Initialize the TLB.

6.1 Instruction and Data Cache Invalidation

Invalidation of the instruction cache is accomplished by the invalidation of each entry in
the cache. Uncached instructions are fetched from memory and placed in the cache and
the entry is marked as invalid. Each entry in the instruction cache contains four 32-bit
instructions (quadword). An instruction cache line (32 bytes) contains two quadwords.
There is one valid bit per instruction cache line.

When the first entry is accessed with the “Jump Immediate” instruction cache hardware
control logic marks the line as invalid due to the fact that the instructions were fetched
from the following accress range;

9000_0004_1FCx_xxxx

The 9h value on the upper address bits indicates that the access is non-cachable and
umapped in the TLB. The “Jump Immediate “ instruction with the correct offset is used
to step through the cache and invalidate the entries.

The Data Cache is invalidated using the DCTW instruction. The 4-bit valid field in the
DCACHE register must be loaded with all zero’s. The contents of the DCACHE register
are undefined on reset.

Unlike the instruction cache, where the valid bit is included as part of the entry, the data
cache has a separate valid bit RAM. One valid bit exists per word (32-bits) and there are
4 bits per valid RAM entry. Hence two writes to the valid RAM are necessary to
invalidate one line (32 bytes) of the data cache.

Successive invalidations of the data cache valid RAM are accomplished by incrementing
the VADDR register by 16 each time.

Note that any data loads, including non-cachable loads from a ROM device, are not
guaranteed to work correctly until this step is completed due to the fact that the R8000
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cached data as opposed to taking a data cache miss. Refer to section 6.5 for more
information.

6.2 Flushing the Store Address Queue

The Store Address Queues are flushed using 32 writes to an even location (Address<3>
clear) and 32 writes to an odd location (Address<3> set). The addresses used are two
unused local address space registers and the writes are non-cacheable. The data is not
important.

6.3 Tag RAM State Invalidation

In order to avoid memory reads going onto the backplane, the data RAM tests are divided
into two groups. Each group does the same test but skips the part of Set 3 which the test
itself is read through so that no cacheable reads or writes go to the area which has been
invalidated by instruction reads and cause a read on the backplane.

During this step no single non-cacheable read should be done from any address except
the ROM space which will read through the area of RAM which is being skipped (eg. the
code itself).

Before any of the Tag RAMs are written, two non-cacheable reads from the ROM space at
the current PC must be done to initialize the Annex pipe so that it doesn't corrupt the
values after they are written.

The value of the tag RAM address used for set three is chosen so that any instruction
fetches which occur during this step will put exactly the same value into the the location.
The state, virtual synonym, and dirty bits should also be set so that the instructions will
load the identical value.

The tag RAM addresses should be as follows:

Set Tag
0 - 0x041CC
1 0x041DC
2 0x041EC
3 0x041FC

Address<21:20> will be written from the address used to access the tags and need not be
varied explicitly for caches larger than 4MB.
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The dirty bits do not matter; the state bits should all be exclusive; and the virtual
synonym bits should be set to address<15:12> (part of the index) so that no virtual
synonym misses can occur when used with virtual equals physical mapping.

For all processors except the master the procedure for the first two initializations of the
streaming cache should be repeated except that the states should all be written to invalid
instead of exclusive. These processors will not run C code and will not need a stack.

The master processor should be initialized in the same way as the slaves except that a
stack region should be created at whatever index and address tag is convenient and of
whatever size (up to the size of one set) may be convenient. The stack should be created
now because we do not want to write the streaming cache tags again later.

The stack provision is made by picking a section of Set 1 (it must not be set 0 or 3). The
Tag Address and state writes may be done after the complete slave style initialization has
been accomplished. The state should be exclusive and the dirty bits do not matter. Again
the virtual synonym bits must be set to Address<15:12> to avoid reads on the backplane.
The Set Allow register must be set not to allow access to Set 1. (Note that Force Set Three
is still on until the next step.) Before running User Mode, Set Allow should be set back to
allow all sets in replacement.

The stack made in this way will work whether there is memory board in the system or
not. The states are already exclusive and do not have to be filled from memory and the
set allow does not include Set 1 so that the stack cannot be kicked out. Set 0 will be
kicked out by non-cacheable accesses which miss in the cache, so it is not used; Set 3 will
be kicked out in Force Set Three Mode, so it is not used.

All the cache lines in the system are now in legal states; Some of them are exclusive in the
master processor and invalid elsewhere while the rest are invalid everywhere. In
addition, at every index in every cache, the address tags in the four sets are all different.

6.4 Initializing the TLB
Initialization of the TLB consists of the following two steps;

1) Mark all entries invalid in the physical address (PTAG) portion of the TLB.
2) Assure that each set of each index in the virtual tags (VTAG) portion of the TLB
contains different tag information.

The entries of the PTAG are invalidated by executing the TLBW instruction for each
entry. The EntryLo register must be set to all zero’s as its contents are written to the
PTAG. Writing all zero’s to the register assures that the valid bit for the entry will not be
set when the TLB entry is written.
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