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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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Program

Counter X x+1 t t+1 t+2
I%Itjcﬁels)d I F-STAGE D-STAGE | A-STAGE E-STAGE
PC=x

F-STAGE D-STAGE | A-STAGE E-STAGE
QUAD 2 (branch & (branch is
Fetched delay fetched, executed,
PC = x+1 predict bit on) target is

compared)

QUAD 3 F-STAGE D-STAGE |A-STAGE
Fetched from (target
new target address compared)
PC=t
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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