
































































































































































































































































































































Revision 1.0 MIPS64™ Specification

*  The Random register is initialized to the number of TLB entries - 1.

e The Wired register is initialized to zero.

» The Config and Configl registers are initialized with their boot state.

« The BEV, TS, SR, NMI, ERL, and RP fields of the Status register are initialized to a specified state.

e Watch register enables and Performance Counter register interrupt enables are cleared.

e The ErrorEPC register is loaded with PC-4 if the state of the processor indicates that it was executing an
instruction in the delay slot of a branch. Otherwise, the ErrorEPC register is loaded with PC. Note that this
value may or may not be predictable if the Reset Exception was taken as the result of power being applied to

“the processor because PC may not have a valid value in that case. In some implementations, the value loaded
into ErrorEPC register may not be predictable on either a Reset or Soft Reset Exception.

« PC is loaded with OxFFFF FFFF BFCO 0000.

Cause Register ExcCode Value
None

Additional State Saved
None

Entry Vector Used
Reset (OxFFFF FFFF BFCO 0000)

Operation
Random < TLBEntries - 1
Wired < 0
Config < ConfigurationState
Configgy <2 # Suggested - see Confi

Configl < ConfigurationState
Statusggy ¢ 1
Statustg <— 0
Statusgg < 0
Statusypg <— 0
Statusggp «— 1
Statusgp ¢<— 0
WatchLo[n]; <~ 0
WatchLo[n]g <~ 0
WatchLo[n]y <0 . i mented Watch registers
PerfCnt.Control[n] < 0 # For all imple;tfxented PerfCnt registers
if InstructionInBranchDelaySlot then 4
.. ErrorEPC <~ PC - 4
else

ErrorEPC « PC
endif ]
PC « OxFFFF FFFF BFCO 0000

-

escription

4.8.6 Soft Reset Exception

A Soft Reset Exception occurs when the Reset signal is asserted to the processor. It is implementation dependent
whether Soft Reset is implemented. If the Soft Reset Exception is not implemented, the Reset Exception should be
used instead. This exception is not maskable. When a Soft Reset Exception occurs, the processor performs a subset of
the full reset initialization. Although a Soft Reset Exception does not unnecessarily change the state of the processor,
it may be forced to do so in order to place the processor in a state in which it can execute instructions from uncached,
unmapped address space. Since bus, cache, or other operations may be interrupted, portions of the cache, memory, or
other processor state may be inconsistent. In addition to any hardware initialization required, the following state is
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| established on a Soft Reset Exception:

* The BEV, TS, SR, NMI, ERL, and RP fields of the Status register are initialized to a specified state.

e Watch register enables and Performance Counter register interrupt enables are cleared.

»  The ErrorEPC register is loaded with PC-4 if the state of the processor indicates that it was executing an
instruction in the delay slot of a branch. Otherwise, the ErrorEPC register is loaded with PC. Note that this
value may or may not be predictable.

» PC is loaded with OxFFFF FFFF BFCO 0000.

Cause Register ExcCode Value
None

Additional State Saved

None
Entry Vector Used
| Reset (OxFFFF FFFF BFCO 0000)
Operation o
Configgg ¢ 2 # Suggested - see Config register description -

Statusggy ¢ 1 -
Statuspg < 0 k.
Statusgg ¢ 1

Statusypy <— 0
Statusgpy ¢ 1
Statusgp ¢— 0 i
WatchLo[n]; < 0 # For all implemented Watch rcé%été@
WatchLo[n]g < 0 # For all implemented Watch registers:

WatchLo[n]y < O ipl ed W
PerfCnt.Control[n];z < 0 # For all img
if InstructionInBranchDelaySlot then

e

i,

| ErrorEPC < PC - 4 48
else

I ErrorEPC « PC -
endif 7 -

| PC « OxFFFF FFFF BFCO 000

4.8.7 Non Maskable Interrupt (NMI)MEgggei)tion

A non maskable interrupt exception occurs when the NMI signal is asserted to the processor. It is implementation
dependent whether the NMI exception is implemented. However, several embedded operating systems make use of
the NMI exception, so its implementation is strongly recommended.

* Unlike all other interrupts, this exception is not maskable. An.NMI occurs only at instruction boundaries, so does not
do any reset or other hardware initialization. The state of the cache, memory, and other processor state is consistent
and all registers are preserved, with the following exceptions:

e TheBEV, TS, SR, NMI, and ERL fields of the Status register are initialized to a specified state.

o The ErrorEPC register is loaded with PC-4 if the state of the processor indicates that it was executing an
instruction in the delay slot of a branch. Otherwise, the ErrorEPC register is loaded with PC.

* PC is loaded with OxFFFF FFFF BFCO 0000.

Cause Register ExcCode Value
None
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Additional State Saved
None

Entry Vector Used
Reset (OxFFFF FFFF BFCO 0000)

Operation
StatusBEV «—1
Status—rs «—0
" Statusgg «— 0
Statusyyy < 1
Statusgg; ¢ 1
if InstructionInBranchDelaySlot then
ErrorEPC < PC - 4
else
ErrorEPC « PC
-endif
PC « OxFFFF FFFF BFCO0 0000

4.8.8 Machine Check Exception

A machine check exception occurs when the processor detects an internal inconsistency. It is implementation depen-
dent whether the Machine Check Exception is implemented. If no internal co 31stency checkmg 1s performed by the
processor, the Machine Check Exception need not be implemented. R

The following conditions cause a machine check exception:

a TLB-based MMU It is implementation dependent
at creates multlple matching entries, or on a reference
wster is set to indicate thxs condition. It is imple-

e Detection of multiple matching entries in the
whether this condition is detected on the TLB
that detects them. In either case, the TS b'

flushing the entire TLB. If the condlt'on can be of ed, oftware must clear this bit before resuming nor-
mal operation.

,susyyors should attempt to preserve the entry already in
mation for software debug of the problem.

If the condition is detected during:
the TLB, if possible_,y as Fhat p
Cause Register ExcCode Value T
~MCheck

Additional State Saved :
Depends on the condition that caused the exception. See the descriptions above.

Entry Vector Used _
~'General exception vector (offset 0x180)

4.8.9 Address Error Exception
An address error exception occurs under the following circumstances:

e Aload or store doubleword instruction is executed in which the address is not aligned on a doubleword

boundary.
*  An instruction is fetched from an address that is not aligned on a word boundary.
*  Aload or store word instruction is executed in which the address is not aligned on a word boundary.
»  Aload or store halfword instruction is executed in which the address is not aligned on a halfword boundary.
»  Areference is made to a kernel address space from User Mode or Supervisor Mode.
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« Areference is made to a supervisor address space from User Mode.

» Areference is made to a a 64-bit address that is outside the range of the 32-bit Compatibility Address Space
when 64-bit address references are not enabled.

«  Areference is made to an undefined or unimplemented 64-bit address when 64-bit address references are
enabled.

Note that in the case of an instruction fetch that is not aligned on a word boundary, PC is updated before the condition
is detected. Therefore, both EPC and BadVAddr point at the unaligned instruction address.

Cause Register ExcCode Value
AdEL: Reference was a load or an instruction fetch
AdES: Reference was a store

Additional State Saved

Register State Value
BadVAddr failing address oy
Contextypns UNPREDICTABLE 7
igg::ﬁ;”’ N2 | UNPREDICTABLE
EntryHiypx, UNPREDICTABLE
EntryHip
EntryLo0 UNPREDICTABLE .
EntryLol UNPREDICTABLE - _

Entry Vector Used
General exception vector (offset Ox180)

4.8.10 TLB Refill and XTLB Reﬁll Exceptlons o

A TLB Refill or XTLB Refill exceptlon occurs in a TLB based MMU: when no TLB entry matches a reference to a
mapped address space and the EXL bit is zero in the Status register. Note that this is distinct from the case in which an
entry matches but has the valid bit off, in which casea “TLB Invalid exception occurs. Refill exceptions have distinct
exception vector offsets: 0x000 for a 32-bit TLB Refill and 0x080 for a 64-bit extended TLB (“XTLB”) refill. The
XTLB refill handler is used whenever a reference is made to an enabled 64-bit address space.

Cause Register ExcCode Value
- TLBL: Reference was a load or an instruction fetch
TLBS: Reference was a store

Additional State Saved
Register State Value
BadVAddr failing address
November 15, 1999 -97 -

MIPS® PROPRIETARY/CONFIDENTIAL:
RESTRICTED DOCUMENT SUBJECT TO CONFIDENTIALITY OBLIGATIONS. DUPLICATION IS PROHIBITED.



Revision 1.0 MIPS64™ Specification

Register State Value

Context The BadVPN2 field contains VA3,.|3 of the failing
address

XContext The XContext BadVPN?2 field contains VAgg;.

BITs-1:13 and the XContext R field contains
VAg3.6> of the failing address. '

EntryHi The EntryHi VPN2 field contains VASEGBITS-[‘.]3

of the failing address and the EntryHi R field con-
tains VAg3.¢, of the failing address; the ASID field

contains the ASID of the reference that missed

EntryLo0 UNPREDICTABLE
|.EntryLol UNPREDICTABLE
Entry Vector Used : :
»  TLB Refill vector (offset 0x000) if 64-bit addresses are not enabled and StatusBXL =0 at the time of excep-
tion. ¢

e XTLB Refill vector (offset 0x080) if 64-bit addresses are enab]ed and Statusgxy, = 0 at the time of exception.
»  General exception vector (offset 0x180) in either case if StatugEXL 1 ‘the time of exceptlon

e
N

4.8.11 TLB Invalid Exception

A TLB invalid exception occurs when a TLB entry
entry has the valid bit off. r

e to a'inﬁpped address space, but the matched

Note that the condition in which no TLB entry.matches a r a mapped address space and the EXL bit is one
in the Status register is indistinguishable from a TLB Invali ception in the sense that both use the general excep-
tion vector and supply an ExcCode value of TLBL:er LBS. The only way to distinguish these two cases is by prob-
ing the TLB for a matching entry (using FL.

Cause Register Echode Value |
TLBL: Reference was a load or
TLBS: Reference was a store

nstructio ﬂetch

Additional State Saved

Register State 4 ‘ Value

BadVAddr failing address

Context The BadVPN2 field contains VAj,.q3 of the failing
address

XContext The XContext BadVPN2 field contains VAgg;.
BITs-1:13- and the XContext R field contains
VAg3.62 of the failing address.
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Register State Value

EntryHi The EntryHi VPN2 field contains VAgzsp7s-1:13

of the failing address and the EntryHi R field con-
tains VAg3.¢, Of the failing address; the ASID field

contains the ASID of the reference that missed

EntryLo0O UNPREDICTABLE
EntryLol UNPREDICTABLE
Entry Vector Used

General exception vector (offset 0x180)

4.8.12 TLB Modified Exception

A TLB modified exception occurs on a store reference to a mapped address when the matching TLB entry is valid,
but the entry’s D bit is zero, indicating that the page is not writable. :

Cause Register ExcCode Value
Mod

Additional State Saved

Register State Valuew‘

BadVAddr failing address

Context The BadVPN?2 field contains VA31 13 of the failing
address

XContext The XContext BadVPN2 field contams VAggG.

BITS-1:13- and the XContext R ﬁeld contains
VAg3.62 of the fallmg address.’"“’jl a

EntryH1 The EntryHl VPNZ ﬁeld contams VASEGBITS—I 13

of the failing address and the EntryHi R field con-
tains VAg3.6, of the faxlmg address; the ASID field

contains the ASID of the reference that missed

EntryLo0O UNPREDICTABLE
EntryLol UNPREDICTABLE
Entry Vector Used

General exception vector (offset 0x180)

4.8.13 Cache Error Exception

A cache error exception occurs when an instruction or data reference detects a cache tag or data error, or a parity or
ECC error is detected on the system bus when a cache miss occurs. This exception is not maskable. Because the error
was in a cache, the exception vector is to an unmapped, uncached address. It is implementation dependent whether a
cache error exception resulting from an access to the data cache is reported precisely with respect to the instruction
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that caused the cache error.

Cause Register ExcCode Value
N/A

Additional State Saved

Register State Value
CacheErr Error state
ErrorEPC PC

Entry Vector Used

Cache error vector (offset 0x100)

Operation
CacheErr « ErrorState
StatusERL «—1
if InstructionInBranchDelaySlot then
ErrorEPC <~ PC - 4
else
ErrorEPC « PC
endif
if Statusggy = 1 then

-

4.8.14 Bus Error Exception

; dgta; or prefetch gécesg makes a bus request (due to a cache miss or an
i an error. Note that parity errors detected during bus transac-

A bus error occurs when an instructi
uncacheable reference) and that reque

Cause Register ExcCode Value
IBE: Error on an instruction reference
DBE: Error on a data reference

Additional State Saved
None

Entry Vector Used
General exception vector (offset 0x180)

4.8.15 Integer Overflow Exception

An integer overflow exception occurs when selected integer instructions result in a 2’s complement overflow.
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Cause Register ExcCode Value
Ov

Additional State Saved
None

Entry Vector Used

General exception vector (offset 0x180)

4.8.16 Trap Exception

A trap exception occurs when a trap instruction results in a TRUE value.

Cause Register ExcCode Value
Tr

Additional State Saved
None

Entry Vector Used
General exception vector (offset 0x180)

4.8.17 System Call Exception

A system ¢all exception occurs when a SYSCALL instruction is executed. -

Cause Register ExcCode Value
Sys

Additional State Saved
None

Entry Vector Used 0
General exception vector (offset Ox 1 80)

4.8.18 Breakpoint Exception ;"

o i #
A breakpoint exception occurs when a BREAK instruction is executed.

Cause Register ExcCode Value o
Bp e

Additional State Saved
None

Entry Vector Used
+ General exception vector (offset 0x180)

4.8.19 Reserved Instruction Exception
A Reserved Instruction Exception occurs if any of the following conditions is true:

*  Aninstruction was executed that specifies an encoding of the opcode field (Table 20) that is flagged with “*”
(reserved), “B” (higher-order ISA), “L” (64-bit) if 64-bit operations are not enabled, or an unimplemented
“g” (ASE).

e  An instruction was executed that specifies a SPECIAL opcode encoding of the function field (Table 21) that
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is flagged with “*” (reserved), “B” (higher-order ISA), or “L” (64-bit) if 64-bit operations are not enabled.

e  An instruction was executed that specifies a REGIMM opcode encoding of the rt field (Table 22) that is
flagged with “*” (reserved).

e Aninstruction was executed that specifies an unimplemented SPECIAL?2 opcode encoding of the function
field (Table 23) that is flagged with an unimplemented “8” (partner available), “L” (64-bit) if 64-bit opera-
tions are not enabled, or an unimplemented “c” (EJTAG).

*  An instruction was executed that specifies a COPz opcode encoding of the rs field (Table 25, Table 27,

Table 29) that is flagged with “*” (reserved), “B” (higher-order ISA), “ 1" (64-bit) if 64-bit operations are not
enabled, or an unimplemented “€” (ASE), assuming that access to the coprocessor is allowed. If access to
the coprocessor is not allowed, a Coprocessor Unusable Exception occurs instead. For the COPI opcode,
some implementations of previous ISAs reported this case as a Floating Point Exception, setting the Unim-
plemented Operation bit in the Cause field of the FCSR register.

e An instruction was executed that specifies an unimplemented COPQ opcode encoding of the function field
when rs is CO (Table 28) that is flagged with “+” (reserved), or an unimplemented “c” (EJTAG), assuming '
that access to coprocessor 0 is allowed. If access to the coprocessor is not allowed, a Coprocessor Unusable
Exception occurs instead.

*  An instruction was executed that specifies a COP opcode encoding of the function field when s is S, D, or
W (Table 30, Table 31, Table 32) that is flagged with “+” (reserved), B’ (higher—order ISA), “L” (64-bit) if
64-bit operations are not enabled, or an unimplemented “¢” (ASE), assuming that access to coprocessor 1 is
allowed. If access to the coprocessor is not allowed, a Coprocessor Unusable Exceptxon occurs instead.

Some implementations of previous ISAs reported this case as a Floatmg P 'nt 'Exception, setting the Unim- -
plemented Operation bit in the Cause field of the FCSR regxster' .

e An instruction was executed that specifies a COP/ opcode encodmg whens is L or PS (Table 32, Table 33)
and 64-bit operations are not enabled, or with a function field encodmg that is flagged with “*"*(reserved),
“B” (higher-order ISA), or an unimplemented “€” (ASE), assuming that access to coprocessor 1 is allowed.
If access to the coprocessor is not allowed, a Coprocessor’ Unusable Exception occurs instead. Some imple-
mentations of previous ISAs reported this case as a Floating Point Exceptlon setting the Unimplemented
Operation bit in the Cause field of the FCSR regi .

*  An instruction was executed that specifies.a COP1X opc encodmg of the function field (Table 35) that is
flagged with “*” (reserved), or any executlon fthe ‘COP1X opcode when 64-bit operations are not enabled,
assuming that access to coprocessor 1 is allowed. If access to the coprocessor is not allowed, a Coprocessor
Unusable Exception occurs instead. Some 1mplementat10ns of previous ISAs reported this case as a Floating
Point Exception, setting the Unimplement e perauon bit in the Cause field of the FCSR register.

Cause Register ExcCode Value
RI

Additional State Saved
None

Entry Vector Used
General exception vector (offset 0x180)

4.8.20 Coprocessor Unusable Exception
A coprocessor unusable exception occurs if any of the following conditions is true:

e A COPO or Cache instruction was executed while the processor was running in a mode other than Debug
Mode or Kernel Mode, and the CUO bit in the Starus register was a zero

« ACOPI,COPIX,LWCI, SWCI,LDC1, SDC1 or MOVCI (Special opcode function field encoding)
instruction was executed and the CU1 bit in the Starus register was a zero.

e A COP2,LWC2, SWC2, LDC2, or SDC2 instruction was executed, and the CU?2 bit in the Status register
was a zero.
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Cause Register ExcCode Value

CpU
Additional State Saved
Register State Value
Causecg unit number of the coprocessor being referenced
Entry Vector Used

General exception vector (offset 0x180)

4.8.21 Floating Point Exception

A floating point exception is initiated by the floating point coprocessor to signal a floating point exception.

Register ExcCode Value
FPE

Additional State Saved

Register State Value

FCSR indicates the cause of the floating point exception.

Entry Vector Used
General exception vector (offset 0x180),

Pl
L

4.8.22 Watch Exception

The watch facility provides a software debﬁéging vehicle initiating a watch exception when an instruction or data
reference matches the address information stored in the WatchHi and WatchLo registers. A watch exception is taken
immediately if the EXL and ERL bits of the Statu gxster are both zero. If either bit is a one at the time that a watch
exception would normally be taken, the WP bit in the Cause register is set, and the exception is deferred until both the
EXL and ERL bits in the Status register are zero. Software may use the WP bit in the Cause register to determine if
the EPC register points at the instruction that cause(}ﬁ the watch exception, or if the exception actually occurred while
in kernel mode. '

If the EXL or ERL bits are one in the Status register and a single instruction generates both a watch exception (which

. is deferred by the state of the EXL and ERL bits) and a lower-priority exception, the. lower priority exception is taken.
It is implementation dependent whether the WP bit is set in this case. The preferred implementation is to set the WP
bit only if the instruction completes with no other exception.

It is implementation dependent whether a data watch exception is triggered by a prefetch or cache instruction whose
address matches the Watch register address match conditions. The preferred implementation is not to match on these
instructions.

Register ExcCode Value
WATCH
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Additional State Saved

Register State Value

Causewp indicates that the watch exception was deferred
until after both Statusgy; and Statusgg; were zero.
This bit directly causes a watch exception, so soft-
ware must clear this bit as part of the exception
handler to prevent a watch exception loop at the
end of the current handler execution.

Entry Vector Used
G_eneral exception vector (offset 0x180)

4.8.23 Interrupt Exception

The interrupt exception occurs when one or more of the eight interrupt requests is enabled by the Status reglsters See
Section 4.7 on page 87 for more information. :

Register ExcCode Value
Int

Additional State Saved

Register State Value .

———

Cause indicates the interrupts that are pending,
P p ararcp g

Entry Vector Used .
General exception vector (offset 0x180) if th IV b1t in the Cause register is zero.
Interrupt vector (offset 0x200) 1f the IV bit in the Cause reglster is one.

4.9 CP0 Registers

The CPO registers provide the interface between:the ISA and the PRA. Each register is discussed below, with the reg-
isters presénted in numerical order, first by register number, then by select field number.

_For each register described below, field descriptions include the read/write properties of the field, and the reset state
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of the field. For the read/write properties of the field, the following notation is used:

Read/Vlete Hardware Interpretation Software Interpretation
Notation

R/W A field in which all bits are readable and writable by software and, potentially, by hard-
ware.
Hardware updates of this field are visible by software read. Software updates of this
field are visible by hardware read.
If the Reset State of this field is “Undefined”, either software or hardware must initial-
ize the value before the first read will return a predictable value. This should not be
confused with the formal definition of UNDEFINED behavior.

R A field which is either static or is updated | A field to which the value written by soft-
only by hardware. ware is ignored by hardware. Software

may write any value to this field without
If the Reset State of this field is either. “0” | affecting hardware behavior. Software
or “Preset”, hardware initializes this field | reads of this field return the last value
to zero or to the appropriate state, respec- | updated by hardware.
tively, on powerup. e

If the Reset State of this field is “Unde-
If the Reset State of this field is “Unde- fined”, software reads of this field result
fined”, hardware updates this field only in an UNPREDICTABLE value except
under those conditions specified in the .. | after a hardware update done under the
description of the field. (P Tsgy conditions specified in the description of

. the field. -

0 A field which hardware does not update, | A field to which the value written by soft-
and for which hardware can assume a ware must be zero. Software writes of
zero value. | non-zero values to this field may result in

UNDEFINED behavior of the hardware.
Software reads of this field return zero as
long as all previous software writes are
zero. '

e If the Reset State of this field is “Unde-

fined”, software must write this field with

zero before it is guaranteed to read as
ZEero.

4.9.1 Index Register (CP0 Register 0, Select 0)
Compliance Level: Required for TLB-based MMUs; Optional otherwise.

The Index register is a 32-bit read/write register which contains the index used to access the TLB for TLBP, TLBR,
and TLBWI instructions. The width of the index field is implementation-dependent as a function of the number of
TLB entries that are implemented. The minimum value for TLB-based MMUs is Ceiling(Log2(TLBEntries)).

The operation of the processor is UNDEFINED if a value greater than or equal to the number of TLB entries is writ-

ten to the Index register.

Figure 13 shows the format of the Index register; Table 59 describes the Index register fields.
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Figure 13: Index Register
31 30 n p-l 0
P 0 ’ Index

Table 59: Index Register Field Descriptions

Fields Read/
Description Write Reset State | Compliance

Name Bits

P 31 Probe Failure. Hardware writes this bit during R Undefined Required
execution of the TLBP instruction to indicate .
whether a TLB match occurred:

0: A match occurred, and the Index field
contains the index of the matching entry

1: No match occurred and the Index field is
UNPREDICTABLE

Index n-1:0 | TLB index. Software writes this field to provide | R/W | Undefined Requiféd
- the index to the TLB entry referenced by the T S, -
TLBR and TLBWI instructions. Sy e | -

Hardware writes this field with the mdex of the .
matching TLB entry during execution of the S
TLBP instruction. If the TLBP: falls to find a
match, the contents of thi field are UNPRE
DICTABLE. /

0 30:n | Must be written as zero; returns zéridffqg_, read. 0 0 Reserved

4.9.2 Random Register (CP0 Register 1, Sefé@g 0)
Comphance Level: Required for TLB~based MMUs;

The Random register is a read-only register whose value is used to index the TLB during a TLBWR instruction. The
width of thie Random field is calculated in the same manner as that described for the Index register above.

Opn’oﬁa[ otherwise.

The value of the register varies between an upper and lower bound as follow:

*  Alower bound is set by the number of TLB entries reserved for exclusive use by the operating system (the
contents of the Wired register). The entry indexed by the Wired register is the first entry available to be writ-
ten by a TLB Write Random operation.

*  An upper bound is set by the total number of TLB entries minus 1.

Within the required constraints of the upper and lower bounds, the manner in which the processor selects values for
the Random register is implementation-dependent. However, designers should be aware of a potential live lock condi-
tion for implementations that simply increment the Random field every ‘n’ cycles. With such an implementation, the
TLB/XTLB refill handler can fall into synchronization with the Random field such that the same entry is used during
each pass through the refill handler. If the instruction causing the TLB/XTLB refill requires more than a single entry
to complete (e.g., a load instruction requiring both an instruction and a data translation), no forward progress is made
and a live lock condition is created. In most cases, some other event, such as an interrupt, breaks the condition. How-
ever, if the offending instruction is executed in Kernel Mode with interrupts disabled, breaking the live lock may not
be possible. Designers are encouraged to introduce some pseudo-random behavior on top of a counter implementa-
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tion of the Random field, such as might be provided by, for example, an LFSR.

The processor initializes the Random register to the upper bound on a Reset Exception, and when the Wired register is
written.

Figure 14 shows the format of the Random register; Table 60 describes the Random register fields.

Figure 14: Random Register Format

31 n nl 0
0 ’ Random

Table 60: Random Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
Random n-1:0 | TLB Random Index #Re: TLB Required
/ ‘Entries - 1
0 3l:n Must be written as zero; returns zero on read. ../ | 0. il 0 Reserved

4.9.3 EntryLo0, EntryLol (CP0 Registers 2 and 3, Select 0) e oo

Compliance Level: EntryL.o0 is Required for a TLB-based MMU;j-Opti,brtial otherwise.
Compliance Level: EntryLo! is Required for a TLB- based MMU' Optional otherwise

The pair of EntryLo registers act as the interface betwéen the TLB and the TLBR TLBWI, and TLBWR instructions.
EntryLoO holds the entries for even pages and EntryLol holds the entnes for odd pages.

The contents of the EntryLo0O and EntryLol remsters are not defined after an address error exception and some fields
may be modified by hardware during the address error excepuon sequence

Figure 15 shows the format of the EntryLoO and EntryLol reglsters Table 61 describes the EntryLoO and EntryLol

register fields.
Flgure 15 EntryloO EntryLol Reglster Format

P ' : TR S0 g9 65 3210
Fill PFN C DV

Table 61: EntryLo0, EntryLol Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name | Bits
Fill 63:30 | Ignored on write; returns zero on read. R 0 Required
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Table 61: EntryLo0, EntryLol Register Field Descriptions

Fields ‘Read/
Description Write Reset State | Compliance

Name Bits

PFN 29:6 Page Frame Number. Corresponds to R/W Undefined Required
bits[PABITS-1:12] of the physical address. The
width of this field implicitly limits the size of the
physical address to 36 bits. If the processor
implements fewer physical address bits than this
limit, the unimplemented bits must be written as
zero, and return zero on read. If the processor
implements more physical address bits that this
limit, the PFN field boundary moves to the left,
compressing out bits of the Fill field.

C ’ 5:3 Coherency attribute of the page. See Table 62 R/W Undefined Required
below. A

D 2 “Dirty” bit, indicating that the page is writable. If | ‘R/W ,-/Undeﬁned Required
this bit is a one, stores to the page are permitted. | oo

If this bit is a zero, stores to the page causea "
TLB Mocdified exception. :

Kernel software may use this bit to implement
paging algorithms that require knowing which - -
pages have been written. If this bitis always zero
when a page is initially mappéd L
fied exception that results o”’ any store to the
page can be used to update elAdata structures

that indicate that the page was ‘actualLy wntten

\% . o1 Valid bit, indicating that the TLB entry, and thus R/W Undefined Required
the virtual page mappmv are valid. If this bit is a o
one, accesses to the page are permitted. If this bit
is a zero, accesses to the page cause aTLB
Invalid exceptxon -

G 0 Global bit. On a TLB write, the logical AND of R/W Undefined Required
the G bits from both EntryLoO and EntryLol (TLB MMU)
becomes the G bit in the TLB entry. If the TLB
entry G bit is a one, ASID comparisons are
ignored during TLB matches. On a read from a
TLB entry, the G bits of both EntryLo0 and
EntryLol reflect the state of the TLB G bit.

Table 62 lists the encoding of the C field of the EntryLo0 and EntryLol registers and the KO field of the Config regis-
ter. An implementation may choose to implement a subset of the cache coherency attributes shown, but must imple-
ment at least encodings 2 and 3 such that software can always depend on these encodings working appropriately. In
other cases, the operation of the processor is UNDEFINED if software specifies an unimplemented encoding.
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Table 62 lists the required and optional encodings for the coherency attributes, in addition to giving an historical per-
spective on the encodings implemented by various MIPS processors, as obtained from the processor chip specifica-
tion.

Table 62: Cache Coherency Attributes

<. Cache Coherency Attributes .
C(5:3) Value With Historical Usage Compliance
0 Available for implementation dependent use Optional
Historical usage:
» Reserved (R4000®, VR5400, R10000®)
¢ Unused, defaults to cached (R4300™)
¢ Cacheable, noncoherent, write through, no write
allocate (RC32364, RM5200)
1 Available for implementation dependent use Optional
Historical usage:
¢ Reserved (R4000)
¢ Unused, defaults to cached (R4300) :
¢ Cacheable, noncoherent, write through, wrxte allo—
' cate (RC32364, RM5200) .
* " Cacheable write-through, write allocate (VR5400) )
2 Uncached Required
Historical usage: :
¢ Uncached (alI processors)
3 Cacheable ' / Requifed
Historical usace 4 ~
»  Cacheable noncoherent (noncoherent) (R4000
RlOOOO)
.. Cached (R4300)
. Cacheable ‘noncoherent (writeback) (RC32364
RM5200) '.
»  Cacheable, wnteback (VR5400)
4 Available for 1mplementat1on dependent use Optional
Historical usage:
¢ Cacheable coherent exclusive (exclusive) (R4000,
R10000)
¢ Unused, defaults to cached (R4300)
¢ Reserved (RC32364, RM5200, VR5400)
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Table 62: Cache Coherency Attributes

X Cache Coherency Attributes .
C(5:3) Value With Historical Usage Compliance
5 Available for implementation dependent use Optional
Historical usage:
*  Cacheable coherent exclusive on write (sharable)
(R4000, R10000)
¢ Unused, defaults to cached (R4300)
*  Reserved (RC32364, RM5200, VR5400)
6 Available for implementation dependent use Optional
Historical usage:
*  Cacheable coherent update on write (update)
(R4000)
¢ Unused, defaults to cached (R4300)
*  Reserved (RC32364, RM5200, R10000) - ' .
7 Available for implementation dependent use Optional g )
Historical usage: . o
+  Reserved (R4000) , ‘
¢ Unused, defaults to cached (R4300)
»  Reserved (RC32364, RM5200)
¢ Uncached accelerated (VR5400 RlOOOO)

4.9.4 Context Register (CP0 Register 4, S lect 0)
Compliance Level: Required for TLB-based MMUs

The Context register is a read/write register contammo a pomter to an entry in the page table entry (PTE) array Thxs
array is an operating system data structure that stores vmual -to-physical translations. During a TLB miss, the operat-
ing system loads the TLB with the missing translation from the PTE array. The Context register is primarily intended
for use with the TLB Refill handler, but is also loaded by hardware on an XTLB Refill and may be used by software
in that handler. The Context register duphcates some of the information provided in the BadVAddr register, but is
organized in such a way that the operating system can dxrectly reference a 16-byte structure in memory that describes
the mapping.

A TLB exception (TLB Refill, XTLB Refill, TLB Invahd or TLB Modxﬁed) causes bits VA, 3 of the virtual address

. to be written into the BadVPN2 field of the Context register. The PTEBase field is written and used by the operating
system. :

; Opno ] otherw1sc

The BadVPN2 field of the Context register is not defined after an address error exception and this field may be modi-
fied by hardware during the address error exception sequence.

Processor implementations must not assume that software will write the same value into the PTEBase fields of the
Context and XContext registers (i.e., the PTEBase fields of the two registers may be set to different values, thus can-
not share storage).

Figure l6yshows‘the format of the Context Register; Table 63 describes the Context register fields."
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Figure 16: Context Register Formats
63 23 12 4 3 0
PTEBase BadVPN2 0
Table 63: Context Register Field Descriptions
Fields
Description Rea.d! Reset State | Compliance
. Write
Name Bits
PTEBase 63:23 This field is for use by the operating system R/W Undefined Required
and is normally written with a value that
allows the operating system to use the Conrext
Register as a pointer into the current PTE S )
array in memory %
BadVPN2 22:4 This field is written by hardwareona TLB = | * R . ;ijndeﬁried Required
i exception. It contains bits VA3.;3 of the v1r- f S '
tual address that caused the exception. & | ot
0 3:0 Must be written as zero; returns zero on rcz{fd.,)‘ 0 0 - Reserved

4.9.5 PageMask Register (CPO Reglster 5, Select 0)
Compliance Level: Required for TLB-based MMU Opnonal otherwxse

The PageMask register is a read/write register used for. readmg from ‘and writing to the TLB. It holds a comparison
mask that sets the variable page size for each TLB entry, as’shown in Table 65. Figure 17 shows the format of the
PageMask register; Table 64 descnbes the PageMask reglster ﬁelds

i,

Flgure 17 PageMask Reglster Format

31 25 24 , : 1312 0
0 Mask 0
Table 64: PageMz;;k Register Field Descriptions
Fields .
Description Rea.d/ Reset State | Compliance
. Write
Name , Bits
Mask 24:13 | The Mask field is a bit mask in which a “1” bit R/W Undefined Required
indicates that the corresponding bit of the virtual
address should not participate in the TLB match.
0 31:25, | Must be written as zero; returns zero on read. 0 0 Reserved
12:0
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Table 65: Values for the Mask Field of the PageMask Register

Bit
Page Size
24 23 22 21 20 19 18 17 16 15 14 13
4 KBytes 0 0 0 0 0 0 0 0 0 0 0 0
16 KBytes 0 0 0 0 0 0 0 0 0 0 1 1
64 KBytes 0 0 0 0 0 0 0 0 1 1 1 1
256 KBytes 0 0 0 0 0 0 1 1 1 1 1 1
1 MByte 0 0 0 0 1 1 1 1 1 1 1 1
4 MByte 0 0 1 1 1 1 1 1 1 1 1 1
16 Mbyte 1 1 1 1 1 1 1 1 1 1 1 1

It is implementation dependent how many of the encodings described in Table 65 are implemented. All processors
must 1mplement the 4KB page size (an encoding of all zeros). If a particular page size encodmg is not implemented
by a processor, a read of the PageMask register must return zeros in all bits that correspond to encodings that are not -
implemented. Software can determine which page sizes are supported by writing the encoding for a 16MB page to the
PageMask register, then examine the value returned from a read of the PageMask register. If a pair of bits reads back
as ones, the processor implements that page size. The operation of the processor is UNDEFINED if software loads
the PageMask register with a value other than one of those listed in Table 65.

4.9.6 Wired Register (CP0 Register 6, Select 0)
Compliance Level: Required for TLB-based MMUs

The Wired register is a read/write register that specxﬁes the boundary between the wired and random entries in the
TLB as shown in Figure 18. The width of the Wired field i is calculated in the same manner as that described for the
Index register above. Wired entries are fixed, non-replaceable entrles which are not overwritten by a TLBWR instruc-
tion. Wired entries can be overwritten by a TLBWI mstructlon

Optzonal otherw1se = 4

’

The Wired register is set to zero by a Reset Exceptxon Wrxtmg the Wzred regxster causes the Random register to reset
to its upper bound.

The operation of the processor is UNDEFINE
ten to the Wired register.

if a value greater than or equal to the number of TLB entries is writ-

Figure 19 shows the format of the Wired reglster Table 66 describes the Wired register fields.
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Figure 18: Wired And Random Entries In The TLB
Entry TLBSize-1 A
: £
’ o
: ~
, =
. <
; &
Wired Register | 10 | ——» Entr;/ 10 +
' g
1 O
. =
Entry 0 )
Figure 19: Wired Regiéter*i » RO
3 A el 0
0 Wired e

Table 66: Wired Regiétér Field Descriptions

Fields e ﬁea o o
Description . Reset State | Compliance
. Write
Name Bits :
Wired n-1:0 TLB wired boundary L T, RW 0 Required
0 3l:n | Must be written as zero; returns zéijb onread. 0 (U Reserved

4.9.7 BadVAddr Register (CPO Register 8?,S'elect 0)
Compliance Level: Required. s A

The BadVAddr register is a read-only register that captures the most recent virtual address that caused one of the fol-
lowing exceptions:

» .Address error (AdEL or AdES)

+ TLB/XTLB Refill

» TLB Invalid (TLBL, TLBS)

+ TLB Modified
The BadVAddr register does not capture address information for cache or bus errors, or for Watch exceptions, since
none is an addressing error.

Figure 20 shows the format of the BadVAddr register; Table 67 describes the BadVAddr register fields.
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Figure 20: BadVAddr Register Format

63 0
BadVAddr

Table 67: BadVAddr Register Field Descriptions

Fields Read/
Description ea. Reset State | Compliance
i Write
Name Bits
BadVAddr 63:0 Bad virtual address R Undefined Required

4.9.8 (jgunt Register (CP0 Register 9, Select 0)

Compliance Level: Required.

The Count register acts as a timer, incrementing at a constant rate, whether or not an instruction is executed, retired,
or any forward progress is made through the pipeline. The rate at which the counter increments is implementation-
dependent, and is a function of the frequency of the processor, not the issue width of the processor. The preferred -
implementation is to increment the Count register once per processor cycle :

It is implementation dependent whether the Count register continues to count or stops when the processor enters a
low power mode, as might occur after executing the Wait mstrucnon

The Count register can be written for functional or dxaonostrc purposes, including at reset or to synchronize proces-
SOrs. .

* Figure 21 shows the format of the Count register; Tabrle 68 describes the Count register fields.
Figure 21: Count ke’gister'\i?‘ormat
31 0 b
Count S

- Tabﬁiey 68: Cou t Register Field Descriptions

Fields . Read/
- Description : . Reset State | Compliance
. : Write
Name Bits
Count 31:0 Interval counter R/W Undefined Required

4.9.9 EntryHi Register (CPO Register 10, Select 0)
Compliance Level: Required for TLB-based MMU; Optional otherwise.
The EntryHi register contains the virtual address match information used for TLB read, write, and access operations.

A TLB exception (TLB Refill, XTLB Refill, TLB Invalid, or TLB Modified) causes the bits of the virtual address cor-
responding to the R and VPN2 fields to be written into the EntryHi register. The ASID field is written by software
with the current address space identifier value and is used during the TLB comparison process to determine TLB
match.
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Software may determine the size of the virtual address space implemented by a processor by writing all ones to the
EntryHi register and then reading the value back.

The VPN2 and R fields of the EntryHi register are not defined after an address error exception and these fields may be
modified by hardware during the address error exception sequence. Software writes of the EntryHi register (via
MTCO or DMTCO) do not cause the implicit write of address-related fields in the BadVAddr, Context, or XContext
registers.

Figure 22 shows the format of the EntryHi register; Table 69 describes the EntryHi register fields.

Figure 22: EntryHi Register Format

13 12 8 7 0
VPN2 0 ASID

63 62 61
R Fill

40 39

Table 69: EntryHi Register Field Descriptions

Fields

Name

Bits

Description

Read/

Write

Reset
State

Complianc
e

R

63:62

Virtual memory region, corresponding to VA63 62 ,

00: xuseg: user address region
01: xsseg: supervisor address region.
If supervisor mode is not 1mplcmented
this encoding is reserved. B
10: Reserved
11: xkseg: kernel address reglon

This field is written by hardware on a TLB xcep-
tion or on a TLB read, and is wnttcn by software
before a TLB write. . i

R/W

"Undefined

Required

Fill

61:40

Fill bits reserved for expansion of the virtual
address space. See below. Returns : zeros on read,
ignored on wrlte e :

Required

VPN2

39:13

VAs39. 3 of the virtual address (virtual page num-
ber / 2). This field is written by hardware on a
TLB exception or on a TLB read, and is written by
software before a TLB write. The default width of
this field implicitly limits the size of each virtual
address space to 40 bits. If the processor imple-
ments fewer virtual address bits than this default,
the Fill field must be extended to take up the
unimplemented VPN2 bits. If the processor imple-
ments more virtual address bits than this default,
the VPN2 field must be extended to take up some
or all of the Fill bits.

Undefined

Required
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Table 69: EntryHi Register Field Descriptions

Fields ' Descriti Read/ Reset Complian;:
escription Write State e
Name Bits
ASID 7:0 | Address space identifier. This field is written by R/W Undefined Required
hardware on a TLB read and by software to estab- (TLB
lish the current ASID value for TLB write and MMU)
against which TLB references match each entry’s
TLB ASID field.
0 ‘ 12:8 | Must be written as zero; returns zero on read. 0 0 Reserved

4.9.10 Compare Register (CP0 Register 11, Select 0)

Compliance Level: Required.

The Compare register acts in conjunction with the Count register to implement a txmer and timer interrupt function.
. The Compare register maintains a stable value and does not change on its own. : :

When the value of the Count register equals the value of the Compare reglster, an interrupt request is combined in an
implementation-dependent way with hardware interrupt 5 to set mterrupt bit IP(7) in the Cause re°1ster This causes
. an interrupt as soon as the interrupt is enabled. :

For diagnostic purposes, the Compare register is a read/write register. In normal use however, the Compare register is
write-only. Writing a value to the Compare register, as a side effect, clears the timer interrupt. Figure 23 shows the
format of the Compare register; Table 70 describes the Compare register fields.

Figure 23: Compare ’Registéf Format

31

Compare

“Table 70: Compﬁfé Register Field Descriptions

Fields : Read/
Description : .. . | Reset State | Compliance
. Write
Name Bits
Compare 31:0 Interval count compare value R/W Undefined Required

4.9.11 Status Register (CP Register 12, Select 0)

~ Compliance Level: Required.

The Status register is a read/write register that contains the operating mode, interrupt enabling, and the diagnostic
states of the processor. Fields of this register combine to create operating modes for the processor. Refer to Section
4.4 on page 71 and Section 4.7 on page 87 for a discussion of operating modes and interrupt enable, respectively.

Figure 24 shows the format of the Status register; Table 71 describes the Status register fields.
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Figure 24: Status Register Format

31 28 27 26 25 24 23 22 21 20 19 1817 1615 8 7 6 S5 4 3 2 10
CU3-CUQRP FRIRE|MX|PX|BEVTS|SRNMI| Of Impl| IM7-IMO |KX|SX|UX{UM|RO|ERL|EXL|IE
KSU

Table 71: Status Register Field Descriptions

Fields Read/
Description Write Reset State | Compliance

Name Bits

CU 31:28 | Controls access to coprocessors 3,2, 1, and O, R/W Undefined | Required for
(CU3.. respectively: all imple-
CU0) 0: access not allowed mented

1: access allowed L ; COprocessors

Coprocessor 0 is always usable when the processor
is running in Kernel Mode or Debug Mode, inde- -
pendent of the state of the CUj, bit. i

Execution of all floating point instructions, includ-
ing those encoded with the COP1X opcode,-is con-
trolled by the CU1 enable. CU3 is not currently

used by MIPS64 implementations and is reserved :
for future use by the Architecture. .o &

If there is no provision for connecting a coproces-
sor, the corresponding CU bit must be ignored on
write and read as zero. However, for backward
compatibility with earlier MIPS processors, CU3
may be implemented as a read/write bit, even
though its state does not affect the operation of the
Processor. R

RP 27 Enables reduced power mode on'some implementa- | R/W 0 Optional
tions. The specific operation of this bit is imple-
mentation dependent.

If this bit is not implemented, it must be ignored on
write and read as zero. If this bit is implemented,

. the reset state must be zero so that the processor
starts at full performance.
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Fields

Name Bits

Description

Read/
Write

Reset State

Compliance

Controls the floating point register mode:

0: Floating point registers can contain any
32-bit datatype. 64-bit datatypes are stored
in even-odd pairs of registers.

1: Floating point registers can contain any
datatype

Certain combinations of the FR bit and other state
or operations can cause UNPREDICTABLE
behavior. See Section 4.5.3 on page 72 for a discus-
sion of these combinations.

R/W

Undefined

Required

Used to enable reverse-endian memory references
while the processor is running in user mode:

0: User mode uses configured endianness

1: User mode uses reversed endianness

Neither Kernel Mode nor Supervisor Mode refer-
ences are affected by the state of this bit.

If this bit is not implemented, it must be wnored on

write and read as zero.

Undefined

Optional

MX 24

Enable access to MDMX™ resources on proces-
sors implementing MDMX. If MDMX is not
implemented, the bit must be 1gnored on wrlte and
read as zero.

Undefined

Optional

PX 23

Enable access to 64-bit operatlons in User mode,
without enabling 64-bit addressing:

0: 64-bit operatlons are not enabled

1: 64-bit operations are enabled

Undefined

Requiréd

BEV 22

Controls the location of exceptlon vectors:
0: Normal ‘
1: Bootstrap

See Section 4.8.2 on page 91 for details.

Required
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Fields

Name

Bits

Description

Read/
Write

Reset State

Compliance

TS

21

Indicates that the TLB has detected a match on
multiple entries. It is implementation dependent
whether this detection occurs at all, on a write to
the TLB, or an access to the TLB. When such a
detection occurs, the processor initiates a machine
check exception and sets this bit. It is implementa-
tion dependent whether this condition can be cor-
rected by software. If the condition can be
corrected, this bit should be cleared before resum-
ing normal operation.

If this bit is not implemented, it must be ignored on
write and read as zero.

Software writes to this bit may not cause a 0-to-1 -

transition. Hardware may ignore software attempts

to cause such a transition.

R/W

Required if
TLB Shut-
down is
implemented

SR

20

Indicates that the entry through the reset exceptlon
vector was due to a Soft Reset:

0: Not Soft Reset (NMI or Reset)

1: Soft Reset

1 for Soft
Reset; 0
otherwise

Required if
Soft Reset is
implemented

NMI

19

Indicates that the entry through the reset exceptron
vector was due to an NMI~ e -

0: Not NMI (Soft Reset or Reset) P

1: NMI 5

1 for NMI,
0 otherwise

Required if
NMI is
implemented

0

18

Must be written as zero; returns zero on read.

0

Reserved

Reserved
for
Imple-
menta-
tions

17:16

These bits are im‘plementation dependent and not
defined by the arclutecture If they are not imple-
mented, they must be ignored on write and read as
Zero.

.- Undefined

Optional

M

15:8

Interrupt Mask: Controls the enabling of each of the
external, internal and software interrupts. Refer to
Section 4.7 on page 87 for a complete discussion of
enabled interrupts.

0: interrupt request disabled

1: interrupt request enabled

Undefined

Required
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Table 71: Status Register Field Descriptions
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disabled, TLB Refill Vector used for
references to Supervisor Segments

1: Access to 64-bit Supervisor Segments -
enabled, XTLB Refill Vector used for
references to Supervisor.Segments

If Supervisor Mode is not implemented, it is imple-
mentation dependent whether access to what would
normally be 64-bit supervisor address space is
enabled with the SX or KX bit.

If 64-bit addressing is not implemented, this bit
must be ignored on write and read as zero.

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
KX 7 Enables the following behavior: R/W Undefined | Required for
e Access to 64-bit Kernel Segments 64-bit
»  Use of the XTLB Refill Vector for refer- Addressing
ences to Kernel Segments
0: Access to 64-bit Kernel Segments disabled,
TLB Refill Vector used for references to
Kernel Segments
1: Access to 64-bit Kernel Segments enabled,
XTLB Refill Vector used for references to
Kernel Segments
If 64-bit addressing is not implemented, this bit
must be ignored on write and read as zero. E :
SX 6 If Supervisor Mode is implemented, enables the =~ | R/W | Undefined Required if
following behavior: : both Super-
e Access to 64-bit Supervisor Segments Lvisor Mode
¢ Use of the XTLB Refill Vector for refer-_ and 64-bit
ences to Supervisor Segments addressing
are imple-
. 0: Access to 64-bit Supervisor Segments mented
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MIPS64™ Specification

Fields

Name

Bits

Description

Read/
Write

Reset State

Compliance

UXx

Enables the following behavior:
e Access to 64-bit User Segments
¢ Use of the XTLB Refill Vector for refer-
ences to User Segments
¢ Execution of instructions which perform
64-bit operations while the processor is
operating in User Mode

0: Access to 64-bit User Segments
disabled, TLB Refill Vector used for
references to User Segments, execution
of instructions which perform 64-bit
operations is disallowed while the processor
is running in User Mode

: Access to 64-bit User Segments
enabled, XTLB Refill Vector used for
references to User Segments, execution
of instructions which perform 64-bit
operations is allowed while the processor
is running in User Mode .

 p—

If 64-bit addressing is not imple éhié?d, this bit
must be ignored on write and read as ’iéro.

R/W

Undefined

Required for
64-bit
Addressing

KSU

4:3

If Supervisor Mode is implemented, the encod'mg
of this field denotes the-base opera ’»mode of the
processor. See Section 4.4 for a full dlsc(1351on of
operating modes. The encodmg this field is:

00,: Base mode is Kem
01,: Base mode is que
10,: Base mode is User Mode v
11,: Reserved. The operauon of the processor

is UNDEFINED if thxs value is written
to the KSU field

Note: This field overlaps the UM and RO fields,
described below.

Undefined

Required if
Supervisor
Mode is
imple-
mented;
Optional
otherwise
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Table 71: Status Register Field Descriptions

Fields Read/
Description Write Reset State | Compliance

Name Bits

UM 4 If Supervisor Mode is not implemented, this bit R/W Undefined Required
denotes the base operating mode of the processor. .
See Section 4.4 on page 71 for a full discussion of
operating modes. The encoding of this bit is:

0: Base mode is Kernel Mode
1: Base mode is User Mode

Note: This bit overlaps the KSU field, described
above.

RO 3 If Supervisor Mode is not implemented, this bit is R 0 Reserved
reserved. This bit must be ignored on write and :
read as zero.

Note: This bit overlaps the KSU field, describec
above.

ERL 2 Error Level; Set by the processor when a Reset,’
Soft Reset, NMI or Cache Error exception:are
taken.
0: normal level
1: error level

1 .. Required

When ERL is set: -

¢ The processor is runnin

+  Interrupts are disabled

* The ERET instructi
address held in ErrorEPC

+ _.The lowg}ﬁg bytes.of kusegare treated as. | .. .
an unmapped a ached region. See
Section 4.6.7 on page 83 This allows
main memory to be agééssed in the pres-
ence of cache errors The operation of the
processor is UNDEFINED if the ERL bit
is set while the processor is executing
instructions from kuseg.
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Table 71: Status Register Field Descriptions

Fields Read/
Description Write Reset State | Compliance

Name Bits

EXL 1 Exception Level; Set by the processor when any R/W Undefined Required
exception other than Reset, Soft Reset, NMI or
Cache Error exception are taken.

0: normal level

1: exception level

When EXL is set:

e The processor is running in Kernel Mode

e Interrupts are disabled.

*  TLB/XTLB Refill exceptions will use the
general exception vector instead of the
TLB/XTLB Refill vectors.

*  EPC and Causegp, will not be updated if

another exception is taken

+

IE 0 Interrupt Enable: Acts as the master enable for soft— R/W | Undefined Required
ware and hardware interrupts: R

0: disable interrupts -
1: enables interrupts

4.9.12 Cause Register (CP0 Register 13, Sele ’

Compliance Level: Required.

The Cause register primarily describes the cause of the [most recent exception. In addition, fields also control software
interrupt requests and the vector through which mterrupt dnspaiched With the exception of the IP[1:0], IV, and
WP fields, all fields in the Cause register are read- only

Figure 25 shows the format of the Cause register; Table‘ describes the Cause register fields.
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Figure 25: Cause Register Format

31 30 29 28 27 24 23 22 21 16 15 8 7

MIPS64™ Specification

6 2

BD| 0| CE 0 (IViwH O IP7:1PO 0

Exc Code

Table 72: Cause Register Field Descriptions

Fields Read/
Write

Description

Name Bits

Reset State

Compliance

BD 31 Indicates whether the last exception taken R

occurred in a branch delay slot:

0: Not in delay slot
1: Indelay slot

The processor updates BD only if Statusgy;
was zero when the exception occurred.

Undefined

Required

CE 29:28 | Coprocessor unit number referenced when a
Coprocessor Unusable exception is taken. This.
field is loaded by hardware on every exception, |
but is UNPREDICTABLE for all exceptions.... |

except for Coprocessor Unusab

Undeﬁned

Required

v 23 Indicates whether an interrupt exc pijon uses
the general exception vector or a special intet-

rupt vector:

0: Use the general“éXception vector (0x1 80)
1: Use the spec@al interrupt-vector (0x200)

Undefined

Required

FRra

Indicates that a-watch exception was deferred
because Statusgy; or Staflisgg;, Were a one at’
the time the watch exception was detected. This
bit both indicates that the watch exception was
deferred, and causes the-exception to be initi-
ated once Statusgy; and Statusgg are both

22

zero. As such, software must clear this bit as
part of the watch exception handler to prevent a
watch exception loop.. .

Software writes to this bit may not cause a 0-to-
1 transition. Hardware may ignore software
attempts to cause such a transition.

If watch registers are not implemented, this bit
must be ignored on write and read as zero.

Undefined

Required if
watch regis-
ters are
implemented
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Table 72: Cause Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
IP[7:2] 15:10 | Indicates an external interrupt is pending: R Undefined Required
15: Hardware interrupt 5, timer or
performance counter interrupt
14: Hardware interrupt 4
13: Hardware interrupt 3
12: Hardware interrupt 2
11: Hardware interrupt 1
10: Hardware interrupt O
IP[1:0] 9:8 Controls the request for software interrupts: R/W Undefined Required
9: Request software interrupt 1
8: Request software interrupt O
ExcCode 6:2 Exception code - see Table 73 A, R ‘“ } ,:;r;(Undeﬁned Required
0 30, . .| Must be written as zero; returns zero on readw Or L 0 Reserved -
27:24,
21:16,
7, 1.0
Table 73: Cause Regi
Exception Code Value
Decimal Hexidecimal | Mnemonic Description
0 0x00 Int
1 0x01 Modﬁ odification exception
2 0x02 MTLB B exception (load or instruction fetch)
3 0x03 TLB exception (store)
4 0x04 AdEL "' Address error exception (load or instruction fetch)
5 0x05 AdES Address error exception (store)
6 Ox06. IBE Bus error exception (instruction fetch)
7 0x07 DBE Bus error exception (data reference: load or store)
8 0x08 Sys Syscall exception
9 0x09 Bp Breakpoint exception
10 0x0a RI Reserved instruction exception
11 0x0b CpU Coprocessor Unusable exception
12 0x0c Ov Arithmetic Overflow exception
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Table 73: Cause Register ExcCode Field

Exception Code Value
Decimal Hexidecimal | Mnemonic Description
13 0x0d Tr Trap exception
14 0x0e - Reserved
15 0x0f FPE Floating point exception
16-17 0x10-0x11 - Available for implementation dependent use
18 0x12 C2E Reserved for precise Coprocessor 2 eXéeptions
19-22 0x13-0x16 - Reserved
23 0x17 WATCH | Reference to WatchHi/WatchLo address
24 0x18 MCheck | Machine check
25-29 0x19-0x1d - Reserved 3
30 Oxle CacheErr | Cache error. In nor al Jmode, a cache error exception has‘a -
dedicated vector and the Cause register is not updated If
EJTAG is 1mplemented and a cache error occurs whlle in
Debug Mode, this code is used to indicate that re-éntry to
Debug Mode‘was c d by a cache error.
31 Ox1f VCED Virt 1 ggherency Exceptxon Data. This exception code was
used on the R4000 and is hsted here only for historical per-

For synchronous (precise) exceptions, EPV

«  the virtual address of the instruction thatfw s'the direct cause of the exception, or
» the virtual address of the immediately precedmg branch or jump instruction, when the exception causing
instruction is in a branch delay slot, and the Branch Delay bit in the Cause register is set.

For asynchronous (imprecise) exceptions, EPC contains the address of the instruction at which to resume execution.
The processor does not write to the EPC register when the EXL bit in the Stazus register is set to one.

Figure 26 shows the format of the EPC register; Table 74 describes the EPC register fields.
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Figure 26: EPC Register Format

63 0
EPC

Table 74: EPC Register Field Descriptions

Fields Read/
Description R Reset State | Compliance
. Write
Name Bits
EPC 63:0 Exception Program Counter R/W Undefined Required

4.9.14 Processor Identification (CP0 Register 15, Select 0)

Compliance Level: Required.

The Processor Identification (PRId) register is a 32 bit read-only register that cémainé information identifying the
manufacturer, manufacturer options, processor identification and revxsxonvlevel of the processor Figure 27 shows the
format of the PRId register; Table 75 describes the PRId register fields.”s

Figure 27: PRId Register Format .~

31 2423 1615 . B 87 0

Company Options CompanyID ° ProcessorID - Revision

ield D}gscrlptlons
Fields .
Description Rea.dj Reset State | Compliance
. o Write
Name Bits . )
Company 31:24 | Available to the designer or manufacturer of R Preset Optional
Options the processor for company dependent options.
The value in this field is not specified by the
architecture. If this field i is not implemented, it
must read as zero.
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Table 75: PRId Register Field Descriptions

Fields Read/

Write

Description Reset State | Compliance

Name Bits

Company 23:16 | Identifies the company that designed or manu- R Preset Required
D factured the processor.

Software can distinguish a MIPS32 or MIPS64
processor from one implementing an earlier
MIPS ISA by checking this field for zero. If it
is non-zero the processor implements the
MIPS32 or MIPS64 Architecture.

Company IDs are assigned by MIPS Technolo-
gies when a MIPS32 or MIPS64 license is
acquired. The encodings in this field are:

0: Not a MIPS32 or MIPS64 processor

1: MIPS Technologies, Inc. .

2-255: Contact MIPS Technologies, Inc. fo
the list of CompanyID assignments

Processor 15:8 Identifies the type of processor. This field A R Preset Required
ID allows software to distinguish between vari
processor implementations within a single
company, and is qualified by ‘the CompanyID

field, described above. The combmg ion of the

unique number a551gned to-ea
implementation.

Revision 7:0 Specifies the revision nurﬁper of the processor. R Preset Optional
This field allows software todtstmgulsh

between one Tevision and another of the same
processor type If thxsﬁe not 1mp1emented
it must read as zer

4.9.15 Configuration Register (CP0 Reg ter 16, Select 0)

Compliance Level: Required.

The Config register specifies various configuration and capabilities information. Most of the fields in the Config regis-
ter are initialized by hardware during the Reset Exception process, or are constant. One field, KO, must be initialized
by software in the reset exception handler.

Figure 28 shows the format of the Config register; Table 76 describes the Config register fields.

[ W
1
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Figure 28: Config Register Format

31 30 16 15 14 1312 109 7 6 32 0
M Reserved for Implementations BE AT| AR|MT 0 KO
Table 76: Config Register Field Descriptions
Fields
Description Rea.d/ Reset State | Compliance
. Write
Name Bits
M 31 Denotes that the Configl register is implemented R Preset Required
at a select field value of 1.
30:16 | This field is reserved for implementations. Refer Undefined Optional
to the processor specification for the format and
definition of this field
BE 15 Indicates the endian mode in which the processor “ Preset or Required
is running:

0: Little endian
1: Bigendian

AT 14:13 | Architecture type implemented by the processor R Preset “Required
0: MIPS32

1: MIPS64 with 32-bit addresses onk
2: MIPS64 with 32/64-b1t ad

3: Reserved

AR 12:10 | Architecture revision level = Preset Required
0: Revision 1

1-7: Reserved B

MT 9:7 MMU Type: Preset Required
: None

Standard! TLB .
StandardBAI (See Appendix A)
Standard ﬁxed‘mapplng (see Appendix A)
Reserved 7

Reserved
Reserved
Reserved

NNk

KO0 2:0 Kseg0 coherency algorithm. See Table 62 for the R/W Undefined?® Optional
encoding of this field.

0 6:3 Must be written as zero; returns zero on read. 0 0 Reserved

a. Itis strongly recommended that the KO field be initialized by hardware to a value that would allow the pro-
cessor to operate correctly even if software references kseg0 before initializing this value. The suggested
value is the uncached encoding of 2. Some operating systems have been seen to reference kseg0 before
initializing the KO field, causing processors who do not initialize the KO field at reset to hang during boot.
While this is certainly a software error, having to debug such errors during boot of a new processor may
easily justify the minimal hardware necessary to initialize the KO field at reset.
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4.9.16 Configuration Register 1 (CP0 Register 16, Select 1)

Compliance Level: Required.

The Configl register is an adjunct to the Config register and encodes additional capabilities information. All fields in
the Configl register are read-only.

The Icache and Dcache configuration parameters include encodings for the number of sets per way, the line size, and
the associativity. The total cache size for a cache is therefore:

Associativity * Line Size * Sets Per Way
If the line size is zero, there is no cache implemented.

Figure 29 shows the format of the Config! register; Table 77 describes the Configl register fields.

Figure 29: Configl Register Format
31 30 2524 2221 1918 16 15 1312 109 76 5 4 3 210
0| MMUSize-1 | IS IL |IA | DS | DL | DA 0 |PCWRCAEHF.

Fields
Description

Name Bits Ay

Reset State | Compliance

0 31 This bit is reserved to indicate that a Conﬁgz reg- R Preset Required
ister is present. With this revision of the archit
ture, writes to this bit must bc ignored, and it
must read as zero. $

R Preset Required

MMU 30:25
Size - 1

Number of entries m the :['L minus one. The

IS 24:22 R Preset Required
4 ot
128
256
512
1024
2048
4096
Reserved

RNV

L 21:19 | Icache line size: R Preset Required
’ No Icache present

4 bytes

8 bytes VR
16 bytes :
32 bytes
64 bytes
128 bytes
Reserved

Nk wNN o
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Table 77: Configl Register Field Descriptions

Fields Read/
Descripti .
escription Write Reset State | Compliance

Name Bits

IA 18:16 | Icache associativity: R Preset Required
0: Direct mapped
2-way
3-way
4-way
5-way
6-way
7-way
8-way

NN h 2N

DS 15:13 | Dcache sets per way: R Preset Required
: 64

128

256

512

1024 =4
2048 5
4096
Reserved

IR A ol Sl el 4

DL 12:10 | Dcache line size: Sk, R Preset Required
0: No Dcache present 3

1: 4 bytes
2: 8bytes
3: 16 bytes
4: 32 bytes
5.

6

7

64 bytes
: 128 bytes
: Reserved

DA 9:7 Dcache associz}_tivity: R Preset Required
Direct mapped
2-way
3-way
4-way
S5-way
6-way
7-way

 8-way

N s o

PC 4 Performance Counter registers implemented: R Preset Required

0: No performance counter registers Y
implemented

1: At least one performance counter register

implemented
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Table 77: Configl Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
WR 3 Watch registers implemented: R Preset Required
0: No watch registers implemented
1: At least one watch register implemented
CA 2 Code compression (MIPS16) implemented: R Preset Required
0: No code compression
1: Code compression
EP 1 EJTAG implemented: R Preset Reserved
0: No EJTAG implemented
1: EJTAG implemented
FP 0 FPU implemented: R Preset Required
0: NoFPU N
1: FPU
0 6:5 Must be written as zero; returns zero on read. & 0. 0 Reserved
4.9.17 Load Linked Address (CP0 Register 17, Select 0) o

Compliance Level: Optional.

The LLAddr register contains relevant bits of the physical address read by the most recent Load Linked instruction.
This register is implementation dependent and for dlagnostm purposes only and serves no function during normal
operation. e

Figure 30 shows the format of the LLAddr registe?{ 251‘;;78iédescribés the LLAddr register fields.

Figure 30: LLAddr Reéfsfer Format : e

63 0
PAddr
Table 78: LL‘Addr“R'egister Field Descriptions
Fields
Description Re%d/ Reset State | Compliance
. Write
Name Bits
PAddr 63:0 This field encodes the physical address read by R Undefined Optional

the most recent Load Linked instruction. The for-
mat of this register is implementation-dependent,
and an implementation may implement as many
of the bits or format the address in any way that it
finds convenient.

4.9.18 WatchLo Register (CP0 Register 18)

Compliance Level: Optional.
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The WatchLo and WarchHi registers together provide the interface to a watchpoint debug facility which initiates a
watch exception if an instruction or data access matches the address specified in the registers. As such, they duplicate
some functions of the EJTAG debug solution. Watch exceptions are taken only if the EXL. and ERL bits are zero in
the Status register. If either bit is a one, the WP bit is set in the Cause register, and the watch exception is deferred
until both the EXT. and ERL bits are zero.

An implementation may provide zero or more pairs of WatchLo and WatchHi registers, referencing them via the
select field of the MTCO/MFCO and DMTCO/DMFCO instructions, and each pair of Watch registers may be dedicated
to a particular type of reference (e.g., instruction or data). Software may determine if at least one pair of WatchLo and
WatchHi registers are implemented via the WR bit of the Config] register. See the discussion of the M bit in the
WatchHi register description below.

The WatchLo register specifies the base virtual address and the type of reference (instruction fetch, load, store) to
match. If a particular Watch register only supports a subset of the reference types, the unimplemented enables must be
ignored on write and return zero on read. Software may determine which enables are supported by a particular Watch
register pair by setting all three enables bits and reading them back to see which ones were actually set.

It is implementation dependent whether a data watch is triggered by a prefetch or a cache instruction whose address
matches the Watch register address match conditions. The preferred 1mplementat10n is not to match on these instruc-

tions.
Figure 31 shows the format of the WarchLo register; Table 79 describes the WatchLo regxster fields.

:'“

Figure 31: WatchLo Register Format

63 »r A
VAddr I| R

Fields Read/

Write Reset State | Compliance

Description
Name Bits

VAddr 63:3 This field specifies:the virtual address to match. R/W Undefined Required
Note that this isa ‘doubleword address since bits
[2:0] are used: to control the type of match.

I 2 If this bit is one, watch exceptlons are enabled R/W 0 Optional
for instruction fetches that match the address and
are actually issued by the' processor (speculative
instructions never cause Watch exceptions).

If this bit is not implemented, writes to it must be
ignored, and reads must return zero.

R 1 If this bit is one, watch exceptions are enabled R/W 0 Optional
for loads that match the address.

If this bit is not implemented, writes to it must be
ignored, and reads must return zero.

-~
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Table 79: WatchLo Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
w 0 If this bit is one, watch exceptions are enabled R'W 0 Optional

for stores that match the address.

If this bit is not implemented, writes to it must be
ignored, and reads must return zero.

4.9.19 WatchHi Register (CP0 Register 19)

Compliance Level: Optional.

The WatchLo and WatchHi registers together provide the interface to a watchpoint debug facility which initiates a
watch exception if an instruction or data access matches the address specified in the registers. As such, they duplicate
some functions of the EJTAG debug solution. Watch exceptions are taken only- if the EXL and ERL bits are zero in
the Status register. If either bit is a one, the WP bit is set in the Cause register, and the watch exceptlon is deferred
until both the EXL and ERL bits are zero. W

An implementation may provide zero or more pairs of WatchLo an WatchH gisters, referencing them via the
select field of the MTCO/MFCO and DMTCO/DMFCO instructions, and each pai of Watch registers. may be dedicated
to a particular type of reference (e.g., instruction or data). Software may determine if at least one pair of WarchLo and
WatchHi registers are 1mplemented via the WR bit of the Conﬁgl regxster If the M bit is one in the WarchHi register
reference with a select field of ‘n’, another WatchHi/WatchLo pznr plemented with a select field of ‘n+1".

The WatchHi register contains information that qualif virtual address: spe01ﬁed in the WatchLo register: an
ASID, a G(lobal) bit, and an optional address mask. If" the ( ’1t is:ene, any vn:tnal address reference that matches the
specified address will cause a watch exception. If the G bit i 1s 4'zero; only those virtual address references for which
the ASID value in the WarchHi register matches the AS ) value in the EntryHi register cause a watch exception. The
optlonal mask field provides address maskmg to quahfy f:" ddressmpeaﬁed in WatchLo.

313020 2423 15 1211 32 0
MG| 0 0 MASK 0
Table 80: WatchHi Register Field Descriptions
Fields
~ Description Rea.d/ Reset State | Compliance
i Write
Name Bits
M 31 If this bit is one, another pair of WatchHi/ R Preset Required
WatchLo registers is implemented at a MTCO or ‘ "
MFCO select field value of ‘n+1
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Table 80: WatchHi Register Field Descriptions

Fields Read/
Descripti .
escription Write Reset State | Compliance

Name Bits

G 30 If this bit is one, any address that matches that R/W Undefined Required
specified in the WarchLo register will cause a
watch exception. If this bit is zero, the ASID field
of the WarchHi register must match the ASID
field of the EntryHi register to cause a watch
exception.

ASID 23:16 | ASID value which is required to match that in the R/W Undefined Required
EntryHi register if the G bit is zero in the
WatchHi register.

Mask 11:3 Optional bit mask that qualifies the address in the R/W Undefined Optional
WatchLo register. If this field is implemented, s
any bit in this field that is a one inhibits the corre- | .~ B
sponding address bit from participating in the '
address match.

If this field is not implemented, writes to it must
be ignored, and reads must return zero.

Software may determine how many mask bitsare |
implemented by writing ones the this field and
then reading back the result. 7

0 29:24, | Must be written as zero; ret{;';'ns zero on read. 0 0 Reserved
15:12,
1 2:0

, Sélect 0)
MMUs Opnonal otherwise.

4.9.20 XContext Register (CP0 Register 2
Compliance Level: Required for 64- bxt TLB

The XContext register is a read/write reglster contammg(\a pointer to an entry in the page table entry (PTE) array. This
array is an operating system data structure that stores )v1rtual -to-physical translations. During a TLB miss, the operat-
ing system loads the TLB with the missing translation from the PTE array. The XContext register is primarily
intended for use with the XTLB Refill handler, but is also loaded by hardware on a TLB Refill. However, it is unlikely
to be useful to software in the TLB Refill Handler. The XContext register duplicates some of the information provided
in the BadVAddr register, but is organized in such a way that the operating system can directly reference a 16-byte
structure in memory that describes the mapping.

A TLB exception (TLB Refill, XTLB Refill, TLB Invalid, or TLB Modified) causes bits 63:62 of the virtual address

to be written into the R field and bits SEGBITS-1:13 of the virtual address to be written mto the BadVPN?2 field of the
XContext register. The PTEBase field is written and used by the operating system. R

The BadVPN?2 field of the Context register is not defined after an address error exception and this field may be modi-
fied by hardware during the address error exception sequence.

Processor implementations must not assume that software will write the same value into the PTEBase fields of the
Context and XContext registers (i.e., the PTEBase fields of the two registers may be set to different values, thus can-
not share storage).

Figure 33: shows the format of the XContext register; Table 81: describes the XContext register fields. In Figure 33,
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bit numbers above the figure use the symbol SEGBITS; bit number under the figure assume that SEGBITS has the

value 40.
Figure 33: XContext Register Format
SEGBITS-13+6
SEGBITS-13+3
PTEBase R BadVPN2 (VASEGBITS-I..13) 0
63 33 32 31 30 $3 0
Table 81: XContext Register Fields
Field Descrinti Read/ Reset .
escription Writ Stat Compliance
Name Bits e ate
PTEBase 63 : SEGBITS-13+6 | This field is for use by the operating sys-' | R/'W Undefined | Required
tem and is normally written with a value | a
(63:33 assuming that allows the operating system to use. the
SEGBITS is 40) Context Register as a pointer mto the cur- |
rent PTE array in memory :
R SEGBITS-13+5: | The Region field contains bits 63 2 of R Undefined | Required
SEGBITS-13+4 the virtual address. SR :
00 = xuseg ;
(32:31 assuming 01: xsseg: supervxsor address reglon.) A4
SEGBITS is 40) If supervisor mode is not 1mple-
mented, 5
this encoding is reserved
10= Reserved ;
1= xkseg : :353 . B
BadVPN2 SEGBITS-13+3:4 | The Bad Virtual Page Number/2 field is R Undefined B@qqifcd
wntten by hardware on a miss. It contains
(30:4 assuming bits VASEGBITS 1: 13 of the virtual address
SEGBITS is 40) that missed.
0 3:0 Must be written as zero; returns zero on 0 0 Reserved
read.

4.9.21 Reserved for Implementations (CP0 Register 22, all Select values)

Compliance Level: Optional: Implementation Dependent.

CPO register 22 is reserved for implementation dependent use and is not defined by the architecture.

4.9.22 Debug Register (CP0 Register 23)

Compliance Level: Optional.

The Debug register is part of the EJTAG specification. Refer to that specification for the format and description of this

register.
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4.9.23 DEPC Register (CP0 Register 24)

Compliance Level: Optional.

The DEPC register is part of the EJTAG specification. Refer to that specification for the format and description of this
register.

All bits of the DEPC register are significant and must be writable.

4.9.24 Performance Counter Register (CP0 Register 25)

Compliance Level: Recommended.

The MIPS64 Architecture supports implementation dependent performance counters that provide the capability to
count events or cycles for use in performance analysis. If performance counters are implemented, each performance
counter consists of a pair of registers: a 32-bit control register and a 32-bit counter register. To provide additional
capability, multiple performance counters may be implemented.

Performance counters can be configured to count implementation dependent events or cycles under a specified set of
conditions that are determined by the control register for the performance counter. The counter register increments
once for each enabled event. When bit 31 of the counter register is a one (the counter overflows), the performance
counter optionally requests an interrupt that is combined in an xmplementanon dependent way with hardware inter-
rupt 5 to set interrupt bit IP(7) in the Cause register. Counting continues after ounter reglster overflow whether or
not an interrupt is requested or taken. ki 4 .

Each performance counter is mapped into even-odd select values of the Perant reglster Even selects access the con-
trol register and odd selects access the counter register. Table 82 shows an example of two performance counters and
how they map into the select values of the PerfCnz register. Y

Table 82: Example Performance Counter Uéag;éV(;f‘the?P‘grant CPO0 Register

PerfCnt
Performance .
Register Select .
Counter
Value
PerfCnt, Select 0 Control Register 0
PerfCnt, Select 1 ‘| Counter Register O
PerfCr,;;, Select 2 antroi:'Register 1
PerfCnt, Select 3 | Counter Register 1

N

More or less than two performance counters are also possible, extending the select field in an obvious way to obtain
the desired number of performance counters. Software may determine if at least one pair of Performance Counter
Control and Counter registers is implemented via the PC bit in the Configl register. If the M bit is one in the Perfor-
mance Counter Control register referenced via a select field of ‘n’, another pair of Performance Counter Control and
Counter registers is implemented at the select values of ‘n+2’ and ‘n+3’.

The Control Register associated with each performance counter controls the behavior of the performance counter.
Figure 34 shows the format of the Performance Counter Control Register; Table 83 descnbes the Performance
Counter Control Register fields. : W
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Figure 34: Performance Counter Control Register Format
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IE| U

Event

Table 83: Performance Counter Control Register Field Descriptions

Fields Read/

Write Reset State

Description

Name Bits

Compliance

M 31 If this bit is a one, another pair of Performance R Preset

Counter Control and Counter registers is imple-
mented at a MTCO or MFCO select field value of
‘n+2’ and ‘n+3’.

Required

30:11 Must be written as zero; returns zero on read

Reserved

Event 10:5 Selects the event to be counted by the corre-

sponding Counter Register. The list of events:is
implementation dependent, but typical events
include cycles, instructions, memory reference
instructions, branch instructions, cache and TLB

misses, etc.

Requi{pd

R

Interrupt Enable“”Enables the mterrupt request
when the corresponding counter overflows (bit
31 of the counter is one).

Note that this bit simply enables the interrupt
request. The actual interrupt is still gated by the
| normal interrupt masks and enable in the Status
register.

0: Performance counter interrupt disabled vl
1: Performance counter interrupt enabled

- Required
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Table 83: Performance Counter Control Register Field Descriptions

Fields

Name

Bits

Description

Read/
Write

Reset State

Compliance

U

Enables event counting in User Mode. Refer to
Section 4.4.4 on page 72 for the conditions under
which the processor is operating in User Mode.

0: Disable event counting in User Mode
1: Enable event counting in User Mode

R/'W

Undefined

Required

Enables event counting in Supervisor Mode (for
those processors that implement Supervisor
Mode). Refer to Section 4.4.3 on page 72 for the
conditions under which the processor is operat-
ing in Supervisor mode.

If the processor does not implement Supervisor
Mode, this bit must be ignored on write and
return zero on read.

0: Disable event counting in Supervisor Mode. .

1: Enable event counting in Supervisor.‘l\X{:Iq;leA

i)
i,

Undefined

Required

Ty

Enables event counting in Kernel Mode. Unlike o ey

the usual definition of Kernel»Modé .S described

0: Disable event ' counting i ¢
1: Enable event countmg i 1] Kemel Mode

Undefined

Required

EXL

Enables event countmg ‘when the EXL bit in the
Status register is one and the ERL bit in the Sta-
tus register is zero. &

0: Disable event counting while EXL =1,
ERL=0

1: Enable event counting while EXL = 1,
ERL=0

Counting is never enabled when the ERL bit in
the Status register is one.

Undefined

Required

The Counter Register associated with each performance counter increments once for each enabled event. Figure 35
shows the format of the Performance Counter Counter Register; Table 84 describes the Performance Counter Counter

Register fields.
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Figure 35: Performance Counter Counter Register Format

31 0

Event Count

Table 84: Performance Counter Counter Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
Event 31:0 | Increments once for each event that is enabled by R/W Undefined Required
Count the corresponding Control Register. When bit 31
is one, an interrupt request is made if the IE bit in
the Control Register is one. ’

4.9.25 ErrCtl Register (CP0 Register 26, Select 0)

Compliance Level: Optional.

g

The ErrCtl register provides an implementation dependent dxagnostlc terface with the error detection mechanisms

implemented by the processor. This register has been used in pre lementations to read and write parity or

ECC information to and from the primary or secondary cache dat rays »,,conJunctlon with specific encodings of

the Cache instruction or other implementation- dependen method. The exact format of the ErrCtl register is imple-

mentation dependent and not specified by the archztecture "R3 ‘to.the proc sor specification for the format of this
G

register and a description of the fields.

Compliance Level: Optional.

¢ R e
The CacheErr register provides an interface with the cache error detection logic that may be implemented by pro-
Cessor.

The exact format and operation of the CacheErr regzs/t} is implementation dependent. The description below is an
example of a format that is similar to previous 1mplementatxons Caches with substantially different sizes, organiza-
tions, and error correction/detection properties may require a different format from that shown below.

Figure 36 shows the example format of the CacheErr register; Table 85 describes the CacheErr register fields.
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The ErrorEPC register is a read-write register, similar to the EPC register, except that ErrorEPC is used on error
exceptions. All bits of the ErrorEPC register are significant and must be writable. It is also used to store the program
counter on Reset, Soft Reset, Nonmaskable Interrupt (NMI), and Cache Error exceptions.

The ErrorEPC register contains the virtual address at which instruction processing can resume after servicing an
error. ErrorEPC contains either:

e the virtual address of the instruction that was the direct cause of the exception, or
« the virtual address of the immediately preceding branch or jump instruction when the error causing instruc-
tion is in a branch delay slot.

Unlike the EPC register, there is no corresponding branch delay slot indication for the ErrorEPC register.

Figure 41 shows the format of the ErrorEPC register; Table 90 describes the ErrorEPC register fields.

Figure 41: ErrorEPC Register Format
63 ' 0
ErrorEPC

7 N
& i

Table 90: ErrorEPC Register Field Descriptions

Flelds Description ‘ N UT‘Readr/;
i Write

X Reset State | Compliance
. Name Bits . ,

ErrorEPC 63:0 | Error Exception Program Counter o RIW Undefined Required

i

4.9.32 DESAVE Register (CPO Register 31)
Compliance Level: Optional.

The DESAVE register is part of the EJTAG specification.
this register. ;

efer to that specification for the format and description of

4.10 CPO Hazards

Because resources controlled via Coprocessor 0 affect the operation of various pipeline stages of a MIPS64 proces-
sor, manipulation of these resources may produce results that are not detectable by subsequent instructions for some
number of execution cycles. When no hardware interlock exists between one instruction that causes an effect that is
visible to a second instruction, a CPO hazard exists. Some MIPS implementations have placed the entire burden on
the kernel programmer to pad the instruction stream in such a way that the second instruction is spaced far enough
from the first that the effects of the first are seen by the second. Other MIPS implementations have added full hard-
ware interlocks such that the kernel programmer need not pad. The trade-off is between kernel software changes for
each new processor vs. more complex hardware interlocks required in the processor.

The MIPS64 Architecture does not dictate the solution that is required for a compatible implementation. The choice
of implementation ranges from full hardware interlocks to full dependence on software padding, to some combination
of the two. For an implementation choice that relies on software padding, Table 91 lists the “typical” spacing required
to allow the consumer to eliminate the hazard. The “typical” values shown in this table represent spacing that is in
common use by operating systems today. An implementation which requires less spacing to clear the hazard (includ-
ing one which has full hardware interlocking) should operate correctly with and operating system which uses this
hazard table. An implementation which requires more spacing to clear the hazard incurs the burden of validating ker-
nel code against the new hazard requirements.

Note that, for superscalar MIPS implementations, the number of instructions issued per cycle may be greater than
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one, and thus that the duration of the hazard in instructions may be greater than the duration in cycles. It is for this
reason that MIPSG64 defines the SSNOP instruction to convert instruction issues to cycles in a superscalar design.

Table 91: “Typical” CP0 Hazard Spacing

“Typical”
Producer — Consumer Hazard Spacing
On
(Cycles)
TLBP, TLBR TLB entry 3
TLBWR, TLBWI N Load/store using new TLB entry TLB entry 3
Instruction fetch using new TLB TLB entry 5
entry
MTCO Status[CU] SN S‘Ce(';»processor instruction needs CU Status[CU] 4
MTCO Status — ERET Status 3
MTCO Status[IE] — Interrupted Instruction 4. Status[IE] 3
MFCO EntryHi %, -] EntryHi,
TLBR - MFCO PageMask }. PageMask 3
MTCO EntryLo0 TLBP i EntryLo0
MTCO EntryLol TLBR ;EntryLol .
MTCO Entry Hi — TLBWI ~ EntryHi 2-
MTCO PageMask TLBWR PageMask
MTCO Index Index
TLBP Index 2
MTCO EPC EPC 2
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Appendix A Alternaﬁve MMU Organizations

The main body of this specification describes the TLB-based MMU organization. This appendix describes other
potential MMU organizations.

A.1 Fixed Mapping MMU

As an alternative to the full TLB-based MMU, the MIPS64 Architecture supports a lightweight memory management
mechanism with fixed virtual-to-physical address translation, and no memory protection beyond what is provided by
the address error checks required of all MMUs. This may be useful for those applications which do not require the
capabilities of a full TLB-based MMU. It is not anticipated that MIPS64 processors that implement a fixed-mapping
MMU will require a 64-bit address capability. As a result, the description below is given assuming a 32-bit address.

A.1.1 Fixed Address Translation

Address translation using the Fixed Mapping MMU is done as follows:

e Kseg0 and Ksegl addresses are translated in an identical manner to the TLB based MMU: they both map to
the low 512MB of physical memory. g

*  Useg/Suseg/Kuseg addresses are mapped by adding 1GB to the v1rtual address when the ERL bit is zero in
the Status register, and are mapped using an identity mapping when the ERL blt is one in the Status register.

o Sseg/Ksseg/Kseg2/Kseg3 addresses are mapped using an identity mappmg

Table 92 lists all mappings from virtual to physical addresses. Note that address error checking is still done before the
translation process. Therefore, an attempt to reference ksegO from User Mode still results in an address error excep-
tion, just as it does with a TLB-based MMU.

Table 92: Physical Address Generation from 'Vlrtual Addresses

S . r f ene :x)i-’ates Phyéical Address
;gmen Virtual Address ——
ame e St?tusERLE 0 StatUSERL =1
useg 0x 0000 0000 - |7, Ox 4000 0000 0x 0000 0000
suseg throtgh. through
kuseg 0x 7FFF FFPF ) : 0x 7FFF FFFF
kseg0 0x 8000 oooo & 0x 0000 0000
through J;ﬁ" through
Ox 9FFF FFEE, |~ Ox 1FFF FFFF
0x A000 0000 ‘ 0x 0000 0000
ksegl through through
0x BFFF FFFF Ox 1FFF FFFF
sseg 0x C000 0000 0x C000 0000
: ksseg through - . through
kseg2 Ox DFFF FFFF 0x DFFF FFFF
kseg3 0x E000 0000 0xE0000000
through through
0x FFFF FFFF Ox FFFF FFFF

Note that this mapping means that physical addresses 0x2000 0000 through Ox3FFF FFFF are inaccessible when the
ERL bit is off in the Status register, and physical addresses 0x8000 0000 through OxBFFF FFFF are inaccessible
when the ERL bit is on in the Status register.
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Figure 42 shows the memory mapping when the ERL bit in the Status register is zero; Figure 43 shows the memory
mapping when the ERL bit is one. gt

Figure 42: Memory Mapping when ERL =0

Ox FFFF FFFF Ox FFFF FFFF
kseg3
0x E000 0000 0x EC00 0000
kseg2
ksseg
0x C000 0000 sseg 0x C000 0000
ksegl
0x A000 0000
kseg0
0x 8000 0000
kuseg ,7 -
suseg - 0x 4000 0000
useg
0x 2000 0000
0x 0000 0000 0x 0000 0000
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Figure 43: Memory Mapping when ERL =1

Ox FFFF FFFF Ox FFFF FFFF
kseg3
0x E000 0000 0x E00O 0000
kseg2
ksseg
0x C000 0000 sseg 0x C000 0000
ksegl
0x A000 0000
kseg0
0x 8000 0000 0x 8000 0000

kuseg
suseg
useg

0x 0000 0000 0Ox 0000 0000

Al2 Cacheability Attributes &

The cacheability attributes for kseg0O and ksegylw are provided in the same manner as for a TLB-based MMU: the
cacheability attribute for ksegO comes from the KO field of Config, and references to ksegl are always uncached.

Figure 44 shows the format of the additions to the Config register; Table 93 describes the new Config register fields.
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Figure 44: Config Register Additions

3130 2827 2524 16 15 141312 109 7 6 320
M| K23 KU IBE AT| AR|MT 0 KO

Table 93: Config Register Field Descriptions

Fields Read/
Description . Reset State | Compliance
. Write
Name Bits
K23 30:28 | Kseg2/Kseg3 coherency algorithm. See Table 62 R/W Undefined Optional
for the encoding of this field.
KU 27:25 | Kuseg coherency algorithm when Statusgg; is R/W Undefined Optional
zero. See Table 62 for the encoding of this field.

A.1.3 Changes to the CP0 Register Interface

Relative to the TLB-based address translation mechanism, the followmg chanoes are necessary to.the CPO register -
interface:

¢ The Index, Random, EntryLo0, EntryLol, Context, PageMask, Wu'ed and EntryHi remsters are no longer
required and may be removed

*  The TLBWR, TLBWI, TLBP, and TLBR instructions are no longer required and should cause a Reserved
Instruction Exception

A.2 Block Address Translation

This section describes the architecture for a block address translation (BAT) mechanism that reuses much of the hard-
ware and software interface that exists for a TEB-Based vmual address translation mechanism. This mechamsm has
the following features: ;

o It preserves as much as possible; of the TLB-Based interface, both in hardware and software.
¢ It provides independent base- and-bounds checkmg ‘and relocation for instruction references and data refer-

ences. e :
e It provides optional support for base and bounds relocation of kseg2 and kseg3 virtual address regions

A.2.1 BAT Organization

The BAT is an indexed structure which is used to translate virtual addresses. It contains pairs of instruction/data
entries which provide the base-and-bounds checking and relocation for instruction references and data references,
respectively. Each entry contains a page-aligned bounds virtual page number, a base page frame number (whose
width is implementation dependent), a cache coherence field (C), a dirty (D) bit, and a valid (V) bit. Figure 45 shows
the logical arrangement of a BAT entry.
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Figure 45: Contents of a BAT Entry

BoundsVPN

BasePFN C |D}V

The BAT is indexed by the reference type and the address region to be checked as shown in Table 94.

Table 94: BAT Entry Assignments

Reference

Type

0 Instruction

Entry Index Address Region

1 Data

Instruction

Data

Instruction

LNl |l WVWIN

the needs of the particular 1mplementat10n If entries for
dependent how, if at all, these address regions: are translaf
kseg3 mto a single pair of instruction/data entnes Sofi

A.2.2 Address Translation

When a virtual address translation is requested, the BAT entry that is appropriate to the reference type and address
region is read. If the virtual address is greater than the selected bounds address, or if the valid bit is off in the entry, a
TLB Invalid exception of the appropriate reference t type is initiated. If the reference is a store and the D bit is off in
the entry, a TLB Modified exception is initiated. Otherwise, the base PFN from the selected entry, shifted to align
with bit 12, is added to the virtual address to form the physical address. The BAT process can be described as follows:

i « SelectIndex (reftype, va)
bounds ¢~ BAT[i]gounasven | 12
pfn « BAT[i]gaseprn

¢ « BAT[i]c

d « BAT[ilp

v « BATT[i]y
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if (va > bounds) or (v = 0) then
InitiateTLBInvalidException(reftype)

endif

if (d = 0) and (reftype = store) then
InitiateTLBModifiedException()

endif

pa < va + (pfn || 0'%)

Making all addresses out-of-bounds can only be done by clearing the valid bit in the BAT entry. Setting the bounds
value to zero leaves the first virtual page mapped.

A.2.3 Changes to the CP0 Register Interface

Relative to the TLB-based address translation mechanism, the following changes are necessary to the CPO register
interface:

e The Index register is used to index the BAT entry to be read or written by the TLBWI and TLBR instruc-
tions.

»  The EntryHi register is the interface to the BoundsVPN field in the BAT: “entry.

»  The EntryLoO register is the interface to the BasePFN and C, D, and V fields of the BAT entry. The register
has the same format as for a TLB-based MMU. )

»  The Random, EntryLol, Context, PageMask, and Wired registers are elim
write to these registers is UNDEFINED.

*  The TLBP and TLBWR instructions are unnecessary. The TLBWI and TLBR instructions reference the
BAT entry whose index is contained in the Index register. The effects of executmg a TLBP or TLBWR are
UNDEFINED, but processors should prefer a Reserved Instruction Exception.

d. The effects of a read or
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